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Vorwort

Das Kolloquium Programmiersprachen und Grundlagen der Programmierung (KPS) findet dieses Jahr zum
15. Mal statt. Es setzt eine Reihe von Arbeitstagungen fort, die urspriinglich von den Professoren FRIEDRICH
L. BAUER (TU Miinchen), KLaus INDERMARK (RWTH Aachen) und HANS LANGMAACK (CAU Kiel) ins
Leben gerufen wurde.

Aus den urspriinglich drei Arbeitsgruppen sind in der Zwischenzeit weitere Forschungsgruppen in ganz
Deutschland und dariiberhinaus hervorgegangen. Seit einigen Jahren prasentiert sich die Veranstaltung als
ein offenes Forum fiir interessierte deutschsprachige Wissenschafter. Die folgende Liste gibt einen Uberblick
iiber die bisherigen Tagungsorte und Veranstalter und zeigt die lange Tradition der KPS-Treffen:

1980 Tannenfelde im Aukrug Universitéat Kiel

1982  Altenahr RWTH Aachen

1985 Passau Universitiat Passau
1987 Midlum auf Fohr Universitit Kiel

1989 Hirschegg Universitat Augsburg

1991 Rothenberge bei Steinfurth Universitdt Miinster

1993 Garmisch-Partenkirchen = Universitat der Bundeswehr Miinchen
1995 Alt-Reichenau Universitat Passau

1997 Avendorf auf Fehmarn Universitat Kiel

1999 Kirchhundem-Heinsberg  FernUniversitat in Hagen

2001 Rurberg in der Eifel RWTH Aachen
2004  Freiburg-Munzingen Universitat Freiburg
2005 Fischbachau LMU Miinchen
2007 Timmendorfer Strand Universitat Liibeck

Das 15. Kolloquium Programmiersprachen und Grundlagen der Programmierung (KPS 2009) wird vom
Institut fiir Computersprachen der Technischen Universitdt Wien organisiert. Wir freuen uns, zu diesem Ju-
bildumstreffen mehr als 50 Teilnehmer von 28 Universititen aus Osterreich, der Schweiz, Deutschland, Hol-
land, England und Kanada vom 12. bis 14. Oktober 2009 im Wallfahrtsort Maria Tafer]l am Osterreichischen
Jakobsweg begriifien zu konnen. Besonders freuen wir uns, unter den Teilnehmern Prof. Dr. Dr.h.c. HANS
LANGMAACK als einen der Griindervéater dieser Tagungsreihe begriifien zu konnen, sowie Prof. Dr. RUDOLF
BERGHAMMER, Prof. Dr. PETER THIEMANN, Prof. Dr. CLEMENS GRELCK und Dr. ANNETTE STUMPEL
als Organisatoren fritherer KPS-Treffen. Ganz besonders freuen wir uns, dass nahezu alle Teilnehmer am
diesjéhrigen KPS-Treffen in einem Vortrag tiber ihre Forschungsarbeit berichten werden. Um dies im Rah-
men der zur Verfiigung stehenden Zeit zu ermoglichen, verzichten wir in diesem Jahr auf einen eingeladenen
Hauptvortrag.

Der vorliegende Tagungsband ist als Bericht 2009-X-1 des Instituts fiir Computersprachen der TU Wien
erschienen. Er enthélt 46 Beitrige, zum Teil in Form von Kurzzusammenfassungen, von 62 Autoren. Weitere
spat eingegangene Beitrige sind in einem Erganzungsband gesammelt, der als Bericht 2009-X-2 des Instituts
fiir Computersprachen der TU Wien erscheint. Alle Beitriage aus Haupt- und Ergénzungsband zeigen die Bre-
ite der wissenschaftlichen Forschung im Bereich Programmiersprachen und Grundlagen der Programmierung
im deutschsprachigen Raum. Eine CD-ROM fasst zusétzlich alle Beitrédge der beiden Tagungsbande zusam-
men. Unser Dank gilt allen Autoren fiir ihren Einsatz und die gute Zusammenarbeit, die diese beiden Béande
ermoglicht haben. Unser besonderer Dank gilt dariiberhinaus Frau Ewa Vesely und Herrn Leonid Narinsky,
die bei der Vorbereitung und Organisation dieses Treffens von der Erstellung der Webseite iiber die Planung
der Exkursion bis zum schnellen Auftun zusétzlicher Unterbringungsméglichkeiten nach dem Hinauslaufen
aus der Kapazitat des Tagungshauses Hervorragendes geleistet haben. Unseren besonderen Dank driicken



KPS 2009 Maria Taferl

wir dabei auch allen Mitarbeitern des Hauses Hotel Schachner fiir die gute Zusammenarbeit bei der Planung
dieses Treffens aus.

Wir wiinschen allen Teilnehmern interessante und spannende Vortrége, fruchtbare Diskussionen und An-
regungen fiir die Forschungsarbeit, das Kennenlernen neuer Kollegen und das Wiedersehen guter Bekannter,
das Anbahnen und Kniipfen neuer Kooperationen und die Verbreiterung und Vertiefung bestehender, eine
erlebnis- und abwechslungsreiche Exkursion zu dem zum UNESCO-Weltkulturerbe gehérenden Benediktiner-
klosters Stift Melk und einen angenehmen und anregenden Aufenthalt in Maria Tafer] am Eingang zur
Wachau.

Willkommen zur KPS 2009!

Wien, im Oktober 2009 Jens Knoop
Adrian Prantl

v
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Static Timing Analysis
for Hard Real-Time Systems

Sebastian Altmeyer, Mohamed Abdel Maksoud, Claire Burguiere, Daniel
Grund, Jorg Herter, Philipp Lucas, Oleg Parshin, Markus Pister, Jan Reineke,
Marc Schlickling, Bjorn Wachter, Reinhard Wilhelm

Compiler Design Lab, Saarland University

Abstract. Hard real-time systems impose strict timing constraints. To
prove that these constraints are met, timing analyses aim to derive safe
upper bounds on a task’s execution time. Especially modern processor
features (caches, out-of-order pipelines, etc.) have a strong impact on
the variation of a task’s execution time and thus, on the precision and
the complexity of the timing analysis. Naive or measurement-based ap-
proaches usually can not guarantee safe and reliable timing bounds.
This paper provides an overview of the current timing analysis technique
and shortly present ongoing research at the Compiler Design Lab at
Saarland University. An extended version can be found in [Wil05].

1 Static Timing Analysis

Any software system when executed on a modern high-performance processor
shows a certain variation in execution time depending on the input data, the
initial hardware state, and the interference with the environment. This article
treats timing analysis of tasks with uninterrupted execution. In general, the
state space of input data and initial states is too large to exhaustively explore
all possible executions in order to determine the exact worst-case and best-
case execution times. Instead, bounds for the execution times of basic blocks
are determined, from which bounds for the whole system’s execution time are
derived. Some abstraction of the execution platform is necessary to make a timing
analysis of the system feasible. These abstractions lose information, and thus are
in part responsible for the gap between WCETs and upper bounds and between
BCETSs and lower bounds. How much is lost depends both on the methods used
for timing analysis and on system properties, such as the hardware architecture
and the analyzability of the software. The methods used to determine upper
bounds and lower bounds are very similar.

In modern microprocessor architectures, caches, pipelines, and all kinds of
speculation are key features for improving (average-case) performance. Caches
are used to bridge the gap between processor speed and the access time of
main memory. Pipelines enable acceleration by overlapping the executions of
different instructions. The consequence is that the execution time of individual
instructions, and thus the contribution to the program’s execution time can
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vary widely. The interval of execution times for one instruction is bounded by
the execution times of the following two cases:

— The instruction goes “smoothly” through the pipeline; all loads hit the cache,
no pipeline hazard happens, i.e., all operands are ready, no resource conflicts
with other currently executing instructions exist.

— “Everything goes wrong”, i.e., instruction and/or operand fetches miss the
cache, resources needed by the instruction are occupied, etc.

We will call any increase in execution time during an instruction’s execution
a timing accident and the number of cycles by which it increases the timing
penalty of this accident. Timing penalties for an instruction can add up to sev-
eral hundred processor cycles. Whether the execution of an instruction encoun-
ters a timing accident depends on the execution state, e.g., the contents of the
cache(s), the occupancy of other resources, and thus on the execution history.
It is therefore obvious that the attempt to predict or exclude timing accidents
needs information about the execution history.

1.1 Timing Analysis Framework

Over the last several years, a more or less standard architecture for timing-
analysis tools has emerged [HWH95 TFW00,Erm03]. 1 gives a general view on
this architecture. First, one can distinguish three major building blocks:

— Control-flow reconstruction and static analyses for control and data flow.

— Micro-architectural analysis, which computes upper and lower bounds on
execution times of basic blocks.

— Global bound analysis, which computes upper and lower bounds for the
whole program.

The following list presents the individual phases and describes their objec-
tives and problems. Note that the first four phases are part of the first building
block.

1. Control-flow reconstruction [The02a] takes a binary executable to be ana-
lyzed, reconstructs the program’s control flow and transforms the program
into a suitable intermediate representation. Problems encountered are dy-
namically computed control-flow successors, e.g. stemming from switch state-
ments, function pointers, etc..

2. Value analysis [CCT7,SS07] computes an over-approximation of the set of
possible values in registers and memory locations by an interval analysis
and/or congruence analysis. This information is among others used for a
precise data-cache analysis.

3. Loop bound analysis [EG97,HSRT00] identifies loops in the program and
tries to determine bounds on the number of loop iterations, information
indispensable to bound the execution time. Problems are the analysis of
arithmetic on loop counters and loop exit conditions, as well as dependencies
in nested loops.
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Fig. 1. Main components of a timing-analysis framework and their interaction.
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4. Control-flow analysis [EG97,SM07a] narrows down the set of possible paths
through the program by eliminating infeasible paths or to determine correla-
tions between the number of executions of different blocks using the results
of value analysis results. These constraints will tighten the obtained timing
bounds.

5. Micro-architectural analysis [Eng02,The04,FW99] determines bounds on the
execution time of basic blocks by performing an abstract interpretation of
the program, taking into account the processor’s pipeline, caches, and specu-
lation concepts. Static cache analyses determine safe approximations to the
contents of caches at each program point. Pipeline analysis analyzes how
instructions pass through the pipeline accounting for occupancy of shared
resources like queues, functional units, etc.. Ignoring these average-case-
enhancing features would result in imprecise bounds.

6. Global bound analysis [LM95,The02b] finally determines bounds on execu-
tion time for the whole program. Information about the execution time of
basic blocks is combined to compute shortest and longest paths through the
program. This phase takes into account information provided by the loop
bound- and control-flow analysis.

The commercially available tool aiT by AbsInt, cf. http://www.absint.de/
wcet.htm, implements this architecture. It is used in the aeronautics and auto-
motive industries and has been successfully used to determine precise bounds on
execution times of real-time programs [FW99,FHL ™01, TSH*03,HLTWO03].

1.2 Timing Anomalies

Most powerful microprocessors have so-called timing anomalies. Timing anoma-
lies are contra-intuitive influences of the (local) execution time of one instruction
on the (global) execution time of the whole program. Several processor features
can interact in such a way that a locally faster execution of an instruction can
lead to a globally longer execution time of the whole program.

For example, a cache miss contributes the cache-miss penalty to the execution
time of a program. It was, however, observed for the MCF 5307 [RSW02], that
a cache miss may actually speed up program execution. Since the MCF 5307
has a unified cache and the fetch and execute pipelines are independent, the
following can happen: A data access that is a cache hit is served directly from
the cache. At the same time, the pipeline fetches another instruction block from
main memory, performing branch prediction and replacing two lines of data in
the cache. These may be reused later on and cause two misses. If the data access
was a cache miss, the instruction fetch pipeline may not have fetched those two
lines, because the execution pipeline may have resolved a misprediction before
those lines were fetched.
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2  Work In Progress

In this section, we shortly present recent or ongoing work from our group. This
research either aims at reducing the shortcomings of the timing analysis or try
to broaden its applicability.

2.1 Constraints on the Control Flow Graph
There are three influences on the execution time of a task:

1. Task inputs and logical state determine the dynamical sequence of instruc-
tions and memory accesses;

2. the dynamic hardware state (cache contents, pipeline states) determines how
instructions are executed;

3. static hardware properties such as length of pipelines and speed of execution
units determine the actual execution time.

Whereas before we have considered how to cope with uncertainty in (2)
and how to model (3), we now consider ways to improve precision of WCET
calculations by restricting the uncertainty arising from (1). We briefly sketch
the general ideas; for a deeper explanation, see [WLP*10].

A WCET analysis tool has to consider the worst-case path through the
control-flow graph. There are various ways of conceptually restricting the set
of possible paths and of expressing these restrictions.

Model-based flow constraints On the one hand, the WCET tool might re-
gard a path as feasible, and thus potentially a worst-case path, which actually
is infeasible!. Although there is work on detecting infeasible paths in the exe-
cutable to be analysed (e.g., [SMO7b]), the scope of the analysis is only a single
run through the task. Correlations between control flow choices such as a>0
and a<=0 may be detected in this way. However, correlations between variables
which arise from the execution of a task in a loop (inter-run properties) cannot
be determined by the analysis.

For example, if control logic is implemented by automata in a high-level de-
sign tool such as Stateflow/Simulink, not all combinations of automata states
are reachable. This restriction on control state in turn restricts the possible be-
haviours of the model, which translates to restrictions on the control flow path
through the model’s implementation. Analysis of Stateflow automata and their
effect on the Simulink model they control thus can lead to control flow restric-
tions. These restrictions may be expressed to the WCET tool as flow constraints
or generalisations thereof: Flow constraints introduce additional inequalities re-
lating the execution counts of basic blocks in the ILP which determines the
actual worst-case path.

! That is, it cannot happen during any execution, though it does not contain any dead
code.
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Mode-specific input constraints Another way of restricting the control flow
is by considering mode-specific behaviours. Embedded control systems often have
radically different behaviours depending on their operating mode (e.g., start-
up, running, shut-down and error). This concerns for example their WCETs or
accesses to shared ressources. Modes also may impose specific requirements on
the tasks such as mode-specific deadlines. An accurate analysis thus requires the
determination of mode-specific WCETs.

Mode-specific WCET analysis strives to infer operating modes from source
code, to identify those operating modes with significantly differing WCET's and
to compute mode-specific WCETs. To this end, an analysis of the syntactical
and semantical properties of a C program heuristically infers operating modes
by considering code patterns and mode-signifying differences in behaviour. The
determination of mode-specific WCET bounds can then be done by annotations
in several ways. Again, flow constraints can be employed to model the effect
of a mode on the possible control flows. Furthermore, input constraints can
communicate to the tool the set of input variables giving rise to a particular
mode. For example, in one mode a sensor variable may be fixed to values [0, 00)
and in another one (an error mode) to —1. Such annotations are used in the
earlier value analysis phase of the system. Therefore they effect the complete
WCET analysis and lead to more specific results, in contrast to flow annotations
which effect only the latest analysis phase.

2.2 Semi-automatic derivation of Pipeline Analyses from VHDL
Models

Currently, the pipeline models are hand-crafted by human experts [The04]. There-
fore the model creation as well as the implementation of the corresponding
pipeline analysis is a very time-consuming and error-prone process.

As modern processors are synthesized out of formal hardware description
languages, like VHDL, in which their behavior (including the timing) is exactly
specified, the timing model could be semi-automatically derived from it. This
would avoid errors introduced by manual implementations due to human in-
volvement and it would speed up the process, too.

VHDL models of real world processors are usually very big and complex.
Just generating a pipeline analysis that covers the whole micro-architectural
behavior? would additionally increase the state space. This would render the
resulting timing analysis infeasible in terms of space and time consumption.

We want to derive computational feasible timing models out of formal VHDL
specifications in a semi-automatic way. In a first step, we reduce the size of the
model by pruning out all parts that does not contribute to the timing behavior.
For example, we don’t need information about each step within a multiplier unit.
Instead, it suffices to know how many clock cycles an instruction occupies each
stage of the multiplier pipeline.

2 in this case, the timing model would be equivalent to the full VHDL model
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The pruned model still contains a lot of detailed information about the pro-
cessor state. But for practical reasons it is impossible to represent all state infor-
mation in full detail. If we were to exactly record e.g. the contents of all memory
cells or registers, the space required for the analysis would be prohibitive. Luck-
ily, in many cases the exact knowledge about these things is not important as
far as timing is concerned: an addition always takes the same amount of time,
no matter what the arguments are. In other cases, the timing does depend on
such information, but we may choose to lose the exact timing knowledge in or-
der to make the analysis more efficient, or even to make it possible at all. One
example for this are multiplications on some architectures, which are faster if
one argument has many leading zero bits. By not keeping track of the arguments
exactly, we have to assume an entire range of execution times for multiplication.
The loss in precision is acceptable in this case, as the difference is usually only
a few processor cycles and multiplications are rare.

Therefore, the second part of the timing model derivation is the definition
of abstractions on the processor state. Abstractions means that we either left
out some details of the processor state or we approximate them. An example for
an approximation is the replacement of concrete addresses by address intervals.
For memory accesses, we do not need to know the exact address. We only need
to know the type of memory that is accessed in order to simulate its timing
behavior.

Using the methodology of abstract interpretation, one can trade precision of
the analysis against efficiency by choosing different processor abstractions and
concretization relations between the concrete processor state and the abstract
one.

2.3 FIFO Cache Analysis

Precise and efficient analyses have been developed for set-associative caches that
employ the least-recently-used (LRU) replacement policy [Alt96,FW99]. Gener-
ally, research in the field of embedded real-time systems assumes LRU replace-
ment. In practice however, other policies like first-in first-out (FIFO) or pseudo-
LRU (PLRU) are also commonly used, e.g. in the Intel XScale, some ARM9
and ARM11, and the PowerPC 75z series.

Two kinds of information can be naturally distinguished in cache analysis:
must-information that allows for predicting hits, and may-information that al-
lows for predicting misses. Previous work showed that it is inherently more dif-
ficult to obtain may-information for than for LRU; see [RGBWOT]. A first step
towards the analysis of those policies was the general concept of relative com-
petitiveness; see [Rei08]. Depending on the particular policy, however, a cache
analysis based on relative competitiveness may be anything from very precise to
ineffective.

In [GRGO09], we describe a generic policy-independent framework for cache
analysis. It allows for cooperation of may- and must-analyses through a minimal
interface, which improves their precision.



KPS 2009

Maria Taferl

In addition, we present a may- and a must-analysis for FIFO caches. The
must-analysis borrows basic ideas from LRU-analysis [FW99]. To predict cache
hits, it infers upper bounds on cache misses to prove containedness of memory
blocks. To predict cache misses, the may-analysis infers lower bounds on cache
misses to prove eviction. By taking into account the order in which hits and
misses happen, we improve the may-analysis, thereby increasing the number
of predicted cache misses. Through the cooperation of the two analyses in the
generic framework, this also improves the precision of the must-analysis.

2.4 Branch Target Buffer

In today’s systems, caches, deep pipelines, BTBs, and all sorts of speculation
are used to increase average-case performance. These features are challenging
for timing analysis since they cause a large variability in the execution times
of instructions. If an analysis cannot safely exclude spurious detrimental behav-
ior (cache misses, pipeline stalls, etc.) the obtained WCET bounds may become
imprecise and thus useless. It depends on the design of the hardware components
how well analyses can exclude such behavior.

BTBs cache addresses of branch targets or instructions at branch targets to
reduce the latency when processing branches. Branches occur relatively often
and the difference in latency between a BTB hit and a miss is large enough
to have a significant influence on the execution time. Thus, a BTB analysis is
necessary to obtain precise WCET bounds.

We introduce a modular WCET analysis framework for BTBs that can be
adapted to various BTB implementations. It consists of a fixed main module that
is the same for all BTBs and two parameter modules each of which answers one of
the following questions: For which branches does the BTB contain information?
What information is stored in the BTB for a given branch? The modules interact
via fixed interfaces such that they can be exchanged independently.

Our second contribution is an instantiation of our framework for the Pow-
erPC. The PowerPC is used in time-critical automotive and avionics systems
and features a branch processing unit (BPU) with branch prediction and a BTB.
This case study shows the applicability of our framework for a non-trivial case
and demonstrates the effort needed to model a hardware feature. This instan-
tiation improves the WCET bounds by on average 13% on a set of avionic and
compiler benchmarks. On a subset of the benchmarks measuring execution time
was possible, which yields under-approximations of the WCET but allows to
bound the overestimation of our analysis. For this subset, our analysis reduced
the average overestimation from 54% to 20%.

Our last contribution is the identification of principles of more predictable
hardware designs and their influence on WCET bounds. We identify problems
regarding predictability of the example BTB we study. Capitalizing on the mod-
ularity of our analysis, we propose alternative hardware designs and evaluate
them by additional experiments. In case of the PowerPC, employing a more
predictable replacement policy (LRU) in the BTB would improve the computed
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WCET bounds by 2.9% and reduce analysis time considerably. Minor modi-
fications that increase uniformity by eliminating special cases would not only
simplify analysis but also improve the WCET bounds obtained with our analy-
sis by up to 20%. Finally, we generalize our findings and give advice to hardware
designers.

2.5 Heap-allocating Programs

Static worst-case execution time analyses rely on high cache predictability in
order to achieve precise bounds on a program’s execution time. Such analyses,
however, fail to cope with programs using dynamic memory allocation. This is
due to the unpredictability of the cache behavior introduced by the dynamic
memory allocators.

We investigate two approaches to enable precise worst-case execution time
analysis for programs that use dynamic memory allocation.

The first approach automatically transforms the dynamic memory allocation
into a static allocation with comparable memory consumption [HR09]. Hence,
we try to preserve the main advantage of dynamic memory allocation, namely
the reduction of memory consumption achieved by reusing deallocated mem-
ory blocks for subsequent allocation requests. However, ending up with a static
allocation schemes allows for using existing techniques for WCET analyses.

The second approach replaces the unpredictable dynamic memory allocator
by a predictable dynamic allocation [HRWO0S].

Both approaches rely on precise information about the dynamically allocated
heap objects and data structures arising during program executions. Obtaining
this information requires an adapted shape analysis together with appropriate
abstraction techniques.

2.6 BDDs to improve the Pipeline Analysis

Static timing analysis only becomes computationally feasible in practice by using
abstraction, which is applied to both the modeling of processor and program
behavior. However, abstraction loses information which leads to uncertainty, e.g.
it may not be possible to statically determine the exact address of a memory
access. Furthermore, program inputs are not precisely known in advance. At
the level of the hardware model, this lack of information is accounted for by
non-deterministic choices. To be safe, the analysis has to exhaustively explore
all possibilities. This can lead to state explosion making an explicit enumeration
of states infeasible due to memory and computation time constraints.

We address the state explosion problem in static WCET analysis by storing
and manipulating hardware states in a more efficient data structure based on
Ordered Binary Decision Diagrams (BDDs). Our work is inspired by BDD-based
symbolic model checking. Symbolic model checking has been successfully applied
to components of processors. Its success sparked a general interest in BDDs and
other symbolic representations. Today, BDDs are also used extensively to analyze
software, e.g. in software model checking and points-to analysis.
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We enhance the existing framework for static WCET analysis with a sym-
bolic representation of abstract pipeline models, and assess its effectiveness on
a set of industrial benchmarks. We have developed a prototype implementation
which is integrated into the commercial WCET analysis tool aiT. In our proto-
type implementation, we employ the model of a real-life processor, the Infineon
TriCore. The model was developed and tested within aiT. This enables a mean-
ingful performance comparison between the two implementations, which produce
the same analysis results.

To arrive at an efficient symbolic analysis that scales to industrial-size pro-
grams, we have not only incorporated well-known optimizations from symbolic
model checking but also novel domain-specific optimizations that leverage prop-
erties of the processor and the program.

2.7 Context Switch Costs

In preemptive real-time systems, scheduling analyses are based on the worst-
case response time of tasks. This response time includes upper bounds on the
execution time and context switch costs. In case of preemption, cache memories
may suffer interferences between memory accesses of the preempted and of the
preempting task. These interferences lead to some additional reloads that are
referred to as cache-related preemption delay (CRPD). This CRPD constitutes
a large part of the context switch costs.

Upper bounds on the CRPD are usually computed using the concept of
useful cache blocks (UCB). These are memory blocks that may be in cache
before a program point and may be reused after it. When a preemption occurs
at that point the number of additional cache-misses is bounded by the number
of useful cache blocks. We tighten the CRPD bound by using a modified notion
of UCB: Only cache blocks that are definitely cached are considered useful by
our approach [ABO09].
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Mobiler Code wird heutzutage auf der Basis einer Just-in-Time (JIT)- Uber-
setzung ausgefithrt. Da die fiir eine JIT- Ubersetzung notwendige Zeit direkt in
die Ausfiihrungszeit der Programme einflieit, ist man darauf bedacht, die fiir
eine solche Ubersetzung notwendigen Zeiten méglichst gering zu halten. Eine
Mboglichkeit dieses Vorhaben zu unterstiitzen, ist schon wihrend der Erzeugung
von mobilen Programmen auf der Produzentenseite eines Systems zum Trans-
port mobiler Programme maschinenunabhéngige Optimierungen auszufithren.

Im Vortrag wird die Wirkungsweise vorgestellt, die eine Verwendung von
maschinenunabhéingigen Optimierungen auf die Ausfithrung von mobilen Pro-
grammen hat. Alle dabei betrachteten Experimente wurden unter Verwendung
des SafeT'SA-Formats durchgefiihrt, eines auf der SSA-Form basierenden Zwi-
schencodeformats fiir mobilen Code.

SafeTSA ist die erste absolut referenz- und typensichere auf Static Sin-
gle Assignment-Form basierende Zwischencodereprisentation fiir mobilen Co-
de. Die in [1] n&her beschriebene Methode wurde als eine Alternative zur JVM
und dessen Java-Bytecode entworfen, und hat gegeniiber diesen mehrere ent-
scheidene Vorteile: (1) SafeTSA ist besser als Eingabe fiir einen optimieren-
den JIT-Compiler geeignet und erlaubt, viele maschinenunabhéngige Codeopti-
mierungen bereits wahrend der Erstellung der Zwischencodereprisentation auf
der Produzentenseite durchzufiithren. (2) SafeTSA garantiert die Referenz- und
Typensicherheit des gesendeten Programmes durch Konstruktion. Diese Eigen-
schaft reduziert die zur Sicherheitsgarantie notwendigen Verifikationsarbeiten
eines JIT-Compilers auf ein Minimum. (3) SafeTSA besitzt separate Instruk-
tionen zur Nullreferenz- und Arrayindexiiberpriifung, damit kénnen iiberfliis-
sige Nullreferenz- und Arrayindexiiberpriifungen schon vor Erzeugung des Zwi-
schencodes eliminiert werden, was zu einem erheblich besseren Laufzeitverhalten
von Java-Applikationen fiihrt. (4) Neben diesen Vorteilen ist SafeTSA zusitzlich
kompakter als Java-Bytecode.

Zur Uberpriifung der Leistungsfihigkeit des von uns geschaffenen SafeTSA-
Formats wurde ein vollstdndiges System zum Transport von mobilen Code ent-
wickelt, mit dem SafeTSA-Programme einerseits generiert bzw. andererseits un-
ter Verwendung einer JIT-Ubersetzung ausgefithrt werden kénnen. Der prinzi-
pielle Aufbau der fiir die Programmiersprache Java entworfenen Produzenten-
seite des Systems ist in Abbildung 1 wiedergegeben. Die Produzentenseite fiithrt
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Abbildung 1. Struktureller Aufbau des SafeTSA-Ubersetzers

zunéchst eine Syntax- und Semantikanalyse aus und transformiert das Eingabe-
programm nach durchgefiithrter Analyse in einen abstrakten Syntaxbaum (AST)
mit zugeordneter Symboltabelle (ST). Nach Transformation in den abstrakten
Syntaxbaum wird das zu bearbeitende Programm in SSA-Form gebracht, um
nach Durchfiihrung von maschinenunabhéingigen Optimierungen in SafeTSA-
Format umgewandelt und nach Klassen unterteilt in Dateien abgelegt zu werden.
Optional kénnen dem SafeTSA-Format durch Einschalten einer Annotierungs-
komponente zusitzlich Programminformationen hinzugefiigt werden (vergl. etwa
[2] oder [3]), die dann vom JIT-Ubersetzer zur Durchfiihrung von maschinen-
abhingigen Optimierungen genutzt werden koénnen.

Bei der Konzeption der Konsumentenseite unseres Systems wurde besonders
darauf geachtet, die Systemkomponenten weitestgehend unabhéngig von ver-
wendeter Zielarchitektur und Systemumgebung zu realisieren, was eine schnelle
Integration der Konsumentenseite in bereits existierende Laufzeitumgebungen
unterstiitzt. Auf der Konsumentenseite wird zunéichst vom Dekodierer die Safe-
TSA-Struktur des Programms wiederhergestellt. Die Uberpriifung der Typ- und
Referenzsicherheit wird gleichzeitig wihrend der Wiederherstellung des Zwi-
schencodeformats durchgefiithrt. Der optimierende Codegenerator der Konsu-
mentenseite iiberfithrt die verifizierte SafeTSA-Darstellung dann sukzessive in
verschiedene Zwischencodereprisentationen, fithrt Optimierungen auf diesen aus
und bildet in einem letzten Schritt den Maschinencode fiir die jeweilige Zielarchi-
tektur. Es wurden Konsumentenseiten des Systems fiir Intels IA32-Architektur
und IBMs PowerPC-Architektur geschaffen [4]. Beide Konsumentenseiten wur-
den in Form eines auf der Zwischencodereprisentation Safe TSA basierenden op-
timierenden JIT-Compilers fiir IBMs virtuelle Maschine JikesRVM [5] realisiert.
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Abbildung 2. Kombination ausgewahlter Optimierungen

Zur Auswahl der in die Produzentenseite unseres Systems zu integrieren
maschinenunabhéngigen Optimierungsarten wurde eine auf den Java-Grande-
Forum-Benchmark-Programmen (JGF-Benchmarks) basierende Testumgebung
geschaffen. Die JGF-Benchmarks stehen fiir eine Ansammlung von in der Pro-
grammiersprache Java geschriebenen Anwenderprogrammen, die im Jahr 2000
vom Java Grande Forum zur Uberpriifung der Einsetzbarkeit von Java-Ausfiih-
rungsumgebungen (JVMs, Java-Ubersetzer, Java-Hardware, etc.) fiir rechenin-
tensive Anwendungen vorgeschlagen wurden [6]. Die zur Uberpriifung der Op-
timierungsarten durchgefithrten Messungen wurden auf beiden von der Jikes-
RVM unterstiitzten Rechner-Architekturen durchgefiihrt. Als Reprisentant der
PowerPC-Architektur wurde ein PowerMacG4-Rechner verwendet, der mit ei-
nem PowerPC-G4-Prozessor (733 MHz), einem Hauptspeicher von 1,5 GB und
einem L2-Cache (256 KB) ausgestattet war. Die Messungen fiir die TA32-Architek-
tur wurden auf einem Standard-PC ausgefiihrt, der mit einem Pentium-3-kompa-
tiblen Prozessor (1,5 GHz) und einem Hauptspeicher von ebenfalls 1,5 GB aus-

gestattet war.

Die auf der PowerPC- und TA32-Architektur durchgefiihrten Messungen zei-
gen, dass iiblicherweise als maschinenunabhéngig eingestufte Optimierungsfor-
men tatséchlich oftmals sehr maschinenabhéngiger Natur sind. Tatséchlich konn-
te keine Optimierungsart gefunden werden, die fiir beide Architekturen und allen
Benchmarkprogrammen aussschlief$lich zu einer Verbesserung im Laufzeitverhal-
ten fiihrt. Die fiir die TA32-Architektur erzielten Ergebnisse offenbarten insbe-
sondere, dass die Ausfithrung von Programmen in starkem Mafe von der Anzahl
an zur Verfiigung stehenden Registern und der fiir die Registerzuordnung ver-
wendeten Registerallokationsstrategie abhéingt. Fiir SafeTSA-Programme zeigte
sich dabei, dass die Durchfithrung von maschinenunabhingigen Optimierungen
fiir die TA32-Architektur oftmals nur dann Sinn macht, wenn diese nicht iiber
Basisblocke hinweg durchgefithrt werden. Weiter deckten die Messungen auch
auf, dass bei den Optimierungen durchgefiihrte Umstrukturierungen zusétzlich
das Cache-Verhalten eines Programms ungiinstig verdndern und damit dessen
Laufzeitverhalten verschlechtern kénnen.

Nichtsdestotrotz belegen die durchgefithrten Messungen jedoch auch, dass
die Verwendung von maschinenunabhéngigen Optimierungen auch im Bereich
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des mobilen Codes durchaus einen Nutzen haben kann. Insbesondere zeigen die
Ergebnisse, dass die Verwendung von nicht iiber Basisblocken hinweg durch-
gefithrten Optimierungen — konkret gesehen, eine Eliminierung von nutzlosen
Programmcode, eine Konstantenfortpflanzung, eine Eliminierung von Lade- und
Speicherbefehlen sowie eine Eliminierung von gemeinsamen Teilausdriicken — ei-
ne sinnvolle Kombination maschinenunabhéngiger Optimierungen fiir den Ein-
satz im SafeT'SA-System sein kann [7].

Abbildung 2 zeigt die mit dieser Kombination an Optimierungsarten erreich-
baren Laufzeitverbesserungen relativ zum Laufzeitverhalten von nicht optimier-
ten SafeTSA-Programmen. Wie in der Abbildung zu sehen ist, konnte auf der
PowerPC-Architektur fiir drei Benchmarkprogramme mit den durchgefiihrten
Optimierungen eine Laufzeitverbesserung von mehr als 7,5 % erreicht werden.
Auf der TA32-Architektur konnte mit den Optimierungen fiir vier Benchmark-
programme das Laufverhalten um iiber 4 % verbessert werden, wobei fiir zwei
der Benchmarkprogramme sogar eine Laufzeitverbesserung von mehr als 20 %
zu beobachten war.
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Abstract. An emerging class of architectures are accelerator-based het-
erogeneous multiprocessors with software-managed memory hierarchies
like Cell/BE. A major difficulty in programming such kind of machines
are the explicit data transfers between the different memories raising
new programming challenges. In this paper we discuss a programming
approach which supports application programmers in writing efficient
code for non-cache-based architectures. A crucial role plays the interplay
between the three parties programmer, parallelization framework, and
native compiler. Based on our experiences with past programming ap-
proaches, we propose language extensions to orchestrate parallel execu-
tion of threads and to control data transfers. Experiments are performed
to analyze the roles of programmer and compiler in more detail.

1 Introduction

Accelerator-based heterogeneous multiprocessors with software-managed mem-
ory hierarchies are getting more and more wide-spread for high performance
systems. Usually these hybrid systems consist of standard cores enhanced by
dedicated non-general-purpose accelerators with explicitly managed memory hi-
erarchies. Such hybrid architectures raise new programming challenges. Besides
distributing the tasks onto the standard CPU and the accelerators (if beneficial),
the explicit data transfers between main memory and local memories have to
be realized. But even if all the data are in the local memory, efficiency is still
a challenging problem, since programming of accelerators is not as simple as
programming standard CPUs.

Currently, major research efforts are undertaken by academia and industry
to find answers how to deal with these new programming challenges and to
leverage the computing power of those multiprocessors. Different approaches are
discussed controversially without a consensus within the community.

Even after decades of research, there is still often a large performance gap be-
tween automatic parallelization and explicit parallel expert code. In this paper we
discuss the interplay between programmer, parallelization framework, and native
compiler. We present our system VIECELL which assists programming heteroge-
neous multiprocessors with explicitly managed memory hierarchies, namely the
Cell/BE multiprocessor. Our approach reflects the principle that parallelization
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must be under programmer control—efficient parallel algorithms can be devel-
oped by programmers only and cannot be generated automatically from sequen-
tial code. A small number of directives controls parallel execution. In fact, we
only add a coordination model to the sequential programming language C. Our
application domain are scientific applications which are usually characterized by
floating point operations on large data arrays.

The paper is organized as follows. Section 2 discusses the interplay between
programmer, parallelization framework, and native compiler which is the key for
supporting heterogeneous multiprocessors successfully. The programming ap-
proach is illustrated in Section 3 together with an example. Runtime measure-
ments and optimizations for Cell/BE are presented in Section 4. The paper
concludes with related work in Section 5, and a summary in Section 6.

2 Efficient and Portable Programming of Architectures
with Software-Managed Memory Hierarchies

While chip multiprocessors (CMPs) alleviate problems known as power wall or
instruction-level parallelism (ILP) wall, they increase the programmability wall.
On the one hand, program development for multi-core processors, especially
for heterogeneous multi-core processors, is significantly more complex than for
single-core processors. On the other hand, programmers have been traditionally
trained for the development of sequential programs, and only a small percentage
of them have experience with parallel programming. In the past, programmers
could trust that compilers succeeded to pass the increased computing power of
next processor generations to applications without high porting effort. This was
due to relatively homogeneous processor designs even from different hardware
vendors with instruction-level parallelism supported at hardware level. The ar-
chitectural change to CMPs, however, affects the programmer in several ways.
On the one hand, thread level parallelism (TLP) must be exploited effectively
and efficiently. In general, this cannot be done automatically by a compilation
system, but requires assistance by the programmer. On the other hand, multi-
core architectures differ significantly requiring that applications must be adapted
to the various platforms. This porting problem is worsened by the fact that the
average lifetime of hardware is about 5 years, whereas the average lifetime of
applications is about 20-30 years.

A crucial role in addressing the programmability wall plays the relationship
between the three involved parties programmer, parallelization framework, and
native compiler. Experiences in the past have shown the limits of parallelizing
compilers. Above all, parallelizing compilers will fail for programs which do not
exhibit parallelism, since sequential algorithms have been used. Consequently,
parallelization must be under programmer control—efficient parallel algorithms
can be developed by programmers only and parallelism shall not be hidden.
Directives must be provided for the programmer to control the parallel activ-
ities and to manage the explicit data transfers at a high level in a machine-
independent way.
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Basically a parallel program can be separated into computation and coordina-
tion [8]. The computation model allows a programmer to write a single-threaded
computational activity, whereas the coordination model supports thread cre-
ation, data transfer, and synchronization. A discussion of integration vs. separa-
tion can be found in Gelernter and Carriero [8]. It is highly interesting that most
of the arguments apply in these days too. In the year 1992 parallel programming
was dominated by message-passing and the need for better programming sup-
port. In response to the emerging architectures of that time it is said “diversity
with respect to language, hardware platform, physical location ... will be normal
in the new era”—a sentence which still applies nowadays.!

In the following we summarize the distribution of duties between program-
mer, parallelization framework, and native compiler.

Programmer. The programmer controls parallelization explicitly. For portabil-
ity reasons, it is the goal that the code is written in a machine-independent
way.

Parallelization framework. The parallelization framework supports the co-
ordination model. The framework realizes tasks like thread management,
data transfers, or machine specific optimizations during the parallelization
process—tasks which can be handled by an environment successfully and
which should not be dealt with by the programmer for portability reasons.
Examples of machine specific optimizations are (1) splitting of big data
chunks to fit in the small local memories, (2) aggregation of small data
transfers to larger pieces, (3) hiding transfers with computation (e.g. double
buffering), (4) streaming optimizations, or (5) eliminating synchronization
points.

Native compiler. The native compiler optimizes the code assigned to the com-
puting device. In addition to optimizations common for object code compil-
ers, optimizations like vectorization (if a vector unit exists), loop unrolling,
or software pipelining shall be supported.

3 Overview of Programming System VIECELL

Our system VIECELL targets heterogeneous multiprocessors, namely Cell/BE,
with a main CPU and a number of accelerators or co-processors with local mem-
ories. In case of Cell/BE, the main CPU is the PPU (Power Processor Unit) and
the accelerators are called SPUs (Synergistic Processor Units). Data transfers
between main memory and local stores are managed explicitly and not implicitly
with e.g. load/store instructions. Typically, the main processor and the acceler-
ators have different instruction sets.

Parallelization is fully controlled by the programmer. Since the computation
model is covered by programming language C, the coordination model has to be
addressed only. The extensions for the coordination model have been realized

! By the way, message passing is still the dominating programming paradigm for
scientific applications.
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with directives embedded in the sequential language. Ignoring the directives
results in a semantically equivalent sequential version of the program.

The basic computational unit which can be executed in parallel is an SPU
function extended by a parameter in/out-description which are spawned on the
SPUs. The data transfers take place at function invocation and return, and con-
stitute the execution context of the SPU function. Hence, data transfers are
aggregated to larger pieces which reflects the shopping-list parallelization strat-
egy as proposed by Cell/BE chief scientists [10] for such kind of architectures.

For Cell-like architectures it is an obvious approach that at program start-up
a single master thread is created on the PPU which exists for the duration of the
whole program and which starts executing the program sequentially. When the
master thread encounters a parallel loop, slave threads are created for each
SPU to control parallel execution. The task of each slave thread is to load the
executable of an SPU function onto the SPU, transfer at the beginning the data
to the local memory, and write the result back to main memory. After termi-
nation of all slave threads, the master thread in the PPU continues execution.
Thus the PPU acts as orchestrator responsible for realizing work distribution
and coordinating parallel execution.

Parallel execution is controlled by a small number of directives:

— pragma parallel. When the master thread reaches a parallel loop, the
PPU loads the binary of the SPU function onto the SPUs and distributes
the work between the SPUs. The body of a parallel loop contains exactly
one SPU function call and the programmer asserts that it is legal to execute
the function in parallel.

— pragma public. An SPU compilation unit contains exactly one function
with the public-attribute, called SPU function, which is invokable from the
PPU.

The parameter clause specifies for each parameter whether it is an in, out, or
inout parameter together with the number of data elements to be transferred.
The semantics of the parameter transfer is call-by-value-result, i.e. the arrays
are copied between main memory and local memory forward and backward.

— pragma comm. The communication-attribute indicates that data struc-
tures allocated by the PPU (PPU compilation unit) will be transferred be-
tween PPU and SPU. This attribute is used to take care of alignment.

Since we are targeting stream-like applications in the field of computational
science, we provide additional notations to steer optimizations for such kind of

applications. As an example a parallel matrix-vector multiplication is shown in
Fig. 1.

4 Experiments on Cell/BE

In this section we discuss experimental results performed on single SPU of a
Cell/BE using native IBM XL C/C++ XLC compiler version 10.1 and GNU
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01 #pragma vie comm 01 #pragma vie public vecl(in,N), \
02 float A[M][N], X[NI, Y[M]; 02 vec2(in,N), \
03 vec3(out,1)
sequential ezecution 04 void SPU_dot pr(float veci[],
03 #pragma vie parallel 05 float vec2[],
04 for (int i=0; i<M; i++) 06 float vec3[])

05 SPU_dot pr(&A[i]1[0],X,&Y[il); o7 {

08 float sum=0;

sequential execution 09 for (int j=0; j<N; j++) {

10 sum+=vecl[jl*vec2[j];
11}
12 vec3[0]=sum;
13}
(a) PPU user code. (b) SPU user code.

Fig. 1. Matrix-vector multiplication.

GCC open source compiler shipped with Cell SDK 3.1 (both with -03 optimiza-
tion flag).

Cell/BE is a heterogeneous multiprocessor with an IBM Power processor
core, called PPU (Power Processor Unit), and 8 specialized accelerators or co-
processors with local stores, called SPU (Synergistic Processor Unit). The PPU
and SPU have different instruction sets and the SPU contains a SIMD execution
unit. The small local store of 256 KB holds instructions and data and is the only
memory directly addressable by the SPU.

The experiments have been conducted on an IBM BladeCenter QS22 with
two IBM PowerXCell 8i processors (3.2GHz/1MB L2) mounted in an IBM Blade-
Center H chassis. IBM PowerXCell 8i processor is the follow-up model of the Cell
processor with much better double-precision floating point performance.

As example we take vector-vector addition and start with a straight-forward
implementation (var. A) as shown in Fig. 2(a) and compile it with XLC and
GCC. With XLC we got about 3.72 GFlop/s, whereas for GCC we got only
0.13 GFlop/s. The results of XLC are significantly better than for GCC, but
the 3.72 GFlop/s obtained by XLC seem to be low either compared to the peak
performance of 25.6 GFlop/s.?

For vector-vector addition, however, FMA operations cannot be used result-
ing in 50% of peak performance. Further, since there are three load/store oper-
ations vs. one floating-point operation, only one third can be achieved resulting
in a maximum sustained performance of 4.27 GFlop/s.

2 For single precision floating point 2 operations (FMA) are performed on each of the

floats in the quad-word per cycle, leading to 3.2GHz * 8 = 25.6 GFlop/s.
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01
02
03
04
05
06

float aln]; 01 vector float al[n];
float bln]; 02 vector float b[n];
float c[n]; 03 vector float c[n];
04
for (i = 0; i < nj; i++) 05 for (i = 0; i < n/4; i++)
c[i] = a[i] + b[il; 06 c[i] = spu.add(alil, b[il);
(a) Scalar code (var. A). (b) Vectorized code (var. B).

vector float x0,x1,x2,x3,x4,x5;
vector float yO0,yl1,y2,y3,y4,y5;
vector float z0,z1,z2,z3,z4,25;

for

pre-loop code
(i=0;1i<n/4-2; i+=6) {
// Store [i] - [i+5]
c[i+0] = z0; cl[i+1] = z1; c[i+2]==z2;
c[i+3] = z3; cl[i+4] = z4; c[i+5]=z5;
// Compute [i+1] [i+6]
z0=spu_add(x0, y0); zl=spu.add(xl, yl); z2=spu_add(x2, y2);
z3=spu_add(x3, y3); z2=spu-add(x2, y2); z3=spu_add(x3, y3);
// Load next a: [i+12] to [i+17]
x0 = al[i+12]; x1 = a[i+13]; x2 = a[i+14];
x3 = al[i+15]; x4 = al[i+16]; x5 = al[i+17];
// Load next b: [i+12] to [i+17]
yO = bl[i+12]; y1 = b[i+13]; y2 = b[i+14];
y3 = b[i+15]; y4 = b[i+16]; y5 = b[i+17];

post—loop code

(c) Software pipelining with unrolling (var. E).

Fig. 2. Vector-vector addition.
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Now we try to hand-optimize the code to get with GCC similar performance
results like XLC. First we vectorized the code (var. B) as shown in Fig. 2(b).
For XLC nothing changed, while with GCC we got 0.78 which is a speedup by
a factor of 6, but still far away from XLC.

Explicit loads and stores to enable software pipelining (var. C) resulted in
doubling the performance of the code compiled with GCC, with 1.58 GFlop/s,
which is a speedup of 12.15 compared to the initial code variant A.

Next, we apply software pipelining and a technique similar to loop unrolling
by a factor 2 (var. D) and factor 6 (var. E) as shown in Fig. 2(c). The SPU has
two distinet instruction pipelines supporting dual-issue. Load/store instructions
move the data from local store to registers and back with the latency of 6 cycles.
On the other hand, floating-point operations take exactly the same amount of
cycles. If we consider two pipelines and only loads/stores and floating-add op-
erations, the instruction flow looks like in Fig. 3. With this optimization we got
for GCC 3.72 GFlop/s which is a speedup of 30, and for XLC approximately the
same result.

P a7 g 2B

T TIN l  INT B T T B | P85 f2es il RO |

a[o] blo] a[6] bfi+a] ali+12] bfi+12] afi+a8]
ala] bla] 271 blisal N[  cfiea] | alfiea) Blia] afi+15)
af2] b[2] a[g] bfi+a) ali+14] bli+14] I
af3] b(3] als] hlifll afi+s] bfi+as] -
als] bla] alz0] bli+a] ali+16] b[i+6]
als] b(s] afaa] I i afi+17] bli+az] cli+11]

a[o]+b[o]
a[1]+b[1]
a[2]+b[2]
al3]+b(3]
algl+bl4]
a[5]+b(s]

a[6]+b[6]
al7l+b7]
a[8]+b[8]
algl+blg]
a[10])+b[10]

af11]+b[21]

a[12]+b[12]
al23+b{13]
af14]+bl14]
af15]+b[15]
a[16]+b[16]
al171+b{17)

loads

Fig. 3. Software pipelining with unrolling.

Finally, we succeeded for GCC to obtain similar performance numbers like
for XLC, however, the hand-optimized code is much more complex compared to
the initial code version. A summary of the performance numbers can be found
in Fig. 4 and a graphical presentation is shown in Fig. 5.

The experiments have shown that XLC manages the complexity of the low-
level optimizations successfully resulting in good performance numbers. Obvi-
ously, optimizations performed by the programmer in order to compensate com-
piler deficiencies results in non-portable complex code. Further, programmer
productivity decreases as well.

5 Related Work

Many research groups from the parallel computing community as well as graphics
community work on programming of accelerator-based heterogeneous multipro-
cessors. Related approaches include CUDA from Nvidia [13], Brook for GPUs
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. Speedup
Program variants GCC | XLC GOC/XLO
Scalar (A) 0.13 |3.72 |1.00/1.00
Vectorized (B) 0.78 |3.72  |6.00/1.00
SW Pipelining (C) 1.58 3.72 12.15/1.00
SW pipelining with prefetch-
ing 2 clemets (D) 1.71  |3.81 |13.15/1.00
SW pipelining with prefetch- 372 [3.84  |30.00/1.03

ing 6 elemets (E)

Fig. 4. Performance results as table.

GFlop/s

C

Program variants

Fig. 5. Performance results: graphical presentation.
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from Stanford University [2], StreamlIt from MIT [14], HMPP from CAPS en-
treprise [6], and RapidMind platform from the very same company [11]. Other
well-known parallel programming languages include UPC (Unified Parallel C)
[5], CAF (Co-array Fortran) [12], Titanium (Java-based) [9], and Sequoia [7].
Higher level of abstractions provide the languages of the HPCS (High Produc-
tivity Computing Systems) program of DARPA: X10 (IBM) [4], Chapel (Cray)
[3], and Fortress (Sun) [1].

6 Conclusion

We discussed the importance of the interplay between the three parties pro-
grammer, parallelization framework, and native compiler which is the key for
supporting heterogeneous multiprocessors successfully. The programming ap-
proach presented in this paper addresses Cell/BE like architectures and is based
on a coordination model added to C. The separation between coordination and
computation fits specifically to architectures like Cell/BE with PPU as main
unit orchestrating the parallel activities and SPUs as accelerators; or even in
bigger contexts like the Los Alamos Roadrunner architecture® with Opterons as
main units and orchestrators and Cell/BE multiprocessors as accelerators.
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Technology with Source Code Analysis

Gergo Barany

Institute of Computer Languages, Vienna University of Technology

Abstract. We present the SATIrE source-to-source analysis framework
within the context of ALL-TIMES, a European research and develop-
ment project aimed at improving and integrating existing tools in the
area of timing analysis. Within the project, SATIrE contributes by per-
forming source-level static analysis on C programs and exporting its
results for other tools to use.

This work gives an overview of SATIrE and how its analyses may improve
timing analysis results obtained by other tools. We discuss SATIrE’s effi-
cient and powerful context-sensitive unification-based points-to analysis
and its value interval analysis. We explain how SATIrE’s integration
with other analysis tools handles issues such as combination of source-
level with binary-level analysis and communication of views of function
call contexts between tools.

1 Introduction

With safety-critical embedded real-time systems controlling automobiles
and airplanes, timing errors can have disastrous consequences. It is there-
fore very important to ensure that any hard deadlines specified for parts
of the system can be met under all possible circumstances. Timing anal-
ysis aims to predict worst-case timing behavior in order to give feedback
to developers and provide information to validation processes.

There are many forms of timing analysis, each with a number of ad-
vantages and disadvantages. Static analysis of source code benefits from
being aware of symbolic variable names, data types, and program struc-
ture. However, actual timing results cannot be derived from the source
code alone, since it does not uniquely determine the actual machine in-
structions that will be executed on the target platform. Hence, static
analysis of the binary is needed to derive worst-case timings for code
snippets. This level of analysis can make use of knowledge about actual
machine code in conjunction with machine parameters such as instruc-
tion timings and predicted worst-case cache and pipelining behavior.

In another dimension, dynamic analysis relies on running the system to
collect observed timings and other system characteristics, given certain
inputs which are expected to cover worst-case circumstances. Dynamic
analysis often results in tighter timings than static analysis, but it typi-
cally lacks a guarantee that the tested cases covered the worst-case be-
havior.
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The goal of the ALL-TIMES project is to integrate various FEuropean
tools which cover different points in this space of possible timing analy-
sis approaches. This paper describes a part of the overall effort in ALL-
TIMES, focusing on the SATIrE system and its connections to other
tools within the project. The following section describes the SATIYE
framework, the analyses it provides, and ways to extend it with further
analyses; Section 3 discusses how SATIrE supports other tools in the
ALL-TIMES project by exporting analysis information. Section 6 con-
cludes.

2 The SATIrE System

SATTE (Static Analysis Tool Integration Engine)® is a framework for
integrating various static analysis and source code manipulation tools.
Its focus is on programs written in the C programming language. SATIrE
has been under development at Vienna University of Technology since
late 2004.

2.1 Framework

SATIrE allows users to build tools that analyze or transform C pro-
grams. To this end, it provides interfaces to the ROSE? source-to-source
transformation system; ROSE includes the C and C++ frontend by Edi-
son Design Group and provides an object-oriented abstract syntax tree
(AST) for manipulation. As an alternative frontend, SATIrE recently
acquired bindings to clang®; clang’s output can be translated by SATIrE
into a ROSE AST.

Given the AST representing a program, there are several ways of analyz-
ing and manipulating it. ROSE includes a number of analyses and trans-
formations, including a loop optimizer that can perform common opera-
tions such as loop unrolling. To allow data-flow analysis on C programs,
SATIrE includes a component that builds an interprocedural control-
flow graph (ICFG) and bindings to the Program Analyzer Generator
(PAG)* which generates data-flow analyzers from functional specifica-
tions. SATIrE also includes tools to export ASTs as Prolog terms and
vice versa, to enable program analysis and transformation using the Pro-
log programming language.

ASTs that have been transformed or annotated with analysis results (in
the form of comments or #pragma statements) can then be unparsed to
C source code for further processing with other tools or compilers. The
overall architecture of SATIrE is shown in Figure 1.

! http://www.complang.tuwien.ac.at/satire/
2 http://www.rosecompiler.org

3 http://clang.1lvm.org

4 http://www.absint.de/pag/
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2.2 SATIrE Analyses

Besides providing interfaces for user-defined analyzers, SATIrE also in-
cludes a number of predefined analysis stages. The most important ones
are the points-to analyzer, the value interval analyzer, and the loop
bounds analyzer.

Points-To Analysis SATIrE’s points-to analysis is a flow-insensitive
unification-based analysis inspired by Steensgaard [Ste96]. The basic
analysis performs a single pass over the program, assigning an abstract
‘location’ to each program variable, function, or dynamic memory alloca-
tion site. The effects of pointer assignments are modeled using points-to
edges between locations. Each location is constrained to have at most
one outgoing points-to edge; if some location might point to two or more
different locations, those locations are merged into a new combined lo-
cation.

This merging ensures that the analysis can be implemented in almost-
linear time using a fast Union/Find data structure [Tar75]. However, it
is also a source of imprecision as it may introduce spurious points-to
relations that cannot be realized in any actual run of the program.

The basic algorithm suffers from the fact that it is context-insensitive; if
a function that receives a pointer argument is called at several different
sites, the analysis will merge all the objects that may be pointed to at
any call site. Since passing and returning pointers is very common usage
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representation is the possibly annotated AST provided by ROSE. Various toolchains
can work on this representation, possibly with intermediate transformations. The final
result can be unparsed to annotated source code.
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in C, this can lead to considerable imprecision. Much of the lost preci-
sion can be regained by making the analysis context-sensitive: Based on
some notion of interprocedural context, each function is analyzed multi-
ple times. Argument and return-value locations of the function contexts
are linked according to the calling relations between the contexts. This
cloning approach is similar Lattner et al.’s context-sensitive points-to
analysis [LLAQ7]. Currently, SATIrE uses context information derived
by PAG, which can compute call strings of any bounded or (for non-
recursive programs) arbitrary length.

Any external functions called from the program must have summaries
available to the points-to analysis. Otherwise, they are treated conser-
vatively as calling an unknown function that may introduce arbitrary
aliases to global variables. The current implementation provides fully
polymorphic summaries for part of the C standard library. Summaries
are currently built into the analyzer, but an external annotation language
for functions is under consideration.

Value Interval Analysis The interval analysis (sometimes called
‘value range analysis’) integrated in SATIrE derives possible values of
integer variables in C programs. Each variable is associated with a pair of
numbers representing an interval of values, which may be open on either
side (lower bound of —oco or upper bound of co). The analysis is flow-
sensitive, meaning that analysis information specific to every program
point is derived. If at some point a variable is associated with an interval
with bounds [a, b], this means that at that point, the variable’s value is
definitely somewhere between a and b. This analysis is conservative, as
in many cases not all values between a and b can actually be realized
in executions of the program. However, all possible actual values are
covered by the intervals derived by the analysis. The interval analysis
is implemented as an abstract interpretation [CC77]. The declarative
analysis specification is translated to an executable program using PAG.
Constant values in interval bounds typically come from direct assignment
of a constant to a variable, such as initializing a loop counter to 0, or from
comparison of a variable with a constant. For instance, a loop condition
i <= 10 gives an upper bound for the variable on the path entering the
loop, and a lower bound for the path leaving the loop. In certain cases,
the analysis can also make use of assert statements in the program
that were inserted by programmers with domain knowledge, or by some
other program analysis/transformation. The information in a statement
like assert(x >= 0 && x <= 10); can be used by the interval analysis
to infer that at the program point following the statement, the value of
variable x must be in the range [0, 10], regardless of what was known
about its value before.

The analysis is integrated with SATIrE’s points-to analysis. Integer as-
signments or reads through pointers can therefore be resolved to sets of
possibly referenced variables. This can lead to much more precise results
than other approaches, which cannot handle pointers and must make
very conservative assumptions. In SATIrE’s interval analysis, if only one
variable can be referenced, its associated interval can be used or updated
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as for direct reads or assignments; otherwise, the intervals for all con-
cerned variables are read or updated in a conservative way that never
underestimates the actual possible ranges of values. Similarly, an array
variable is treated like a set of variables, and assignments to array el-
ements do not replace but rather extend the interval representing all
possible values stored in the array (‘weak update’).

The interval analysis is inter-procedural, i.e., intervals associated with
argument expressions of function calls are propagated into the corre-
sponding functions. Using facilities provided by PAG, the interval anal-
ysis can be used in a context-sensitive way with arbitrarily long call
strings.

Loop Bounds Analysis SATIrE includes a component which com-
putes loop bounds for loops based on iteration variables [PKSTO8]. It
uses results of the interval analysis and structural information about the
program to build a set of inequalities, which are solved to yield con-
straints on the numbers of loop iterations.

The loop analyzer constructs a set of inequalities for certain loops. Es-
sentially, it looks for loops preceded by the initialization of an iteration
variable, an exit condition consisting of an inequality involving the vari-
able (or a set of such inequalities connected by ‘logical or’ operators),
and exactly one increment or decrement of the variable inside the loop
with a bounded step size. Experience shows that most loops in embedded
systems software are of this form, so the analysis is widely applicable in
the domain covered by the ALL-TIMES project.

Assuming the loop variable is 4, the initialization expression is Init, the
test expression is ¢ < Test, and the step size Step is known to be positive,
the following equalities and inequalities are generated:

1> Init 1 < Test (i — Init) mod Step =0

The number of distinct solutions of this system is just the maximum
number of possible iterations of the loop. An external constraint solver
is used to calculate the number of solutions, which is often considerably
more efficient than simply enumerating the solutions. Currently, SATIrE
uses the clpfd solver distributed with SWI-Prolog® to calculate these loop
bounds.

Applying the basic analysis recursively from outer to inner loops, nested
counting loops can be analyzed as well. The loop bound for each inner
loop is given in terms of the scope containing the outer loop. In particular,
this means that triangular loops are not overestimated.

3 Integration in ALL-TIMES

This section describes the ALL-TIMES project and details SATIrE’s
involvement in the project.

® http://www.swi-prolog.org
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3.1 ALL-TIMES Project Partners

ALL-TIMES comprises a total of six partners, four commercial compa-
nies and two university groups. Each partner contributes an existing tool
with a specific approach to timing analysis and corresponding strengths
and weaknesses. The partners have identified a number of valuable inte-
grations between tools to combine and exchange various kinds of analysis
data in order to obtain better results.

The partners and their tools are:

AbsInt Angewandte Informatik GmbH?S develops the aiT family
of WCET analyzer tools. aiT performs static analysis directly on
the actual application binary. Using abstract interpretation, aiT de-
rives possible value ranges of registers and memory locations; it also
computes upper bounds on WCET of basic blocks, taking cache and
pipelining effects into account. Using integer linear programming
(ILP), aiT then derives a worst-case program path and the corre-
sponding WCET bound from the basic block estimates.

Gliwa GmbH is the developer of debugGURU, a dynamic analysis
framework. It uses instrumentation of the target application to col-
lect timing information at run-time. Using plugins, debugGURU can
collect various kinds of information, including execution times and
memory usage. The collected information can be communicated to
host PCs using industry-standard bus systems.

Symtavision GmbH? provides SymTA /S, a system-level timing and
scheduling analysis tool. SymTA /S works with a high-level abstract
model of the application in terms of program tasks and resources
such as CPUs and buses. It calculates resource loads, worst-case
response times for tasks and worst-case transmission times for mes-
sages.

Rapita Systems Ltd® produces the RapiTime toolkit for dynamic
analysis. RapiTime instruments the application with measurement
code and uses the measurement to profile performance, provide code
coverage information, and perform WCET analysis.

Malardalen University’s WCET group'® uses its SWEET tool for
timing analysis. Its flow analysis is based on abstract execution and
can derive complex flow constraints relating execution frequencies
for different points in the program. SWEET analyzes programs in
the ALF representation [GEL™09], which is designed to be generated
either from source code or from a binary.

Vienna University of Technology , compilers and languages group'!,
contributes SATIrE, the framework for source-based analysis and
transformation of C programs described in Section 2.

S http://www.absint.com

" http://www.gliva.com

8 http://www.symtavision.com

9 http://www.rapitasystems.com

10 http://www.nmrtc.mdh.se/projects/wcet/
" http://www.complang. tuwien.ac.at
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4 SATIrE’s Connections in ALL-TIMES

This section explains the tool integrations in the ALL-TIMES project
that SATIrE is involved with.

4.1 Integration: SATIrE-RapiTime

The integration of SATIrE with RapiTime involves communication of
analysis information from SATIrE to RapiTime. The main goal is to
provide information about function pointers, while information regarding
loop bounds may also be useful to RapiTime.

As RapiTime uses dynamic analysis to gather information at run-time,
one cannot always be sure that all possible executions of certain parts
of the code have been covered by its analysis. RapiTime therefore pro-
vides the possibility for users to annotate the program’s source code with
high-level knowledge about issues such as points-to relations or flow con-
straints. Within the ALL-TIMES project, SATIrE will use static analysis
to compute some of the information that would otherwise be provided
manually. This saves users from part of the tedious and error-prone task
of program annotation.

In order to compute a worst-case timing for a function call, RapiTime
must know all the possible functions that may be called at that site (in
a certain context). Since embedded systems codes often contain indirect
calls through function pointers, this information is typically not imme-
diately available. During execution of the system, the code annotated by
RapiTime can record all observed functions called from a certain site,
but as noted above, it may not always be sure that these were all the
possible call targets for that call site. Without this information, it must
make a conservative approximation or reject the program.

This is where analysis information from SATIYE can aid RapiTime in
deriving tight WCETSs: Its points-to analysis can give static information
about possible call targets at each call site. The automatic analysis is
much faster and more reliable than manual annotations; this is particu-
larly true for context-sensitive annotations. Thus SATIrE’s information
can tell RapiTime whether it has observed all possible call targets dur-
ing its tests, or which other possible targets to take into account for its
WCET calculation.

Similarly, RapiTime may observe certain numbers of iterations for loops
in the application. SATIrE’s static analysis of loop bounds may con-
firm that the observed iterations are indeed the worst case, or provide
information for appropriate computation of a guaranteed time bound.
While RapiTime allows users to annotate source code with #pragma state-
ments containing analysis information, SATIrE’s analysis information
will be communicated using an external file format. Source code an-
notations are very natural for manual annotations, but for automated
exchange of information an external format separated from the source
code may offer more flexibility.

33



KPS 2009

Maria Taferl

4.2 Integration: SATIrE-aiT

For the integration with aiT, SATIrE will provide analysis information
on points-to relations, unreachable code, and its view of interprocedural
contexts, which differs from aiT’s.

The static analysis performed by aiT on the application binary takes a
purely numeric view of data, including pointers: Pointers are treated as
numeric addresses, and aiT’s value analysis abstracts their possible val-
ues as numeric intervals. This is especially problematic for global entities
such as global variables or functions, where a symbolic analysis based on
names can be much more exact that pure numeric analysis.

Consider, for instance, a function pointer which may point to two func-
tions £ and g. If the compiler’s code layout is such that these functions
are not adjacent in the binary, a numeric analysis will determine that the
pointer may point to the address of f or the address of g or any other
function that lies between them in the code. Those functions in-between,
however, are not actually feasible targets but rather just artifacts of a nu-
meric analysis. Since SATIrE’s points-to analysis works on names rather
than addresses (which do not even exist on the source level), it is not
susceptible to this kind of spurious result. The same reasoning applies to
the treatment of pointers to data, which is why SATIrE may also derive
much more precise analysis information for pointers to global buffers or
stack variables.

As noted in Section 2.2, SATIrE’s interval analysis is integrated with its
pointer analysis. Thus, in certain cases, the more precise pointer infor-
mation in SATIrE can be used to derive variable values that aiT is not
able to compute. Such values can then be used to identify branch con-
ditions that are always true or always false in certain contexts, and this
more precise flow information can result in a better WCET estimation.
Other kinds of information SATIrE exports to aiT are points-to relations
for data pointers and possible targets of calls through function pointers.
An important issue in integrating SATIrE and aiT is the fact that these
tools have different notions of interprocedural contexts. In aiT’s view of
the program, loops are transformed into special tail-recursive procedures;
a jump back to the loop’s head for another iteration corresponds to a tail
call. This approach allows aiT to use call strings to model loop contexts,
which means that it need not merge analysis information from the first N
loop iterations with the information from later iterations. On the other
hand, this handling of loops as calls means that direct exchange of call
strings between the two tools is not possible.

To communicate context information to aiT, SATIrE uses aiT’s concept
of ‘user-defined registers’. These are pseudo-registers that have no coun-
terpart in the actual code and hardware, but rather only contain values
at analysis time. Annotations to the code may refer to, and store, val-
ues in these user registers. aiT’s value analysis propagates these values
just like it propagates values of actual hardware registers and memory
locations.

Context information from SATIrE is then communicated as follows: Each
function in the program has an associated ‘call site’ user register. Each
call site is associated with a unique numeric identifier. At each call site,
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annotations from SATIrE instruct aiT to store the call site register for
each possible target function with that site’s ID. Within called functions,
annotations may be qualified to hold only if the call site registers contain
certain specific values. For instance, an annotation restricted to be true
only if three registers contain certain call site identifiers essentially cor-
responds to an annotation that is specified to hold only given a certain
three-element call string. The analogy to finite call strings only breaks
down in the presence of recursion, in which case having just one register
per function makes the analysis less precise—however, recursion is not a
major concern in typical embedded control applications.

Information from SATIrE is communicated to aiT using source code
annotations, or external annotations that refer to source code locations.
aiT does not itself work with source code; rather, it relies on the compiler
that generates the binary to also output debug information that relates
source code positions to addresses in the executable.

4.3 Integration: SATIrE-SWEET

The integration of SWEET and SATIrE involves various issues. First,
as SWEET works on programs in the ALF representation [GEL™09],
it needs translators to ALF in order to be able to analyze binaries or
source code. One part of the connection between SATIrE and SWEET is
therefore a C-to-ALF compiler called melmac!'?. This is a fairly regular
C compiler backend, but its tight integration with SATIrE also allows
it to output analysis results and meta-information that is useful for the
other aspects of the connection.

Thus for the second part of the connection, melmac also outputs in-
formation mapping ALF code positions (identified by jump labels) to
SATIrE’s internal position identifiers as well as source code locations,
and information on the call strings used by SATIrE. Using this infor-
mation, SATIrE’s context-sensitive analysis results regarding points-to
information and value intervals can also be communicated to SWEET. In
contrast to the other connections described above, SWEET and SATIrE
have similar notions of program objects (ALF allows named, scoped
variables like C does). Thus SATIrE’s analysis information referring to
program variables and pointer relations is directly useful for SWEET.
The tight correspondences between program positions as well as vari-
ables allow SATIrE to exchange flow-sensitive interval information with
SWEET, which is not the case for the other connections. This can ease
the implementation burden on SWEET’s developers, who at the time of
writing do not have a context-sensitive points-to analysis.

The third and final part of this connection involves communication of
analysis information from SWEET to SATIrE. SWEET’s strength lies in
deriving complex flow facts using abstract execution; these facts identify
mutually exclusive program points or give constraints on the relative
number of executions of different program points. Currently, SATIrE
itself cannot make use of this kind of detailed flow information; however,
it can output the flow facts for use by aiT. Thus SATIrE can play the

12 http://www.complang. tuwien.ac.at/gergo/melmac/
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role of a translator in a connection involving two other tools that might
otherwise not be able to exchange information.

5 Related Work

Gustafsson et al. [GLS'08] give a more detailed overview of the ALL-
TIMES project and the tools involved. Schordan [Sch08] presents the
SATIrE system in more detail and considers some challenges of annotat-
ing source code with analysis information.

There does not appear to be much previous work that deals specifically
with integration of source code analysis and WCET calculation. The
TuBound tool [PSKO08] is an exception: TuBound integrates a source-
based tool which derives loop bounds and adds corresponding source
code annotations, and a C compiler which includes a component for
WCET computation that can make use of these annotations. The source-
based part of TuBound is built on SATIrE and the same analyses that
SATIrE contributes to ALL-TIMES; however, TuBound’s integration of
a WCET-aware compiler is different from any of the work reported here.

6 Conclusions

We have presented the SATIrE program analysis framework and de-
scribed its role within ALL-TIMES, a project aimed at integrating Eu-
ropean timing analysis tools. In this project, SATIrE exchanges informa-
tion with tools that employ a wide range of static and dynamic analysis
techniques involving different levels of source, binary and intermediate
code. Each connection allows SATIrE to aid the other tools in specific
ways by providing valuable information derived using static analysis of
source code. The benefits of this integrated approach are expected to
validate the basic premise of the ALL-TIMES project, which is that
combination of different approaches can yield much better results than
each approach in isolation.
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Abstract. Closure objects play an important role in mathematics and
computer science. We develop relation-algebraic specifications to recog-
nize several classes of them, compute the complete lattices they consti-
tute and transform any of these closure objects into another. All specifi-
cations are algorithmic and can directly be translated into the language
of RELVIEW. We show that the system is well suited for computing and
visualizing closure objects and their lattices.

1 Introduction

The procedure of computing the closure of a given object is an important ba-
sic technique for applications in mathematics and computer science alike. The
approach followed most frequently is to employ so-called closure operations. Ex-
amples include operations that yield the transitive closure of a relation or the
subgroup generated by a set of elements of a given group. The practical im-
portance of closures is also documented by the fact that equivalent or at least
very similar notions are frequently reinvented. For example, what [6] denotes as
“full implicational system” is called a “full family of functional dependencies”
in the theory of relational databases [7] or a “closed family of implications” in
formal concept analysis [9]. Likewise a “dependency relation” [6, Section 2.2]
is the same as a “contact relation” in the sense of [1] and one needs only to
transpose such a relation and restrict its range to 2% \ {} in order to obtain an
“entailment relation” in the sense of [8]. Moreover, on the lattice-theoretic side
it has been proven that there exists a close correspondence between all of the
aforementioned concepts and the concept of a closure operation on a set. All of
these objects form complete lattices which are pairwise isomorphic [6].

The subject of this paper (a short version of [3], where all proofs can be
found) is to give a relation-algebraic representation of closure objects. The re-
sulting specifications are algorithmic and directly lead to corresponding pro-
grams for RELVIEW [5], which is a computer algebra system for the special
purpose of computing with relations. The developed formulas provide three ba-
sic algorithms for each closure object given as a finite relation, viz.recognition of
an object, i.e., deciding whether a given relation is, for example, a dependency
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relation, transformation between closure objects, e.g., compute the closure op-
eration corresponding to a given full implicational system, and computation of
the complete lattice which is constituted by the set of all such closure objects.
Employing the resulting programs, the computer algebra system RELVIEW sup-
ports the study of specific closure objects in several ways, among which are
visualization as Boolean matrices or as graphs, providing various graph layout
algorithms and offering a number of ways to highlight selected portions, retrac-
ing the results of sub-expressions via step-wise execution, and testing, e.g., by
providing random matrices of a specified degree of filling. Beyond the possibility
to study individual closure objects, the presented algorithms scale well and are
applicable to large examples. This is due to the fact that finite relations can be
implemented efficiently with BDDs [4] and we have taken care that the developed
formulas fit the setting of RELVIEW. The only exception is the computation of
all possible closure systems which is presented in Section 3.1, as the according
problem is well known to be exponential for sets.

2 Relation Algebra

Since many years relation algebra [11, 10] is used by many scientists as conceptual
and methodological base of their work. Its importance is due to the fact that
many objects of discrete mathematics can be seen as specific relations. Relation
algebra allows concise and exact problem specifications and extremely formal
and precise calculations that drastically reduce the danger of making mistakes.
In this section, we recall the basics of relation algebra, provide the reader with
an introduction of how pairs and products can be modeled and show how to
represent sets. More specific to the task at hand, its last part deals with the
relation-algebraic specification of extremal elements of ordered sets and lattices.

2.1 Relations and Relation Algebra

We write R : X <Y if R is a relation with domain X and range Y, i.e., a
subset of X xY. If the sets X and Y of R’s type [X < Y] are finite, we may
consider R as a Boolean matrix. Since this interpretation is well suited for many
purposes and is also used by the computer algebra system RELVIEW as one of
its possibilities to depict relations, we often use matrix terminology and matrix
notation. Especially we speak about the rows, columns and entries of a relation
and write R, , instead of (z,y) € R or z Ry. Relation algebra knows three basic
relations. The identity relation | : X < X satisfying for all z,y € X that I, , iff
x =y, the universal relation L : X <Y holding for all x € X and y € Y, and the
empty relation O : X <Y which holds for no pair in X xY. The transposition
of a given relation R : X <Y is denoted by RT : Y < X and satisfies for all
x,y that R;y iff R, .. When viewing relations as sets it comes natural to form
the union RU S : X <Y and intersection RN S : X <Y of two relations
R,S: X <Y or to state the inclusion R C S. A lot of the expressive power of
relation algebra is due to the possibility to express the composition RS : X <Y
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of two relations R : X« Z and S : Z < Y. Its definition in predicate logic is
that for all x € X and y € Y we have (RS), , iff there exists a z € Z such
that R, , and S, ,. The complementation of a relation R : X <Y is denoted by
R : X <Y and corresponds to negation in predicate logic: for all z,y we have
R, iff R, , does not hold.

By syq(R,S) := RTS N R'S : Y& Z the symmetric quotient of two
relations R: X <Y and S : X < Z is defined. A specification in predicate logic
is that syq(R, S)y,- iff for all z we have that R, , iff S, .. In other words for all
y € Y and z € Z we have syq(R, S),, . iff the y-column of R equals the z-column
of S. Additional properties of this construct can be found in [10].

2.2 Pairing and Related Constructions

The pairing (or fork) [R,S] : Z < XxY of two relations R : Z— X and S :
Z <Y is defined by demanding for all z € Z and u = (uj,uz) € XxY that
[R,S]:u iff R, ., and S, ,,. It should be noted that throughout this paper pairs
u € X XY are assumed to be of the form (uj,us).

Using identity and universal relations of appropriate types, pairing allows to
define the projection relations ™ : X XY < X and p : XxY <Y of the direct
product XxY as 7 :=[I,L]" and p := [L,]]". Then the above definition implies
forallu € XxY,z € X and y € Y that m, . iff u1 = = and p,, iff up = y. Also
the parallel composition (or product) R|S : XxX' <Y XY’ of two relations
R:X <Y and S: X' <Y’ such that (R | S)u is equivalent to R, ,, and
Susw, for all u € X x X’ and v € Y XY, can be defined by means of pairing. We
get the desired property if we define R| S := [7R, pS], where 7 : XxX' - X
and p: X x X’ < X’ are the projection relations on X x X”’.

2.3 The Representation of Sets

In relation algebra sets can be modeled using vectors, which are relations v with
v = vL. For a vector the range is irrelevant and we therefore consider vectors
v : X <1 with a specific singleton set 1 = {L} as range and omit the second
subscript, i.e., write v, instead of v, ;. Such a vector can be considered as a
Boolean matrix with exactly one column, i.e., as a Boolean column vector, and
represents the subset {x € X | vy} of X. A non-empty vector v is said to be
a point if voT C |, i.e., v is injective. This means that it represents a single
element. In the Boolean matrix model a point v : X <+ 1 is a Boolean column
vector in which exactly one entry is 1.

To model sets we will also apply membership-relations M : X < 2% on X and
its powerset 2% . These specific relations are defined by demanding for all z € X
and Y € 2% that M, y iff # € Y. Using BDDs as implementation of relations as
in RELVIEW, the number of BDD-nodes for M is linear in the cardinality of X.
See [4] for details.

Given an injective function ¢ from Y to X, we may consider Y as a subset
of X by identifying it with its image under ¢. If Y is actually a subset of X and
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1 is given as relation of type [Y < X] such that s, , iff y = x for all y € ¥ and
x € X, then the vector :TL : X <> 1 represents Y as subset of X in the sense
above. To model sets, we will apply as third technique that the transition in the
other direction is also possible, i.e., the generation of a relation inj(v) : ¥ < X
from the vector representation v : X <1 of Y C X such that for all y € Y and
z € X we have inj(v)y . iff y = z.

A combination of injective functions with membership-relations allows a
column-wise enumeration of sets of subsets. More specifically, if v : 2%
represents a subset & of the powerset 2% in the sense defined above, then for
all z € X and Y € & we get the equivalence of (Minj(v)T)x,Y and v € Y.
This means that S := M inj(v)T : X <> G is the relation-algebraic specification
of membership on &, or, using matrix terminology, the elements of & are repre-
sented precisely by the columns of S. Furthermore, a little reflection shows for

all Y, Z € & the equivalence of Y C Z and ST S y.z. Therefore, ST S : &< &
is the relation-algebraic specification of set inclusion on &.

—1

2.4 Extremal Elements of Orders and Lattices

Given a relation R : X < X, the pair (X, R) is an ordered set iff | C R (reflex-
ivity), RN RT C | (antisymmetry) and RR C R (transitivity). In the following
we may omit the set X when clear from context and simply refer to R as a par-
tial order. When dealing with ordered sets, one typically investigates extremal
elements. Based upon the vector representation of sets we will use the following
relation-algebraic specifications taken from [10].

lel(R,v) :=vN ?L gel(R,v) :=lel(RT,v)
glb(R,v) := gel(R, Rv) lub(R, v) := glb(RT,v)

If R: X < X is a partial order relation and Y a subset of X that is represented by
the vector v : X <+ 1, then lel(R,v) : X <1 is empty iff Y does not have a least
element and is a point that represents the least element of Y, otherwise. Similarly,
gel(R,v) : X <1 (glb(R,v) : X+ 1 and lub(R,v) : X <1, respectively) is
either empty or a point that represents the greatest element (greatest lower
bound and least upper bound, respectively) of Y,

If the second arguments of the above specifications are not vectors but
“proper” relations with a non-singleton range, then the corresponding extremal
elements are computed column-wisely. E.g., in the case of the first specification
this means the following. For all A : X <Y we obtain lel(R, A) : X <Y and,
furthermore, for all z € X and y € Y that lel(R, A), , iff the least element of
{z € X | A, ,} exists and equals =. Hence, for all y € Y the y-column of lel(R, A)
is either empty or a point that represents (with respect to R) the least element
of the set the y-column of A represents.

For a partial order R : X <> X we also need the following specifications, which
both are of type [X x X < X]:

Inf(R) :=[R,R]" N [R,R' R Sup(R) := Inf(R")
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In [2] it is shown that for all w € XxX and x € X we have Inf(R), , iff z is
the greatest lower bound of u; and ug and Sup(R),, iff z is the least upper
bound of u; and wus. Hence, Inf(R) and Sup(R) relation-algebraically specify
the two lattice prerations M and L. As a consequence, an ordered set (X, R)
constitutes a lattice (X,U, M) iff L = Inf(R)L and L = Sup(R)L, since the latter
equations express that the two relations Inf(R) and Sup(R) are total (see [10]).
Also complete lattices can easily be characterized by relation-algebraic means.
If R: X < X is the partial order of a lattice (X,U, M), then X is complete iff
L = Lglb(R, M) or, equivalently, iff L = Llub(R, M), where M : X 2% is the
membership relation.

3 Computing and Visualizing Closure Objects

In the introduction we have mentioned several concepts which we refer to as
“closure objects”. In the literature, all of these notions are usually defined on
powersets; see e.g., [6]. But with the exception of dependency relations the re-
striction to such a specific class of lattices is not necessary. We therefore prefer to
define all closure objects on more general ordered structures. In this section, we
develop relation-algebraic specifications for recognizing, computing and trans-
forming closure objects on complete lattices. The specifications will be algorith-
mic and, hence, can directly be translated into RELVIEW-code. Since RELVIEW
only allows to treat relations on finite sets, we assume for the developments finite
lattices if this is advantageous.

3.1 Closure Systems

Assume (X, U, M) to be a complete lattice. Then S C X is called a closure system
(or a Moore family) of X if it is closed under arbitrary least upper bounds, that
is, for all X C S we have [ 1X € S. In the case of a finite carrier set X this
second order definition is obviously equivalent to the two requirements 1) that
T € S, where T denotes the greatest element of the lattice, and 2) that for all
x,y € S also x My € S. The next theorem provides the transformation of this
first-order specification to relation algebra.

Theorem 3.1.1 Assume R : X < X to be the partial order of a finite lattice
(X,U,M) and let S C X be represented by the vector s : X <~ 1. Then S is a

closure system of X iff gel(R,L) C s and [sT, ST]T C Inf(R) s.

The formulae of Theorem 3.1.1 can immediately be translated into the program-
ming language of the computer algebra system RELVIEW. Hence, given a partial
order R : X «+» X of a lattice and a vector s : X <> 1, the tool can be used to test
whether s represents a closure system. Note that in Theorem 3.1.1 the type of
sT is [1 > X] and, thus, the type of [sT,s"] is [1 +» X x X]. This is advantageous
for the implementation in RELVIEW, which is based on BDDs. In general, the
transposition of a relation requires that a new BDD has to be computed from the
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Fig. 1. Hasse-diagram of the partial order of a lattice with 6 elements

old one by exchanging the variables encoding the domain with those encoding
the range. But in the case of a relation with domain or range 1 this process can
be omitted since the BDD of the relation and its transpose coincide [4].

Having specified a single closure system within relation algebra, we turn to
specify the set &(X) of all closure systems of X as a subset of the powerset via
a vector of type [2% « 1]. In the following theorem M : X « 2% is a membership
relation, m,p : X xX < X are the projection relations of X x X, the left L has
type [X < 1] and the remaining L is of type [1 < X xX].

Theorem 3.1.2 Let again R : X < X be the partial order of a finite lattice
T

(X,U,M). Then cls(R) := (gel(R,L) MN L(@MNpM N Inf(R)M)) : 2¥ =1
is a vector-representation of the set &(X) of all closure systems of X.

Again, the transpositions occurring in the definition of cls(R) are motivated
by the aim to obtain an efficient RELVIEW program. Stating the formula in the
given way, the relations affected during program execution are all of domain 1. If,
in contrast, we would not have simplified the result by applying the rule RTST =
(S R)T the resulting program would be less efficient and not scale anymore.

A significant fact about the set &(X) is that it is itself a closure system of the
powerset lattice (2V, U,N). Hence, it forms a complete lattice with intersection
as greatest lower bound operation and set inclusion as partial order. A relation-
algebraic specification of the partial order of G(X) is rather simple. Using the
technique described in Section 2.3, by

CISys(R) := Minj(cls(R))" : X < &(X)

the set &(X) is enumerated by column and we immediately obtain from CISys(R)
that the set inclusion on &(X) can be specified as

ClLat(R) := ClSys(R)" ClSys(R) : 6(X) « &(X).

The number of different closure systems of a finite lattice grows very rapidly,
see [6] for the numbers in the case of powersets 2% up to | X| = 6. Therefore, a
visualization of the according lattice is useful for rather small examples, only.

Example 3.1.1. Figure 1 contains a picture of the Hasse-diagram of the partial
order of a lattice X* with 6 elements x1,....x¢. The picture demonstrates the
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Fig. 2. Closure systems of the partial order of Figure 1

support in RELVIEW to depict relations as directed graphs. Each vertex with
label n represents the lattice element z,,, 1 < n < 6.

Stating the two relation-algebraic specifications ClSys(R) and ClLat(R) above
programs in the programming language of RELVIEW, we computed that 24 of
the 64 subsets of X™* are closure systems. The result of this computation is shown
in Figure 2. There the 24 subsets are enumerated by column in a 6 x 24 Boolean
matrix. In the picture a filled square denotes a l-entry and an empty square
a O-entry. If we denote the closure system represented by column ¢ with S;,
1 <@ < 24, then, e.g., the first column represents the closure system S; = {x¢}
consisting of the greatest lattice element only, the second column represents the
closure system S = {x5,x6}, the third column represents the closure system
S3 = {x4, 26} and the last column represents the closure system Sy = X*
consisting of all lattice elements.

Finally, Figure 3 shows the Hasse-diagram of the lattice &(X*), where the
vertex with label ¢ corresponds to the closure system S;, 1 < i < 24, and an
arrow denotes set inclusion. From Figure 2 it follows that the n-th layer of the
graph exactly contains the vertices corresponding to the closure systems with
cardinality n, 1 <n < 6.

3.2 Closure Operations

For a given ordered set (X, R) a closure operation is a function C : X — X which
is 1) extensive, 2) monotone, and 3) idempotent. Note that it is not necessary
to restrict such operations to sets as arguments. In the next theorem we provide

Fig. 3. Hasse-diagram of the lattice &(X™)
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Fig. 4. Closure operations C1 ...Cy of O(X™)

a relation-algebraic characterization of closure operations of (X, R) as specific
relations of type [X < X]. Again the given formulae directly lead to a RELVIEW-
program for recognizing closure operations.

Theorem 3.2.1 Given a partial order R : X < X, a relation C : X < X is a
closure operation of the ordered set (X,R) iff Cl = C, C C R, RC CRCT
and CC C C.

On complete lattices (X,U, M) there is a well-known one-to-one correspondence
between the set O(X) of all closure operations and the set &(X) of all closure
systems. The closure system corresponding to the closure operation C' € O(X) is
the set of all fixed points of C'. Conversely, the closure operation corresponding to
the closure system S € &(X) is such that z € X is mapped to [ 1{z € S | R, .},
where R : X <+ X is the partial order of the lattice. The following theorem states
how these correspondences can be formulated as a pair of relation-algebraic
specifications. To this end, we identify the subsets of X with their representation
as vectors from [X « 1]. This enables us to consider &(X) to as a subset of the
powerset 21571 and O(X) as a subset of [X « X].

Theorem 3.2.2 Let R: X < X be the partial order of a lattice (X,U,M). Then,
for all C € O(X) the vector CloToCls(C) := (CNI)L : X < 1 represents the
set of all fized points of C' and for all s € &(X) the relation ClsToClo(s) :=

glb(R, sLN RT)T : X < X fulfills for all x,y € X that ClsToClo(s),, iff y =
[{zeV |s: ARy}

The two functions CloToCls : O(X) — &(X) and ClsToClo : 6(X) — O(X)
of Theorem 3.2.2 are order-reversing (antiton) with respect to set inclusion for
closure systems and the pointwise ordering of functions. The latter order on
functions can be specified in relation algebra as C; < Cs iff C; C CoRT since
Ci C C3RT says that for all 2,y € X if C; maps « to y then C maps z to a
z € X with Ry ..

Example 3.2.1. As the functions of Theorem 3.2.2 are order-reversing (anti-
ton), a transposition of the Hasse-diagram in Figure 3 yields the Hasse-diagram
of the lattice O(X*). Accordingly, in the resulting graph the vertex with label
i represents the closure operation C; corresponding to the closure system S; for
1 < i <24 and Figure 4 depicts the relations C1, ..., Cy. The function C7 maps
all elements to the greatest lattice element. It is the greatest closure operation
with respect to the pointwise ordering. The least closure operation is the identity
relation | and corresponds to the greatest closure system Say.
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Fig. 5. Lattice X*, emphasizing closure system S4 and closure operation Cy

Figure 5 shows the partial order relation of the lattice X* as directed graph,
where the vertices of the closure system S, are emphasized as black squares
and the arcs corresponding to the pairs of the closure operation Cy are drawn
boldface. Two of the three properties of closure operations can immediately be
verified by examining the picture. The operation Cjy is extensive, since each arc
of Cy is an arc of the graph. It is idempotent, since each Cy-path leads into
a loop over at most one non-loop edge. Monotonicity of Cy can be recognized
by pointwise comparisons. The picture also clearly visualizes that each element
of the lattice is either a fixed point of Cjy, i.e., contained in the corresponding
closure system Sy, or is mapped to the least element of Sy above it.

The topological closure operations of a lattice (X, U, M) distribute over the LI-
operation and form an important subclass of O(X). If the lattice X is finite,
the corresponding closure systems are precisely the sublattices of X which con-
tain the greatest element of X. Assuming R : X < X as partial order of X, a
calculation shows that C' € O(X) is topological iff (C'|C) Sup(R) = Sup(R) C.
We have transformed this equation into RELVIEW-code and computed for the
above example lattice X* that exactly 20 out of the 24 closure operations are
topological. The four exceptions are C14, C1g, C1 and Cas.

3.3 Full Implicational Systems and Join-Congruences

The origin of full implicational systems is relational database theory, where they
are called families of functional dependencies (see e.g., [7]). In [6] full implica-
tional systems are defined on powersets by a variant of the well known Armstrong
axioms which require for the relation, written as arrow, and for all sets A, B, C, D
that 1) if A — B and B — C then A — C, 2) if A D B then A — B and 3) if
A— Band C — D then AUC — BUD.

We generalize this description to finite (complete) lattices (X,U,M) with
partial order R : X < X. In this sense, a full implicational system on X is a
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relation F' : X «» X that is 1) transitive, 2) contains RT and 3) for all z,y, 2,y €
X it holds that Fy , and Fy . imply Fyuy /0y - As a side remark we note that
axiom 3) could be generalized to arbitrary least upper bounds, i.e., arbitrary
complete lattices. The resulting relation-algebraic formulation would be that 3’)
for all subrelations D C F we have vw' C F, where v := lub(R, DL) specifies
the least upper bound of all first components of pairs of D and w := lub(R, DTL)
does the same for the second components. But as we restrict ourselves to finite
relations, the following theorem considers the first version of the axiom only.

Theorem 3.3.1 Given R: X «— X as partial order of a finite lattice (X,,N),
F : X< X is a full implicational system of X iff FF C F, RT C F and
F|F C Sup(R) F Sup(R)".

If full implicational systems are ordered by inclusion, then the complete lattice
induced by (9(X), <) is isomorphic to the complete lattice induced by (F(X), ©),
where F(X) denotes the set of all full implicational systems of (X,LU,M). One
direction of this isomorphism is given by mapping C' € O(X) to the full impli-
cational system F' € F(X) that consists of all pairs (z,y) € X xX with R, c(,)-.
The converse direction is obtained by mapping F' € F(X) to the closure opera-
tion C' € O(X) such that C(x) = | {z € X | F, .} for all x € X. The following
theorem yields these correspondences formulated as a pair of relation-algebraic
specifications.

Theorem 3.3.2 Let R: X — X be the partial order of a lattice (X,U,N). Then,
for all C € O(X) the relation CloToFis(C) := CR" : X « X fulfills for all
z,y € X that CloToFis(C),,, iff Ry c(), and, conversely, for all F' € §(X)

the relation FisToClo(F) := lub(R, FT)T : X — X fulfills for all x,y € X that
FisToClo(F),,, iff y=|{z € X | Fy .}

There is a very close relation between full implicational systems and join-congru-
ence relations, which are generalizations of lattice congruences. Given a lattice
(X,U,M), a relation J : X <« X is a join-congruence of X iff it is an equivalence
relation and, in addition for all x,y,z € X from J, , it follows that Jy. yus-
How to specify equivalence relations with relation-algebraic means is well-known;
see e.g., [10]. The remaining requirement on join-congruences holds for J iff
J |1 C Sup(R) JSup(R)". This leads to the following result.

Theorem 3.3.3 Let R: X « X be the partial order of a lattice (X,U,N). Then
J : X< X is a join-congruence of X iff | C J, J =J", JJ C J and J|I C
Sup(R) J Sup(R)".

In the case of a finite lattice (X,U,M) there is a one-to-one correspondence
between the set O(X) of all closure operations of X and the set J(X) of all join-
congruences of X which again establishes a lattice isomorphism wrt. the lattices
induced by the ordered sets (O(X),<) and (J(X),C). The join-congruence J
associated with the closure operation C' € O(X) is the kernel of the function C,
i.e., we have for all z,y € X that J,, iff C(z) = C(y). Relation-algebraically
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Fig. 6. Full implicational systems F; to I}

this means that J = CloToJc(C'), where CloToJc(C) := CCT : X «» X. In the
reverse direction, the closure operation C' is obtained from the join-congruence
J € J(X) as in the case of full implicational systems, i.e., by mapping each
element x € X to| [{z € X | J; . }. Using Theorem 3.3.2 we get C = JcToClo(J)
as JcToClo(J) := lub(R, J)" : X & X where R : X < X is the partial order of
the finite lattice (X, U, M).

Example 3.3.1. In Figure 6 the four full implicational systems Fj to Fy of our
running example are shown as four RELVIEW-pictures, where the relation Fj is
the value of the specification CloToFis(C;) with the closure operations C; from
Figure 4, 1 <i < 4.

For our running example we already know that exactly 24 equivalence rela-
tions J; = CloToJc(C;), 1 <i <24, on X* are join-congruences. Figure 7 shows
the relations J; to Jy4. Each column (or row) directly corresponds to a congruence
class of the respective relation. In addition we used RELVIEW to test which of the
24 join-congruences are also meet-congruences. Analogously, a meet-congruence
M satisfies for all z,y, 2 € X that M, , implies M;n, yn.. We obtained four pos-
itive answers: Jy,Js, Jog (with the classes {z1}, {z2}, {3}, {24, 26}, {25}) and
| = Jo4. The relation Jo, for example, is not a meet-congruence, since r = z = x4
and y = x5 is one of the 12 triples such that (z,y) is in Jy but (xMz,yMz) is
not in Js.

3.4 Dependency Relations

In [1] Aumann introduced certain relations to formalize the essential properties of
a “contact” between objects and sets of objects. His motivation was to obtain an
access to topology which is more suggestive for beginners than the ones provided
by “traditional” axiom systems. If we formulate Aumann’s original definition in
our notation, then a relation D : X < 2% is a contact if 1) for all # € X and
Y, Z € 2% we have D, (2}, that 2) from D,y and Y C Z it follows D, z, and
that 3) from D, y it follows D, z if D, 7 holds for all y € Y.

Obviously, demands 1) and 2) are equivalent to the fact that z € Y implies
D,y for all € X and Y € 2%. Hence, Aumann’s contacts are exactly the

— Ol N <t n O — O 0t O — Ol N <t n O — O o0+t O
1 1 1 1
2 2 2 2
3 3 3 3
4 4 4 4
5 5 5 5
6 6 6 6

Fig. 7. Join congruences Ji to Ju
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dependency relations in the sense of [6]. In the following theorem, we present
relation-algebraic versions of the two axioms given in [6].

Theorem 3.4.1 Let M : X —2X be a membership-relation. Then a relation
D : X < 2% is a dependency relation iff M C D and DMTD C D.

In [1] a one-to-one correspondence between the set O(2%) of all closure opera-
tions of (2%, C) and the set D(X) of all contacts of type [X « 2] is established,
which is also mentioned in [6] for dependency relations. The relation D € D(X)
corresponding to C' € D(2%) is for all # € X and Y € 2% given by D,y iff
x € C(Y). Conversely, the closure operation associated with D € ®©(X) maps
Y € 2% to {# € X | D, y}. The next theorem contains corresponding specifica-
tions in relation algebra.

Theorem 3.4.2 Assume M : X < 2% to be a membership-relation. Then, for
all C € D(2%) the relation CloToDep(C) := MCT : X « 2% fulfills for all
r € X and Y € 2% that CloToDep(C), y iff x € C(Y), and, conversely, for
all D € ®(X) the relation DepToClo(D) := syq(D, M) : 2% < 2X fulfills for all
Y € X that DepToClo(D)(Y) ={zx € X | D,y }.

In [1] Aumann mentions that his relations may also be used to investigate the
notion of a contact in sociology or political science. For this, it is frequently nec-
essary to replace M by a relation M : X < G with the interpretation “individual
x is a member of a group g of individuals” of M 4. If syq(M, M) = |, then
(G, R) is an ordered set, where R := MT M . In this general setting the one-to-
one correspondence between closure operations and contacts is lost. It can only
be shown that there is an order embedding from the set of closure operations to
the set of these generalized contacts.

4 Conclusion

Closure systems and closure operations play an important role in both mathe-
matics and computer science. Moreover, the literature contains many examples
for concepts employed in practice which could be proven to be isomorphic to
special closure systems. In this work we have presented relation-algebraic formu-
lations of the connections between closure systems on the one hand and closure
operations, full implication systems, join-congruences, and dependency relations
on the other hand. The resulting algebraic representations are very compact.
We have demonstrated that the formulas can directly be used to compute the
transformation between concepts, e.g., transform a given finite dependency rela-
tion to the corresponding closure operation. Each of the definitions can also be
used to efficiently test given relations for conformance, e.g., to compute whether
a given relation is a dependency relation or not. We have used the computer
algebra system RELVIEW to compute both transformations and tests. As shown
by examples, the system can also be used to visualize the results either as graphs
or as Boolean matrices, whatever is more appropriate to the case.

49



KPS 2009

Maria Taferl

A final word about scalability. We have taken care that the presented tests

and transformations fit well into the setting of relations implemented using
BDDs. As a consequence all of the resulting programs scale well and are also
applicable to big relations with ten thousands of elements. The only exception
is the enumeration of all possible closure systems on a given set provided with
Theorem 3.1.2. As shown in [6] the number of such systems grows too rapidly
to be subject to an efficient complete enumeration.
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Abstract. Many software engineering tools for the Java Virtual
Machine that perform some form of dynamic program analysis, such
as profilers or debuggers, are implemented with low-level bytecode in-
strumentation techniques. While program manipulation at the bytecode
level is very flexible, because the possible bytecode transformations are
not restricted, tool development is tedious and error-prone. Specifying
bytecode instrumentations at a higher level using aspect-oriented
programming (AOP) is a promising alternative in order to reduce tool
development time and cost. However, prevailing AOP frameworks lack
some features that are essential for certain dynamic analyses. In this
paper, we focus on two common shortcomings in AOP frameworks
with respect to the development of aspect-based tools — (1) the lack of
mechanisms for passing data between woven advices in local variables,
and (2) the support for user-defined static analyses at weaving time.
We introduce @QJ, an annotation-based AOP language and weaver that
integrates support for these two features. We illustrate the benefits of
the proposed features with an example.

Keywords. Aspect-oriented programming, aspect weaving, local vari-
ables, analysis at weaving time, bytecode instrumentation, dynamic pro-
gram analysis, profiling, debugging, Java Virtual Machine

1 Introduction

Bytecode instrumentation techniques are widely used for building software engi-
neering tools that perform some dynamic program analysis, such as profilers [16,
15,21, 8,26], memory leak detectors [41,27], data race detectors [11,12], or test-
ing tools that preserve the conditions that caused a crash [4].!

Java supports bytecode instrumentation using native code agents through
the Java Virtual Machine Tool Interface (JVMTI) [35], as well as portable byte-
code instrumentation through the java.lang.instrument API. Several byte-
code engineering libraries have been developed, such as BCEL [36], ASM [2§],
Javassist [13], or Soot [37], to mention some of them.

! In this paper we only consider program transformations that insert bytecode, but
do not alter or delete existing bytecode in a program.
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However, because of the low-level nature of bytecode and of bytecode engi-
neering libraries, the implementation of new instrumentation tools can be dif-
ficult and error-prone, often requiring high development and testing effort. For
example, a frequent mistake is the incorrect update of exception handler tables,
which may result in instrumented code that passes many tests, but may later
fail under particular conditions. As another drawback of low-level instrumenta-
tion techniques, the resulting software engineering tools are often complex and
difficult to maintain and to extend.

Aspect-oriented programming (AOP) [23] enables the specification of cross-
cutting concerns in applications, avoiding related code that is scattered through-
out methods, classes, or components. Traditionally, AOP has been used for dis-
posing of “design smells”, such as needless repetition, and for improving main-
tainability of applications. AOP has also been successfully applied to the de-
velopment of software engineering tools, such as profilers, debuggers, or testing
tools [30,6,40], which in many cases can be specified as aspects? in a concise
manner. Hence, in a sense, AOP can be regarded as a versatile approach for
specifying certain program instrumentations at a high level, hiding low-level im-
plementation details, such as bytecode manipulation, from the programmer.

However, current AOP frameworks have not been especially designed for the
implementation of instrumentation-based software engineering tools. Some im-
portant features are missing, limiting the program instrumentations that can be
expressed as aspects. We found the following two features, which are not sup-
ported by prevailing AOP frameworks such as AspectJ [22], essential in various
case studies where we have tried applying AOP for recasting instrumentation-
based software engineering tools as aspects.

— Data passing between advices that are woven into the same method using
local variables. In many instrumentation-based tools, local variables are al-
located to pass data between different instrumentation sites in the code.
While AspectJ’s around advice allows passing data generated by code in-
serted before a join point to code inserted after a join point, it is not possible
to pass data in local variables between different join points, such as from a
“before call” advice to an “after execution” advice.

— Execution of custom analysis code, which only depends on static informa-
tion, at weaving time. Many instrumentation-based tools perform some spe-
cific analysis to determine whether and how a particular join point shall be
instrumented. For example, the listener latency profiler LiLa [21] analyses
the class hierarchy to determine whether an invoked method is declared in a
listener interface; only in that case the method invocation is profiled. While
AspectJ lacks support for user-defined analyses at weaving time, some other
AQOP frameworks, such as SCoPE [3], provide such features (see Section 5
for details).

2 Aspects specify pointcuts to intercept certain points in the execution of programs

(so-called join points), such as method calls, fields access, etc. Advices are executed
before, after, or around the intercepted join points. Advices have access to contextual
information of the join points.
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In order to provide these missing features in an AOP framework, we are
designing @J (Aspect Tools in Java), an annotation-based aspect language and
weaver, especially intended for easing the implementation of instrumentation-
based software engineering tools. @J supports many AspectJ constructs (in As-
pectJ’s annotation version, which we will call @AspectJ in this paper), and the
implementation of the @QJ weaver reuses the code of the @AspectJ weaver as
much as possible. In this paper, we focus on the new constructs offered by @J
that are not available in @AspectJ.

In @J, instrumentations are expressed as code snippets® which are woven at
bytecode positions specified by the snippet programmer. By default, snippets
are inlined in the woven code. @J supports invocation-local variables, allowing
snippets that are woven into the same method body to pass data in local vari-
ables [38]. @J snippets may access context information, such as static or dynamic
join point instances, in the same way as in @AspectJ.

@J supports ezecutable snippets, allowing the expression of custom static
analyses that are executed at weaving time. An executable snippet may only
access static context information. By storing values in invocation-local variables,
an executable snippet can pass the results of a static analysis to other inlined
snippets. Apart from writing to invocation-local variables, executable snippets
must not have any side effects. An executable snippet is woven by inserting
a bytecode sequence that assigns the values to invocation-local variables that
the snippet has generated upon execution at weaving time. As snippets can be
composed, the code inserted in a woven method at a particular bytecode position
may consist of an arbitary sequence of inlined and executable snippets. Hence,
custom static analyses can be embedded within inlined code snippets. For a more
detailed discussion of @J features, we refer to [9].

This paper is structured as follows: Section 2 summarizes the design goals
underlying @J. Section 3 discusses the distinguishing language features of @QJ.
Section 4 gives an example @QJ program, illustrating the use of @QJ’s special
features. Section 5 discusses related work, and Section 6 concludes this paper.

2 Design Goals

In this section we summarize the design goals underlying @J.

— Expressiveness: @QJ is designed to allow the expression of a wide range
of instrumentation-based software engineering tools. We have explored a
large variety of case studies in the profiling and debugging domains in order
to determine the necessary features. Examples include the dynamic met-
rics collector *J [16], the NetBeans Profiler [27], the latency listener profiler
LiLa [21], the testing tool ReCrash [4], and the Eclipse plugin Senseo that

3 In @J we always use the term “snippet” instead of “advice” for the code to be

executed at an intercepted join point, because we found it more intuitive for pro-
gramming instrumentation-based software engineering tools.
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collects various dynamic metrics and runtime type information [33]. @J al-
lows recasting the considered case studies as compact snippets that can be
easily extended.

— Efficiency: @QJ shall enable the construction of efficient software engineering
tools that offer the same level of runtime performance as tools programmed
with low-level bytecode engineering libraries.

— Portability and compatibility: @QJ is implemented in pure Java. Snippets
may be implemented in pure Java, too. Hence, snippet-based tools can be
run in any standard Java Virtual Machine (JVM) (JDK 1.5 or higher). This
is important, as we do not want to constrain tool users to employ a particular
JVM. Snippet-based tools can be integrated into the users’ preferred software
development environment.

— Full method coverage: For many instrumentation-based dynamic analysis
tools, such as profilers or memory leak detectors, it is essential that the
instrumentation covers all methods executing in the JVM (which have a
bytecode representation), including methods in dynamically generated or
loaded classes, as well as in the Java class library. In addition, in some cases
it is desirable to intercept also the execution of native methods. To ensure
full method coverage, @J is based on the FERRARI framework* [7], which is
also the basis of the MAJOR aspect weaver [39,40].> Optionally, FERRARI
can make use of native method prefixing, offered by the JVMTI [35] (which
however requires JDK 1.6 or higher), in order to wrap native methods with
bytecode versions that are amenable to snippet weaving.

3 @J Features

In this section, we firstly summarize the features of @AspectJ that are also
supported in @QJ, and secondly explain the new features of @J that are comple-
mentary to @AspectJ.

3.1 Supported @AspectJ Features

@J supports @AspectJ pointcuts, as well as before and after advices. Static
and dynamic join points are supported in the same way as in @AspectJ.

@J does not support non-singleton aspect instances using per* clauses (e.g.,
per-object or per-control flow aspect association), because @J snippets are either
inlined or executed at weaving time.

@AspectJ’s around advice is not supported in @QJ. The @AspectJ weaver im-
plements the around advice by inserting wrapper methods in woven classes [20],
which can cause problems when weaving the Java class library. For instance,

4 http://www.inf.usi.ch/projects/ferrari/

5 FERRARI prevents the execution of inserted code during JVM bootstrapping. That
is, during the bootstrapping phase, @QJ snippets are not executed. However, full
method coverage is guaranteed for the whole execution of a program’s main thread,
and for all threads spawned by the program.
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in Sun’s HotSpot JVMs there is a bug that limits the insertion of meth-
ods in java.lang.Object.® Moreover, wrapping certain methods in the Java
class library breaks stack introspection in many recent JVMs, including Sun’s
HotSpot JVMs and IBM’s J9 JVM [26, 40]; usually, there is no public documen-
tation indicating those methods in the class library that must not be wrapped.
Hence, the use of around advices would compromise weaving with full method
coverage in many common, state-of-the-art JVMs. Nonetheless, with the aid of
invocation-local variables, it is possible to emulate a common use of around
advices as a combination of before and after advices.

Static cross-cutting (inter-type declarations) [22] enables explicit structural
modifications, such as changes of the class hierarchy or insertions of new fields
and methods. In contrast to AspectJ without annotations, @AspectJ restricts the
possibilities of static cross-cutting. For instance, in @AspectJ, it is not possible
to insert fields in existing classes.

3.2 Snippets and their Composition

While an aspect in @AspectJ starts with an @Aspect annotation, an @J class is
annoted with @J, which can take some extra annotation parameters.

Snippets are public static methods with void return type anno-
tated with @BeforeSnippet, @AfterSnippet, @AfterReturningSnippet, or
Q@AfterThrowingSnippet. These @J annotations correspond to @Before,
Q@After, @AfterReturning, respectively @AfterThrowing advice methods in
@AspectJ, but may take some additional annotation parameters. In @J, snippets
may be woven only before or after a join point; in contrast to @AspectJ, @J does
not support weaving around a join point. The @J snippet annotations support
the optional boolean parameter execute for indicating whether a snippet is to be
inlined (default, execute=false) or executed at weaving time (execute=true).

In contrast to @AspectJ, snippets are always static in @QJ. Since snippets are
inlined or executed at weaving time, it is not possible to change the snippets as-
sociated with a program at runtime. In contrast, the standard @AspectJ weaver
inserts invocations of advice methods instead of inlining their bodies. The ap-
proach taken by @AspectJ has the benefit that the aspect association can be
changed at runtime. However, for the purpose of @QJ, we consider static snippets
appropriate, because snippet inlining is a prerequisite for passing data between
snippets woven into the same method using local variables.

If multiple snippets match a join point, the @QJ programmer must specify
the precedence of snippets. To this end, the @J snippet annotations support
an optional integer parameter order (snippets with smaller order value come
first). Weaving produces an error, if the order of multiple matching snippets is
insufficiently specified.

5 http://bugs.sun.com/bugdatabase/view_bug.do?bug_id=6583051
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3.3 Invocation-local Variables

@J supports the notion of invocation-local variables [38], in order to allow efficient
data passing in local variables between snippets. The term “invocation-local” was
chosen to imply that the scope of an invocation-local variable is one invocation
of a woven method. Invocation-local variables are accessed through public static
fields that have @InvocationLocal annotations. Within snippets, invocation-
local variables can be read and written as if they were static fields. For each
invocation-local variable accessed in a woven method, a local variable is allocated
and the bytecodes that access the corresponding static field are simply replaced
with bytecodes for loading/storing from/in the local variable.

Each invocation-local variable is initialized in the beginning of a woven
method with the value stored in the corresponding static field, which is as-
signed only during execution of the static initializer.” This implies that the @J
class holding the snippets and the invocation-local variables is also loaded in the
JVM, although the snippets are never invoked at runtime, and the static fields
corresponding to invocation-local variables are assigned values only by the corre-
sponding static initializer. As an optimizing, the initialization of local variables
corresponding to invocation-local variables in woven methods is skipped, if the
weaver can statically determine that the first access is a write.

3.4 Snippet Execution at Weaving Time

In many instrumentation-based software engineering tools, we found optimiza-
tions where some static analysis is performed at instrumentation time in order
to decide whether and how to instrument a particular location in the bytecode.
Standard AspectJ does not support the execution of custom analysis code at
weaving time, making it impossible to recast such optimizations in aspects.

@J introduces executable snippets, which are executed at weaving time. Ex-
ecutable snippets produce weavable results by writing to invocation-local vari-
ables. In the woven method, a bytecode sequence is inserted that reproduces
the values of the written invocation-local variables. Executable snippets may
access only static context information, such as static join points, and must not
have any side effects apart from writing to invocation-local variables of primi-
tive type or of type java.lang.String. Executable snippets must not read any
invocation-local variable.

Instead of inlining an executable snippet, the @QJ weaver creates an environ-
ment that enables snippet execution for matching join points at weaving time. To
this end, the weaver generates a class holding the executable snippets (in a trans-
formed version) and the invocation-local variables. The transformed snippets are
instrumented so as to provide the set of written invocation-local variables upon
completion. The resulting class is loaded at weaving time, and for each match-
ing join point, the corresponding transformed snippet method is called, passing

" The Java memory model [19, 25, 18] ensures that the value assigned by the static
initializer is visible to all threads.
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the needed static context information of the join point as arguments. Note that
this may require allocating static join point instances at weaving time, if an ex-
ecutable snippet makes use of it. After snippet execution, the weaver inlines a
bytecode sequence in the woven method that assigns the written invocation-local
variables with the respective constants (which are added to the constant pool of
the class holding the woven method).

A typical use of an executable snippet is to run some static analysis at weav-
ing time, producing a boolean value in an invocation-local variable indicating
whether the join point shall be instrumented. The executable snippet is com-
posed with a normal (inlined) snippet, which is a conditional statement on the
value of the boolean invocation-local variable. Evidently, in case the condition is
false, the inlined snippet is dead code, which is likely to be eliminated by the just-
in-time compiler of the JVM. @J does not perform any bytecode optimization,
such as dead code elimination, since we assume that the snippet-based software
engineering tools will execute on standard, state-of-the-art JVMs, which already
include sophisticated optimizations upon bytecode compilation. A detailed ex-
ample involving an executable snippet is presented below.

4 Case Study: Recasting LiLa

In this section, we discuss an example @QJ program that recasts the listener
latency profiler LiLa [21].

Listener latency profiling helps developers locate slow operations in inter-
active applications, where the perceived performance is directly related to the
response time of event listeners. LiLa® is an implementation of listener latency
profiling based on ASM [28], a low-level bytecode engineering library.

The response time for handling an event relates to the execution
time of an invoked method on an instance of a class implementing the
java.util.EventListener interface. In order to reduce profiling overhead, LiLa
does not instrument all methods in each subtype of java.util.EventListener,
but restricts the instrumentation to those methods that are declared in an in-
terface. Hence, LiLa analyzes the class hierarchy to determine which methods
to instrument. This optimization reduces profiling overhead at runtime, because
less methods are instrumented.

Even though it is possible to recast the basic profiling functionality of LiLa as
an aspect in AspectJ, for example, using the around advice to measure response
time by surrounding the execution of every event-related method, the optimiza-
tion that reduces the number of instrumented methods cannot be performed at
weaving time.

In Figure 1, we show how the static analysis at weaving time is implemented
in @J with the executable snippet analyzeNeedsProfiling(...). The result of
the snippet execution at weaving time is stored in the invocation-local variable
needsProf. The takeStartTime () snippet, which is inlined after the bytecodes

8 http://www.inf.usi.ch/phd/jovic/MilanJovic/Lila/Welcome.html
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that result from executing analyzeNeedsProfiling(...), records the start-
ing time only if the static analysis determined that profiling was needed. The
invocation-local variable start stores the starting time for later use in the same
woven method. The takeEndTimeAndProfile(...) snippet intercepts (both
normal and abnormal) method completion. The listener object is made accessible
within the body of the snippet through the expression “this(listener)” in the
pointcut declaration. Whenever the execution time exceeds the given threshold,
the method profileEvent(...) (not shown in the figure) logs an identifier of
the intercepted method (conveyed by the static join point), the target object,
and the execution time. This information helps developers locate the causes of
potential performance problems due to slow event handling.

The example in Figure 2 illustrates the weaving of an EventListener
implementation. For the sake of easy readability, we show the transforma-
tions conceptually at the Java level, whereas the QJ weaver operates at
the bytecode level. The method actionPerformed(ActionEvent) is declared
in the implemented interface and needs to be profiled, whereas the method
notDeclaredInInterface() does not require profiling. Figure 2(b) shows the
result of weaving. The interesting part is how the result of the static analysis
is stored in the invocation-local variable needsProf. The woven code is quite
long, since there is a significant amount of dead code. A state-of-the-art com-
piler will detect and eliminate the dead code, yielding the optimized code shown
in Figure 2(c).

5 Related Work

The AspectBench Compiler (abc) [5] eases the extension of Aspect with new
pointcuts [1,11, 14]. Even though the new pointcuts of @J could be implemented
as an extension using abc, we opted for an annotation-based snippet development
style in order to rapidly prototype @QJ features and therefore focus on the weaving
part, rather than on the aspect language front-end. In addition, adapting the
@AspectJ weaver to use FERRARI [7] for full method coverage turned out to
cause less development effort than modifying abc.

Nu [17] enables extensions using an intermediate language model and explicit
join points [32]. Nu adopts a fine-grained join point. Similar to @J, it allows to
express aspect-oriented constructs in a flexible manner. While Nu is based on a
customized JVM, @QJ is compatible with standard JVMs and uses standard Java
compilers.

Steamloom [10] provides AOP support at the JVM level, which results in
efficient runtime weaving. Steamloom enables the dynamic modification and
reinstallation of method bytecodes and provides dedicated support for man-
aging aspects. Steamloom uses its own aspect language and provides a parser
to support AspectJ-like pointcuts. Steamloom is based on the Jikes RVM [2]
and supports thread-locally deployed aspects. In order to support thread safety,
Steamloom uses code snippets that are inserted before every call to advices, so
as to verify whether the advice invocation for the current thread should be active
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QJ

public class Lila {
// listeners executing less than 100 ms (100,000,000 ns) are not logged
public static final long THRESHOLD_NS = 100L * 1000L * 1000L;

@InvocationLocal
public static long start; // stores starting time of listener execution

@InvocationLocal
public static boolean needsProf; // stores result of static analysis

// pointcut matching the execution of any method

// in any subtype of the EventListener interface

Q@Pointcut( "execution(* java.util.EventListener+.*(..))" )
void listenerExec() {}

// static analysis at weaving time (result stored in invocation-local variable);
// jpsp provides method details (package, class, name, signature)
@BeforeSnippet( pointcut = "listenerExec";

execute = true;

order = 1; )
public static void analyzeNeedsProfiling(JoinPoint.StaticPart jpsp) {

needsProf = isInterfaceMethod(jpsp); // not shown here

}

// store starting time upon listener entry, if the static analysis
// considers profiling necessary
@BeforeSnippet( pointcut = "listenerExec";
order = 2; )
public static void takeStartTime() {
if (needsProf) start = System.nanoTime();

}

// profile listener execution upon completion, if the static analysis
// considers profiling necessary and the execution time exceeds the threshold
Q@AfterSnippet( pointcut = "listenerExec && this(listener)"; )
public static void takeEndTimeAndProfile(JoinPoint.StaticPart jpsp,
java.util.EventListener listener) {
if (needsProf) {
long exectime = System.nanoTime() - start;
if (exectime >= THRESHOLD_NS)
profileEvent (jpsp, listener, exectime); // not shown here

Fig. 1. Listener latency profiler LilLa expressed in @QJ

or not. Similar to Steamloom, PROSE [31] also provides aspect support within
the JVM. PROSE combines bytecode instrumentation and aspect support at
the just-in-time compiler level with an extension of the Jikes RVM. Unfortu-
nately, these approaches require a customized JVM, thus limiting extensibility
and portability.

Prevailing AspectJ weavers do not support the execution of custom anal-
ysis code at weaving time, which typically only depends on static information.
SCoPE [3] is an AspectJ extension that partially solves this problem by allowing
analysis-based conditional pointcuts. Similarly, the approach described in [24]
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(a) Before weaving:

class ExampleListener implements ActionListener {
public void actionPerformed(ActionEvent e) { doSomething(); }
public void notDeclaredInInterface() { doSomethingElse(); }

(b) Woven code:

class ExampleListener implements ActionListener {
private static final JoinPoint.StaticPart
jpspl = ..., // representing actionPerformed
jpsp2 = ...; // representing notDeclaredInInterface

public void actionPerformed(ActionEvent e) {
long start = OL;
boolean needsProf = true;
if (needsProf) start = System.nanoTime();
try { doSomething(); }
finally {
if (needsProf) {
long exectime = System.nanoTime() - start;
if (exectime >= LiLa.THRESHOLD_NS)
LiLa.profileEvent (jpspl, this, exectime);
}
}
}

public void notDeclaredInInterface() {
long start = OL;
boolean needsProf = false;
if (needsProf) start = System.nanoTime();
try { doSomethingElse(); }
finally {
if (needsProf) {
long exectime = System.nanoTime() - start;
if (exectime >= LiLa.THRESHOLD_NS)
LilLa.profileEvent (jpsp2, this, exectime);

(c) Optimized code (e.g., by a just-in-time compiler that eliminates dead code):

class ExampleListener implements ActionListener {
private static final JoinPoint.StaticPart
jpspl = ..., // representing actionPerformed
jpsp2 = ...; // representing notDeclaredInInterface

public void actionPerformed(ActionEvent e) {
long start = System.nanoTime();
try { doSomething(); }
finally {
long exectime = System.nanoTime() - start;
if (exectime >= LiLa.THRESHOLD_NS)
LilLa.profileEvent (jpspl, this, exectime);
}
}

public void notDeclaredInInterface() { doSomethingElse(); }

}

Fig. 2. Weaving and optimization of an example EventListener implementation
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enables customized pointcuts that are partially evaluated at weaving time. @J
supports custom analysis through snippets that are executed during the weaving.

Maxine [34] is a meta-circular research VM implemented in Java. Maxine
uses a layered compiler with different intermediate representations. Instead of
writing the code in a particular intermediate representation to add a runtime
feature, Maxine allows developers to write snippets directly in Java, which are
compiled into the corresponding intermediate representation. This approach de-
couples runtime features from compiler work. The Ovm [29] virtual machine
follows a similar approach, where a high-level intermediate representation eases
the customization for building language runtime systems, so as to define new
operations and to modify the semantics of existing ones.

6 Conclusion

Low-level bytecode instrumentation is a prevailing technique for implementing
tools that perform some kind of dynamic program analysis, such as profiling. As
implementing instrumentations at the bytecode level is tedious and error-prone,
specifying dynamic analysis tools with high-level AOP is a promising approach
for reducing tool development costs, for improving maintainability, and for easing
extension of the tools.

Unfortunately, many prevailing AOP frameworks, such as AspectlJ, lack cer-
tain features that are important for developing efficient dynamic analysis tools
for certain purposes. We identified two missing features in AspectJ that we con-
sider essential for tool development: efficient data passing between woven advices
in local variables, and the execution of custom static analyses at weaving time.

In this paper, we propose the annotation-based AOP framework @QJ, which is
based on @AspectJ and incorporates support for these two features. As examples,
we recast an existing tool based on low-level bytecode manipulation as an @QJ
program, illustrating the use of @J’s distinguishing features. The resulting tool
is compactly implemented within a few lines of code.

Regarding limitations, @QJ suffers from the same problem as any other frame-
work relying on Java bytecode instrumentation. The JVM imposes strict limits
on certain parts of a class file (e.g., the method size is limited); these limits may
be exceeded by the code inserted upon aspect weaving. Our approach aggravates
this issue by inlining snippets, usually increasing the code bloat. Nonetheless,
we have not yet encountered any problems due to code growth in practice.
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Automatic Tool Generation from Structural Processor Descriptions’

The success of embedded systems in mobile communication and entertain-
ment devices, in commodity appliances, the domestic environment, as well as in
the (safety) critical control systems of cars and airplanes made these small com-
puter systems an indispensable part of every bodies daily lives. The demands
on these systems in terms of reliability, efficiency, and computational power are
steadily rising, while at the same time the physical dimensions and costs per
unit are expected to shrink for every new product generation.

Application specific instruction processors (ASIPs) have become a valuable
tool to deliver high computing power under rigid power and area constraints. The
development of such a processor is delicate task that requires intimate knowledge
of processor design, software development, compilers, and of course the particular
problem domain.

Processor description languages — often referred to as architecture description
languages (ADLs) — are a promising approach to capture the behavior, structure,
and instruction set of an ASIP using a compact and concise description. These
languages typically provide various views of the processor at different abstraction
levels: (1) the behavioral level is primarily concerned with the abstract behavior
of individual instructions, while (2) the structural view defines the hardware
organization and resources. Processor description languages that focus on the
former are often called behavioral languages, those following the latter approach
structural. If a language combines specifications of both layers, it is called mixed.
From a processor model, specified in one of these languages, software develop-
ment tools, such as a compiler, linker, or assembler, can be (semi-)automatically
customized for that particular processor. In addition, simulation tools, test cases,
and even hardware models can be derived. Mixed languages typically provide the
most flexibility in terms of these applications, because both a rather high-level,
but also a rather low-level view of the processor is provided.

In this work a structural processor description language is presented that
allows to derive a behavioral model from its structural specifications automati-
cally. The language captures the behavioral and structural details of a processor
and thus provides great flexibility, but avoids redundancies known from mixed
languages. We demonstrate the feasibility of our approach using two genera-
tors: (1) a compiler generator that automatically derives a highly optimizing

! This work was supported in part by the Christian Doppler Forschungsgesellschaft

and OnDemand Microelectronics.
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code generator and (2) a simulator generator that derives a high-speed simu-
lator based on dynamic binary translation. Experiments show that the derived
tools can compete with hand crafted tools. The code produced by the generated
compilers achieves speedups of up to 20%, on average moderate slowdowns of
5-15% have been observed. The simulation framework is similarly competitive
and achieves a simulation speed that often matches the speed of the processor
implementation in hardware.
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Inline Caching meets Quickening

Stefan Brunthaler

Technische Universitidt Wien

Inline caches effectively eliminate the overhead implied by dynamic typing. Un-
fortunately, inline caching is mostly used in code generated by just-in-time com-
pilers. We present efficient implementation techniques for using inline caches
without dynamic translation, thus enabling future interpreter implementers to
use this important optimization technique—we report speedups of up to 1.4
without the additional implementation and maintenance costs incurred by using
a just-in-time compiler.

67



KPS 2009

Maria Taferl

Typsicheres und generisches MapReduce

Jens Dorre

Universitiat Passau

MapReduce ist ein bei Google entwickeltes Programmiermodell, das dort die
Entwicklung datenparalleler Programme fiir die massiv verteilte Ausfithrung
ermoglicht. Dieses Modell basiert theoretisch auf lange bekannten Konzepten
aus der Funktionalprogrammierung.

Im praktischen Einsatz fehlt allerdings noch ein formales und technisches
Fundament, auf dessen Basis Eigenschaften wie Sicherheit und Korrektheit von
MapReduce-Programmen garantiert werden kénnen. Auch ist noch unklar, wie
dieses Modell generisch in verschiedenen Szenarien angewendet werden kann.
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Utilizing Multiple Hardware Threads with
Pipeline Parallelism

M. Anton Ertl*, TU Wien

Abstract. In recent years general-purpose CPUs have aquired multi-
ple hardware threads by providing multiple cores per CPU (multi-core)
and multiple hardware threads per core (simultaneous multi-threading).
Making good use of such resources has been a challenge for several
decades that has been successfully attacked for scientific applications,
but not to a significant extent for general-purpose applications. The
main current paradigm for this programming problem is to have ex-
plicit threads that share memory and are synchronized by a variety of
synchronzation constructs. Unfortunately, it seems to be too hard to
program profitably in this paradigm for general-purpose applications.
Pipeline parallelism is a programming paradigm that has proved so easy
to understand that shell programmers use it even on machines that have
only one hardware thread. In this work we present the case for better
support for pipeline parallelism in programming languages, and present
ideas on how to improve the scalability of the implementation of pipeline
parallelism.

1 Introduction

PCs have gained more than one hardware thread in the last few years. This
poses the challenge of utilizing all the threads that the hardware makes available.
While multi-processor computers have existed for decades, and there has also
been a huge amount of research in parallel computing, this research has focused
on scientific applications, the main use of multi-processors in earlier times.

However, PCs are usually not used for scientific applications, and the charac-
teristics of general-purpose applications differ from scientific applications in ways
that affect parallelisation; e.g., loop trip counts are typically high for scientific
applications, but low for general-purpose applications [Lar91].

2 Background

2.1 Threads and tasks

The hardware supplies thread contexts (e.g., one core on a machine with multiple
cores but without simultaneous multi-threading (SMT), or one thread on a core

* Correspondence to: M. Anton Ertl, Institut fiir Computersprachen, Tech-
nische Universitdt Wien, Argentinierstrale 8, A-1040 Wien, Austria; Email:
anton@mips.complang.tuwien.ac.at
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that supports SMT). The operating system (OS) supplies OS threads and it
allocates hardware threads dynamically to OS threads as it sees fit. Programming
languages often also provide something that is often called threads or tasks, and
the implementation of the programming language can map these programming
language features to OS threads in a 1:1 fashion, or try to avoid system call
overhead by using a more complicated scheme.

In this paper, when we discuss the implementation, in particular, the mapping
of programming language constructs to OS constructs, we use threads to mean
OS or hardware threads, and tasks to mean programming language tasks.

2.2 How much parallelism is there?

Is there actually parallelism in non-numeric applications? Some of the limits
studies that looked at the dynamic data flow dependencies of application runs
found high levels of parallelism in non-numeric applications [LW92]. We only
have to find out how to organize the data flow into threads (for thread-level
parallelism).

2.3 Why is parallel programming hard?

Parallel programming introduces two new classes of errors: When a race condi-
tions occurs, the outcome of the program depends on the specific order in which
certain actions in different threads are executed. To avoid race conditions, pro-
grammers can use synchronization constructs (e.g., locks or semaphores); that
can lead to the other class of error: deadlocks, where several threads wait for each
other. These errors (especially race conditions) are often not deterministically
reproducible, which makes it much harder to reveal them in testing than most
bugs in sequential programs, and, even after they have shown up, they are still
harder to debug.

If the threads access shared memory (a common feature of multi-threaded
environments), another problem is that the hardware does not implement an
intuitive memory model like sequential consistency. The programmer can use
memory barriers to work around that problem, but memory barriers are ex-
pensive, so programmers want to avoid them; but again, if they fail to put in
a memory barrier that’s necessary, the result will be a race condition, but the
problem will be even harder to find and fix, because understanding the bug
requires understanding the counter-intuitive behaviour of the hardware.

Common synchronization constructs interact in ways that undermine the
modularity of the program. So, the main weapon we use to keep programs man-
ageable loses its edge once we decide to parallelize programs using such synchro-
nization constructs.

Parallel programming is also hard is because the goal is to increase the perfor-
mance. So the goal is not just to have a program that exposes more parallelism,
the goal is that the result should run in less real time than the original sequential
program. The problems here are that, on one hand, the speedups are limited by
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the number of CPUs (so it really only pays off after you have squeezed all the
available sequential performance from the program, which does its own damage).

But even worse, parallelizing a program introduces overheads: thread cre-
ation and destruction, synchronization, and barriers. So you cannot just paral-
lelize whatever parts look parallelizable, because then the overheads will tend
to eat up the potential speedup and more. Instead, parallelization has to be
performed looking at the whole program, and finding out where the large par-
allelization opportunities are while avoiding overheads. Again, this undermines
modularization, and it is hard to achieve in a typical general-purpose program
where most of the run-time is spent in a number of places, not just one or a few
inner loops.

Another problem is that, while some patterns of parallelism (such as inde-
pendent loop iterations, aka data or DOALL parallelism) are easy to scale across
a wide range of thread counts, these patterns do not tend to dominate in general-
purpose applications. So the result of parallelizing will often not be very scalable
to varying thread counts. The result will be that either the hardware threads
will be underutilized, or that there will be more synchronization overhead than
necessary.

Overall, the common ways of supporting thread-level parallelism are either
too hard to use for widespread use in application programming (conventional
synchronization constructs), or they are often not applicable for general-purpose
applications (data parallelism).

2.4 Transactions

In recent years there has been a huge amount of research into transactional mem-
ory, especially software transactional memory [LR06]. This provides transactions
to the programmers, i.e., a sequence of statements that is (logically) executed
atomically. This concept is easier to program than traditional synchronization.
However, in this work I look in a different direction, for the following reasons:

— There is already lots of research into transactions, and most of the gold in
that area probably has already been mined, whereas other directions have
received comparatively little attention.

— Transactions are used in a shared-memory setting, which may not be the
best approach to modularity.

— Software transactional memory has a significant implementation cost, in
complexity and in performance.

3 Pipeline parallelism

Unix pipelines provide a form of parallelism that avoids many of the problems
discussed above:

— It is so easy to use pipelines that shell programmers use them even when
parallelism is not the goal.
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— Unix pipelines are constructed from reusable modules (called filters). Pipeline
parallelism is not just compatible with modularisation, it provides an addi-
tional form of modularisation.

— Pipelines can be used in general-purpose applications. E.g., pipelines in Unix
are often used for text processing and other non-numerical applications.
Compilers used to be organized in multiple filter-like passes. General-purpose
applications often contain complex control flow (e.g., a recursive graph walk),
which makes it hard to divide work for data parallelism, but pipeline stages
can contain such complex control flow without problems.

Therefore, we believe that adding pipeline parallelism to general-purpose
programming languages would be a good idea, both for parallelism and for mod-
ularization. One other benefit that we will focus on in this paper is that one can
implement pipeline parallelism in a way that scales from many threads down to
few or one.

3.1 Stream languages

Stream languages were designed for implementing digital signal processing (DSP)
algoritms on highly parallel hardware [ADK*04, TLM*04]; pipeline (or stream)
parallelism is a central feature of these programming languages. Later, such lan-
guages were also implemented on conventional CPUs [GR05,ZLRA07]. These
implementations were designed for huge data sets and implemented the filters
as working on large (256KB and more) blocks, with the following filter only
scheduled on a block after the previous filter has finished it, i.e., no direct com-
munication.

3.2 XJava

The general-purpose language XJava [OPT09] is an extension of Java that sup-
ports pipeline and data parallelism. The current implementation uses an ap-
proach similar to the implementations of stream languages on general-purpose
processors, i.e., with filters working on blocks and then returning to a scheduler
which then assigns another ready task to the thread.

The advantages of this implementation approach are: It allows a uniform
handling of data parallelism and pipeline parallelism. And, if the pipeline has
enough data to process, it scales nicely across a wide number of threads (as long
as the program provides enough parallelism); short-running and long-running
pipeline stages are balanced automatically.

The downside is that there is a ramp-up in parallelism at the start of a
pipeline and a ramp-down in the end; with a large block size, these ramps can
take a while, and if there are only few blocks, the parallelism will be severely
limited. If all the data fits in one block between stages, all the stages are run
sequentially and no parallel execution occurs. While large amounts of data may
be taken for granted in DSP applications, that is not necessarily the case for
general-purpose applications (e.g., compilers).
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4 Fine-grained pipeline implementation

This section presents some ideas on how to implement pipelines in programming
languages in a way that does not suffer from these problems.

In order to reduce low parallelism from ramp-up and ramp-down effects, we
could reduce the block size. However, this increases the overhead, because the
scheduler is invoked once for every block.

Instead, we propose using a single-writer single-reader ring buffer fifo for
communicating between pipeline stages. This allows communication between
the pipeline stages at a fine granularity: cache line granularity would be good
for efficiency in the usual case, but even finer granularity is possible. At the same
time, large amounts of data can be transferred without involving a scheduler.

Of course, avoiding the scheduler works only if all pipeline stages run at the
same time in different threads, and if each pipeline stage produces data at the
same rate as the next stage consumes it. Otherwise, some of the ring buffers
will sooner or later become full or empty, and either the producer (if full) or the
consumer (if empty) will block and won’t fully utilize the thread it has available.

How can this scenario be avoided? And what can we do if we don’t have or
get enough threads to run all the filters at the same time?

There is another efficient and fine-grained implementation of pipelines that
does not need multiple threads or frequent scheduler invocations: coroutining.
In coroutining one pipeline stage passes control of the thread directly to the
next one (on writing to the next stage) or to the previous one (when reading
from the previous stage); this just requires saving a few registers of one task
and restoring a few registers of the other task (most notably, the instruction and
stack pointers).

Now we can reduce the number of threads needed by our pipeline stages by
putting a number of consecutive stages into one thread and letting them com-
municate with each other through coroutining; the communication with stages
in other threads is still through ring buffers.

This arrangement does not do anything for balancing the production and
consumption rates of the different sub-pipelines. However, this can be achieved
by moving pipeline stages between threads when the ring buffer approaches the
full or the empty state.

E.g., consider a ring buffer that approaches emptyness: Obviously the writer
to this ring buffer is too slow and the reader too fast. This can be remedied by
moving the last pipeline stage (B) of the writing thread T1 to the reading thread
T2.

In more detail, this works as follows: the writing stage B (still in T1) tells
the reader C that B switches to the thread T2 (which contains C), then it switch
the output of the previous stage A to use a ring buffer instead of coroutining,
and transfers control of its current thread T1 to A. When C reads from the B-C
ring buffer, it finds the switching message from B. First it completely consumes
all the data in the B-C ring buffer. When that is empty, it switches its reader
to use coroutining from B instead of reading from the B-C ring buffer; so when
it needs to read after draining the B-C ring buffer, it will do a coroutine call to
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B; at some point B will need to read something, and will read it from the A-B
ring buffer.

Since T2 now needs more processing time than before and T1 needs less, the
ring buffer between A and B should drain slower than the one between B and C
used to, or it might even fill up. If it still drains overall, then A could move to
T2, too; if the buffer fills up and approaches fullness, then B can be transferred
back to T1. By transfering B back and forth between the threads now and then,
both threads can be fully employed. This can all happen without any central
scheduler being involved.

This means that the overheads of pipelining are relatively small, so an ap-
plication can be divided into many pipeline stages without incurring much over-
head, even if only a few threads are available. And if even less overhead is desired
(at the cost of lower flexibility), several pipeline stages could be merged into one
fused stage at compile time.

This approach puts certain demands on the operating system scheduler for
good performance: all the threads of the application should run at the same
time. Otherwise, i.e., if the OS preempts one thread, that thread will be stuck
in some state unknown to the other threads, so other threads cannot pick up
pipeline stages from that thread. So the other threads will soon fill or drain all
the ring buffers involved, and they will eventually block themselves waiting for
the descheduled thread. So, if the OS needs to deal with more runnable threads
than the hardware provides, our approach will not lead to good performance.

The good news is that in that scenario the hardware is obviously utilized well
anyway; conversely, on a typical PC that is mostly idle, that scenario will not
happen frequently, and once the load drops, everything will run smoothly again.

Also, with cooperation from the OS, this scenario can be avoided: The OS
should either provide gang scheduling, or should have a way of communicating
with the application that it needs a thread for other purposes. Then pipeline
stages can migrate away from one thread, and the thread can be returned to the
OS while the other threads keep running.

5 Conclusion

Increasing the performance of general-purpose programs by parallelizing them
is hard for several reasons: Simple data parallelism is often not present due
to dependences, or cannot be exploited profitably due to low loop trip counts
and short iteration running times. Using the usual synchronization constructs is
complex and undermines the modularity. And a balance has to be found between
splitting the application into threads and the overheads of thread creation and
synchronization, otherwise performance will decrease rather than increase; and
finding that balance again undermines the modularity.

Pipeline parallelism can be used for general-purpose programs, and it en-
hances modularity by splitting programs into reusable filters. Stream languages
and XJava implement pipeline parallelism by letting each filter run on a block
of data and then calling the scheduler.
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We propose an implementation that is based on using coroutining and single-
reader single-writer ring buffers. The ring buffers are used for communicating
between threads, and coroutining is used for having several pipeline stages in
one thread, to reduce the number of threads (for less capable hardware), or to
balance the work between different threads. Pipeline stages can move between
threads (and the communication switch between coroutining and ring buffer) to
dynamically balance the pipeline so that all threads are always employed.
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A Sound, Complete and Usable Hoare-Style
Logic for a Sequential Java Subset

Christoph Feller
Technische Universitat Kaiserslautern

Proving a Hoare-style logic sound and complete is not a new idea. In [1] we
find a formalization of a rather large subset of sequential Java together with a
Hoare-style logic and a proof of its soundness and completeness. Why do we do
it again?

Our long-term goal is to find a way to modularize reasoning about programs.
So we have to find a proper notion of modules but also a way to reason about
these. An axiomatic semantic seems to be the best way to do the latter. So
this work can be seen as a preparation for our long-term goals: To acquire more
insight into program logics and a better understanding of the used theorem
prover Isabelle/HOL.

Another aim of this work is to provide a more usable logic than [1]. That
essentially means to keep the important definition and especially the rules of the
logic as legible and concise as possible. As a technical detail we will show how
the locale mechanism of Isabelle/HOL contributed towards this aim.
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Backtracking is an approach to explore different alternatives during search. It
is often implemented in imperative programming languages by storing an explicit
stack of choice points. In functional programs backtracking can be expressed by
using lazy lists of results and list concatenation to express alternatives. A well-
known more efficient alternative to lazy lists uses a sophisticated combination of
so-called success- and failure continuations [1]. Our work sheds new light on this
implementation and recasts it in order to make it more intuitively accessible.

Instead of directly coming up with success- and failure continuations, we
develop them in two steps. First, we employ the concept of difference lists to
overcome the inefficiency of list concatenation and then we use continuations
to efficiently combine search operations sequentially. Both techniques are es-
tablished functional programming folklore but they have never been applied in
combination to reformulate continuation based backtracking. In fact, we were
pleasantly surprised to see that he combination of difference lists with continu-
ations leads to a well-known implementation of backtracking rather than a new
one.

Our exploration of this insight lead to new implementations of other search
strategies that are simpler than previous implementations in Haskell. By using
specific different types instead of difference lists, our approach leads to new
implementations of breadth-first- and iterative-deepening depth-first search. We
obtain breadth-first search by representing levels of the search space in distinct
lists, and depth-bound search by representing the search space by a function
that takes a depth limit. The additional plumbing with continuations allows to
separate these simple ideas from the problem of combining different searches
sequentially which significantly simplifies both implementations.

The details of our approach as well as experiments to evaluate it are described
elsewhere [2] and not reproduced here, due to copyright restrictions.
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Abstract. We present the design of S-NET, a coordination language
and component technology based on stream processing. S-NET boxes in-
tegrate existing sequential code as stream-processing components into
highly asynchronous concurrent streaming networks. Their construction
is based on algebraic formulae built out of four network combinators.
S-NET achieves a near-complete separation of concerns between appli-
cation code, written in a conventional programming language, and coor-
dination code, written in S-NET itself. Subtyping on the level of boxes
and networks and a tailor-made inheritance mechanism achieve flexible
software reuse.

1 Introduction

The recent advent of multicore technology in processor designs [1] has introduced
parallel computing power to the desktop. Unlike the increase in clock frequency
characteristic of previous generations of processors, application programs do not
automatically benefit from multiple cores, but require explicit parallelisation.
This need brings parallel and distributed programming techniques from the niche
of traditional supercomputing application areas into the main stream of software
engineering. This shift demands new programming concepts, tools and infras-
tructure that are suitable for average application programmers not previously
exposed to the pitfalls of concurrent program execution.

Parallel programming in the conventional style is considered notoriously dif-
ficult because it intertwines two different aspects od program execution: algo-
rithmic behaviour, i.e. what is to be computed, and organisation of concur-
rent execution, i.e. how a computation is performed on multiple execution units
including the necessary problem decomposition, communication and synchro-
nisation. S-NET [2] is a novel declarative coordination language whose design
thoroughly avoids the intertwining of computational and organisational aspects
through active separation of concerns: S-NET completely separates the concern
of writing sequential application building blocks (i.e. application engineering)
from the the concern of composing these building blocks to form a parallel ap-
plication (i.e.concurrency engineering).
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More precisely, S-NET defines the coordination behaviour of networks of
asynchronous, stateless components and their orderly interconnection via typed
streams. We deliberately restrict S-NET to coordination aspects and leave the
specification of the concrete operational behaviour of basic components, named
boxzes in S-NET terminology, to conventional languages. An S-NET box is con-
nected to the outside world by two typed streams, a single input stream and
a single output stream. Data on these streams is organised as non-recursive
records, i.e. collections of label-value pairs. The operational behaviour of a box
is characterised by a stream transformer function that maps a single record
from the input stream to a (possibly empty) stream of records on the output
stream. In order to facilitate dynamic reconfiguration of networks, a box has
no internal state and any access to external state (e.g. file system, environment
variables, etc.) is confined to using the streaming network. Boxes execute fully
asynchronously: as soon as a record is available on the input stream, a box may
start computing and producing records on the output stream.

The restriction to a single input stream and a single output stream per box
again again is motivated by separation of concurrency engineering from appli-
cation engineering. If a box had multiple input streams, this would immediately
raise the question as to what extent input data arriving on the various input
streams is synchronised. Do we wait for exactly one data package on each input
stream before we start computing like in Petri nets? Or do we alternatively start
computing when the first data item arrives and see how far we get without the
other data? Or could we even consume varying numbers of data packages from
the various input streams? This immediately intertwines the question of synchro-
nisation, which is a classical concurrency engineering concern, with the concept
of the box, which in fact is and should only be an abstraction of a sequential
compute component.

The same is true for the output stream of a box. Had a box multiple output
streams, this would immediately raise the question of data routing, again a
classical concurrency engineering concern, as the box code would need to decide
to which stream data should be sent. Having a single output stream oinly, in
contrast, clearly seperates the routing aspect from the computing aspect of the
box and, thus, concurrency engineering from application engineering.

The construction of streaming networks based on instances of asynchronous
components is a distinctive feature of S-NET: Thanks to the restriction to a
single-input/single-output stream component interface we can describe entire
networks through algebraic formulae. Network combinators either take one or
two operand components and construct a network that again has a single in-
put stream and a single output stream. As such a network again is a compo-
nent, construction of streaming networks becomes an inductive process. We have
identified a total of four network combinators that prove sufficient to construct
a large number of network prototypes: static serial and parallel composition of
heterogeneous components as well as dynamic serial and parallel replication of
homogeneous components.
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Structural subtyping on records greatly facilitates adaptation of individual
components to varying contexts. More precisely, components only need to be
specific about record fields that are actually needed for the associated compu-
tation or that are (at least potentially) created by that computation. In excess
to these required fields, however, an input record to some component may have
an arbitrary number of further fields. These additional fields bypass the com-
ponent and are added to any outgoing record through an automatic coercion
mechanism, named flow inheritance.

To summarise, the motivation of S-NET is to completely separate algorith-
mic programming from concurrency engineering. Indeed any user-defined box
represents an algorithm encapsulated in the form of a function that performs a
computation on a data item (its argument list) and which computes and passes
back to the environment one or more similar data items. Any communication
or synchronisation actions, any division of work between workers and gather-
ing of the data back in one place is happening in the coordination language.
This makes boxes unit-testable in isolation, and also removes (due to the re-
quirement of statelessness) any placement or mobility constraints from all user-
defined boxes. This is in sharp contrast with SPMD programming styles inherent
in MPI and similar parallel libraries, and to the best of our knowledge, any other
coordination language.

The remainder of the paper is organised as follows. In Section 2 we sketch
out the S-NET type system. Sections 3 and 4 introduce boxes and networks,
respectively. We demonstrate their interaction by a small programming example
in Section 5 and conclude in Section 6.

2 The type system of S-Net

2.1 Record types

The type system of S-NET is based on non-recursive variant records with record
subtyping. Informally, a type in S-NET is a non-empty set of anonymous record
variants separated by vertical bars. Each record variant is a possibly empty set
of named record entries, enclosed in curly brackets. We distinguish two different
kinds of record entries: fields and tags. A field is characterised by its field name
(label); it is associated with an opaque value at runtime. Hence, fields can only
be generated, inspected or manipulated by using an appropriate box language.
A tag is represented by a name enclosed in angular brackets. At runtime tags
are associated with integer values, which are visible to both box language code
and S-NET. The rationale of tags lies in controlling the flow of records through
a network. They should not be misused to hold box language data that can be
represented as integer values.

We illustrate S-NET types by a simple example from 2-dimensional geometry:
For instance, we may represent a rectangle by the S-NET type

{x, y, dx, dy}
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providing fields for the coordinates of a reference point (x and y) and edge
lengths in both dimensions (dx and dy). Likewise, we may represent a circle by
the center point coordinates and its radius:

{x, y, radius}
Using the S-NET support for variant record types we may easily define a type
for geometric bodies in general, encompassing both rectangles and circles:

{x, y, dx, dy} | {x, y, radius}

Often it is convenient to name variants. In S-NET this can be done using tags:

{<rectangle>, x, y, dx, dy} | {<circle>, x, y, radius}

S-NET supports type definitions; we refer the interested reader to [2] for details.

2.2 Record subtyping

S-NET supports structural subtyping on record types. Subtyping essentially is
based on the subset relationship between sets of record entries. Informally, a type
is a subtype of another type if it has additional record entries in the variants or
additional variants. For example, the type

{<circle>, x, y, radius, colour}

representing coloured circles is a subtype of the previously defined type

{<circle>, x, y, radius}

Likewise, we may add another type to represent triangles:

{<rectangle>, x, y, dx, dy}
| {<circle>, x, y, radius}
| {<triangle>, x, y, dx1, dyl, dx2, dy2};

which again is a supertype of

{<rectangle>, x, y, dx, dy}
| {<circle>, x, y, radius}

as well as a supertype of

{<circle>, x, y, radius, colour}

Our definition of record subtyping coincides with the intuitive understanding
that a subtype is more specific than its supertype(s) while a supertype is more
general than its subtype(s). In the first example, the subtype contains additional
information concerning the geometric body (i.e. its colour) that allows us to
distinguish, for instance, green circles from blue circles. In contrast, the more
general supertype identifies all circles regardless of their colour. In our second
example, the supertype is again more general than its subtype as it encompasses
all three different geometric bodies. Subtype {<circle>,x,y,radius,colour}
is more specific than its supertypes because it rules out triangles and rectangles
from the set of geometric bodies covered. Unlike subtyping in object-oriented
languages our definition of record subtyping is purely structural; {} (i.e. the
empty record) denotes the most common supertype.
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2.3 Type signatures

Type signatures describe the stream-to-stream transformation performed by a
box or a network. Syntactically, a type signature is a non-empty set of type
mappings each relating an input type to an output type. The input type specifies
the records a box or network accepts for processing; the output type characterises
the records that the box or network may produce in response. For example, the
type signature

{a,b} | {c,d} > {<x>} | {<y>} , {e} —> {z}

describes a network that accepts records that either contain fields a and b or
fields ¢ and 4 or field e. In response to a record of the latter type the network
produces records containing the field z. In all other cases, it produces records
that either contain tag x or tag y.

2.4 Flow inheritance

Up-coercion of records upon entry to a certain box or network creates a subtle
problem in the stream-processing context of S-NET. In an object-oriented setting
the control flow eventually returns from a method invocation that causes an up-
coercion. While during the execution of the specific method the object is treated
as being one of the respective superclass, it always retains its former state in the
calling context. In a stream-processing network, however, records enter a box or
network through its input stream and leave it through its output stream, which
are both connected to different parts of the whole network. If an up-coercion
results in a loss of record entries, this loss is not temporary but permanent.

The permanent loss of record entries is neither useful nor desirable. For ex-
ample, we may have a box that manipulates the position of a geometric body
regardless of whether it is a rectangle, a circle or a triangle. The associated type
signature of such a box could be as simple as {x,y}->{x,y}. This box would
accept circles, rectangles and triangles focusing on their common data (i.e. the
position) and ignoring their individual specific fields and tags. Obviously, we
must not lose this data as a consequence of the automatic up-coercion of com-
plete geometric bodies to type {x,y}. Hence, we complement this up-coercion
with an automatic down-coercion. More precisely, any field or tag of an incom-
ing record that is not explicitly named in the input type of a box or network
bypasses the box or network and is added to any outgoing record created in
response, unless that record already contains a field or tag with the same label.
We call this coercion mechanism flow inheritance.

As an example, let us assume a record {<circle>,x,y,radius} hits a box
{x,y}->{x,y}. While fields x and y are processed by the box code, tag circle
and field radius bypass the box without inspection. As they are not mentioned
in the output type of the box, they are both added to any outgoing record, which
consequently forms a complete specification of a circle again.
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3 Box abstractions

3.1 User-defined boxes

From the perspective of S-NET boxes are the atomic building blocks of streaming
networks. Boxes are declared in S-NET code using the key word box followed by
a box name as unique identifier and a box signature enclosed in round brackets.
The box signature very much resembles a type signature with two exceptions:
we use round brackets instead of curly brackets, and we have exactly one type
mapping that has a single-variant input type. For example,

box foo ((a,b,<t>) -> (a,b) | (Kt>));

declares a box named foo, which accepts records containing (at least) fields a
and b plus a tag t and in response produces records that either contain fields a
and b or tag t. Boxes are implemented using a box language rather than S-NET.
It is entirely up to the box implementation to decide how many output records
a box actually emits and of which of the output variants they are. This may
well depend on the values of the input record entries and, hence, can only be
determined at runtime.

snet_handle_t *foo( snet_handle_t *handle,
int *a, mytype_t *b, int t)
{
/* some computation on a, b and t */
snetout ( handle, 1, a, b);
/* some computation */
snetout ( handle, 2, t);
return( handle);

}

Fig. 1. Example box function implementation in C

Box signatures use round brackets instead of curly brackets to express the fact
that in box signatures sequence does matter. (Remember that type signatures are
true sets of mappings between true sets of record entries.) Sequence is essential to
support a mapping to function parameters of some box language implementation
rather than using inefficient means such as string matching of field and tag
names. For example, we may want to associate the above box declaration foo
with a C language implementation in the form of the C function foo shown in
Fig. 1.

The entries of the input record type are effectively mapped to the function pa-
rameters in their order of appearance in the box signature. We implement record
fields as opaque pointers to some data structure and tags as integer values. In
addition to the box-specific parameters the box function implementation always
receives an opaque S-NET handle, which provides access to S-NET internal data.

Since boxes in S-NET generally produce a variable number of output records
in response to a single input record, we cannot exploit the function’s return
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value to determine the output record. Instead, we provide a special function
snetout that allows us to produce output records during the execution of the
box function, as demonstrated in Fig. 1. The first argument to snetout is the
internal handle that establishes the necessary link to the execution environment.
The second argument to snetout is a number that determines the output type
variant used. So, the first call to snetout in the above example refers to the first
output type variant. Consequently, the following arguments are two pointers.
The second call to snetout refers to the second output type variant and, hence,
a single integer value follows. Eventually, the box function returns the handle to
signal completion to the S-NET context.

This is just a raw sketch of the box language interfacing. Concrete interface
implementations may look differently to accommodate characteristics of certain
box languages, and even the same box language may actually feature several
interface implementations with varying properties.

3.2 Filter boxes

The filter box in S-NET is devoted to housekeeping operations. Effectively, any
operation that does not require knowledge of field values can be expressed by
this versatile built-in box in a simpler way than using an atomic box and a
fully-fledged box language implementation. Among these operations are

— elimination of fields and tags from records,
— copying fields and tags,

adding tags,

— splitting records,

— simple computations on tag values.

Syntactically, a filter box is enclosed in square brackets and consists of a type
(pattern) to the left of an arrow symbol and a semicolon-separated sequence of
filter actions to the right of the arrow symbol, for example:

[{a,b,<t>} -> {a} ; {c=b,<u=42>} ; {b,<t=t+1>}]

This filter box accepts records that contain fields a and b as well as tag t. In
general, the type-like notation to the left of the arrow symbol acts as a pattern
on records; any incoming record’s type must be a subtype of the pattern type.

As a response to each incoming record, the filter box produces three records
on its output stream. The specifications of these three records are separated
by semicolons to the right of the arrow symbol. Outgoing records are defined
in terms of the identifiers used in the pattern. In the example, the first output
record only contains the field a adopted from the incoming record (plus all flow-
inherited record entries). The second output record contains field b from the
input record, which is renamed to c. In addition there is a tag u set to the
integer value 42. The last of the three records produced contains the field b
and the tag t from the input record, where the value associated with tag t is
incremented by one. S-NET supports a simple expression language on tag values
that essentially consists of arithmetic, relational and logical operators as well as
a conditional expression.
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3.3 Synchrocells

The synchrocell is the only “stateful” box in S-NET. It also provides the only
means in S-NET to combine two existing records into a single one, whereas the
opposite direction, the splitting of a single record, can easily be achieved by both
user-defined boxes and built-in filter boxes. Syntactically, a synchrocell consists
of an at least two-element comma-separated list of type patterns enclosed in [|
and |] brackets, for example

[l {a,b,<t>}, {c,d,<uw>} []

The principle idea behind the synchrocell is that it keeps incoming records which
match one of the patterns until all patterns have been matched. Only then
the records are merged into a single one that is released to the output stream.
Matching here means that the type of the record is a subtype of the type pattern.
The pattern also acts as an input type specification: a synchrocell only accepts
records that match at least one of the patterns.

A synchrocell has storage for exactly one record of each pattern. When a
record arrives at a fresh synchrocell, it is kept in this storage and is associated
with each pattern that it matches. Any record arriving thereafter is only kept
in the synchrocell if it matches a previously unmatched pattern. Otherwise, it is
immediately sent to the output stream. As soon as a record arrives that matches
the last remaining previously unmatched variant, all stored records are released.
The output record is created by merging the fields of all stored records into
the last matching record. If an incoming record matches all patterns of a fresh
synchrocell right away, it is immediately passed to the output stream.

Although we called synchrocells “stateful” above, this is only true as far as
individual records are concerned. Synchrocells nevertheless realise a functional
mapping from input stream to output stream as a whole.

4 Streaming networks

4.1 Network definitions

User-defined and built-in boxes form the atomic building blocks for stream pro-
cessing networks; their hierarchical definition is at the core of S-NET. As a simple
example of a network definition take:
net X {
box foo ((a,b)->(c,d));
box bar ((c)->(e));
}

connect foo..bar;

Following the key word net we have the network name, in this case X, and an
optional block of local definitions enclosed in curly brackets. This block may
contain nested network definitions and box declarations. Hierarchical network
definitions incur nested scopes, but in the absence of relatively free variables the
scoping rules are straightforward.
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A distinctive feature of S-NET is the fact that complex network topologies
are not defined by some form of wire list, but by an expression language. Each
network definition contains such a topology expression following the key word
connect. Atomic expressions are made up of box and network names defined
in the current scope as well as of built-in filter boxes and synchrocells. Com-
plex expressions are inductively defined using a set of network combinators that
represent the four essential construction principles in S-NET: serial and parallel
composition of two (different) networks as well as serial and parallel replication
of one network, as sketched out in Fig. 2. Note that any network composition
again yields a network with exactly one input and one output stream.

net X connect foo..bar net X connect foo|bar

—> —>  —» oo o>
n
—>| bar

net X connect foo*{stop} net X connect foo!<T>

Fig. 2. [llustration of network combinators and their operational behaviour: serial com-
position (top-left), parallel composition (top-right), serial replication (bottom-left) and
indexed parallel replication (bottom-right)

4.2 Serial composition

The binary serial combinator “..” connects the output stream of the left operand
to the input stream of the right operand. The input stream of the left operand
and the output stream of the right operand become those of the combined net-
work. The serial combinator establishes computational pipelines, where records
are processed through a sequence of computational steps.

In the example of Fig. 2, the two boxes foo and bar are combined into such a
pipeline: all output from foo goes to bar. This example nicely demonstrates the
power of flow inheritance: In fact the output type of box foo is not identical to
the input type of box bar. By means of flow inheritance, any field d originating
from box foo is stripped off the record before it goes into box bar, and any
record emitted by box bar will have this field be added to field e.
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In contrast to box declarations, type signatures of networks are generally
inferred by the compiler. For example the inferred type signature of the network
X in the above example is {a,b}->{d,e}. Type inference is a particularly in-
teresting aspect of S-NET. We refer the interested reader to [3] for a thorough
treatment of the subject.

4.3 Parallel composition

The binary parallel combinator “|” combines its operands in parallel. Any in-
coming record is sent to exactly one operand depending on its own type and
the operand type signatures. The output streams of the operand networks (or
boxes) are merged into a single stream, which becomes the output stream of the
combined network. Fig. 2 illustrates the parallel composition of two networks
foo and bar (i.e. foo|bar).

To be precise, any incoming record is sent to that operand network whose type
signature’s input type is matched best by the record’s type. Let us assume the
type signature of foo is {a}->{b} and that of bar is {a,c}->{b,d}. An incoming
record {a,<t>} would go to box foo because it does not match the input type
of box bar, but thanks to record subtyping does match the input type of box
foo. In contrast, an incoming record {a,b,c} would go to box bar. Although it
actually matches both input types, the input type of box bar scores higher (2
matches) than the input type of box foo (1 match). If a record’s type matches
both operand type signatures equally well, the record is non-deterministically
sent to one of the operand networks.

4.4 Serial replication

The serial replication combinator “*” replicates the operand network (the left
operand) infinitely many times and connects the replicas by serial composition.
The right operand of the combinator is a type (pattern) that specifies a termi-
nation condition. Any record whose type is a subtype of the termination type
pattern (i.e. matches the pattern) is released to the combined network’s output
stream.

In fact, an incoming record that matches the termination pattern right away
is immediately passed to the output stream without being processed by the
operand network at all. This coincidence with the meaning of star in regular
expressions particularly motivates our choice of the star symbol. Fig. 2 illustrates
the operational behaviour of the star combinator for a network foo*{<stop>}:
Records travel through serially combined replicas of foo until they match a given
type pattern, more precisely the type of the record is a record subtype of the
specified type (pattern). Optionally, the exit pattern may be refined by a boolean
expression on the values of the tags in the type pattern. Actual replication of
the operand network is demand-driven. Hence, networks in S-NET are not static,
but generally evolve dynamically, though in a restricted way.
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4.5 Indexed parallel replication

Last but not least, the parallel replication combinator “!” takes a network or
box as its left operand and a tag as its right operand. Like the star combinator,
it replicates the operand, but connects the replicas using parallel rather than
serial composition. The number of replicas is conceptually infinite. Each replica is
identified by an integer index. Any incoming record goes to the replica identified
by the value associated with the given tag. Hence, all records that have the
same tag value will be routed to the same replica of the operand network. Fig. 2
illustrates the operational behaviour of indexed serial replication for a network
foo!<T>. In analogy to serial replication, instantiation of replicas is demand-
driven.

Note that this construct in combination with serial replication allows dy-
namic, SPMD style connections: a network such as (A!<P>)*<Y> allows the box
A to receive records with a certain value of <P> and create records with either
the same or different value of <P> which will be fed to an appropriate replica of
A. Any output from A that is meant to be released should be tagged with <¥>.
It is quite obvious that dynamic communication could be made as complex as
the programmer requires using more combinators, but crucially the only routing
issue that is dealt with dynamically is which replica of a box a given record
should be directed to, not which box, and since all replicas share the same type
signature, S-NET remains type safe even under dynamic routing.

4.6 Putting it all together

The restriction of every box and every network to a single input stream and a
single output stream allows us to describe complex streaming networks in a very
concise way using algebraic formulae rather than wire lists. Fig. 3 demonstrates
the power of our approach by means of an example network

net XYZ connect ((A..B|C..D)!<i>)*{<stop>}

The example uses 4 predefined boxes: A, B, C and D. Sequential compositions of
A/B and C/D, respectively, are combined in parallel. The resulting subnetwork is
replicated vertically through indexed parallel replication and, thereafter, hori-
zontally through serial replication. Although Fig. 3 demonstrates the complexity
of this network, its specification takes no more than half a line of code.

To conclude this section, we wish to make a remark on the implementation.
Space limitations do not permit us to touch on any details; however, the cru-
cial point of S-NET implementation is the use of nondeterminism. Solutions for
parallel computing tend to be deterministic since nondeterminism can affect the
values being processed and can lead to incorrect results. However, in the context
of stream processing nondeterminism manifests itself as the lack of order in a
stream sequence. Obviously if the receiver box either does not need to receive
the records in a certain order, or if the required order can be reconstructed at
the output of the top-level network from the stream content, nondeterministic
merges are safe. On the other hand, the use of nondeterministic merges dra-
matically reduces the latency of processing, since the implementation is free to
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net XYZ connect ((A..B | C..D)!<i>)*{<stop>}

v
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A 4
{<stop>}

v

Fig. 3. Example of complex network construction with S-NET network combinators

merge streams in the order of arrival rather than queuing off records that have
overtaken ones created earlier. Also in a multistage pipelined processing scheme,
a record can represent work to be done by several algorithms in any order. For
example, by a box A that determines the maximum row elements of a matrix
and divides the rows by them, and by a box B that exchanges the left and
right halves of all rows. A solution such as X..((A..B) | (B..A)) where A and B
present the same input type will be of this kind. The nondeterministic merger of
the parallel combinator will be in a position to use its nondeterminism to choose
the pathway depending on how busy boxes A and B are.

5 Example: solving Sudoku puzzles

We illustrate the potential of S-NET by a simple search problem: finding solutions
to sudoku puzzles. While sudokus are simple enough to be explored in detail,
they are computationally non-trivial as they require search over an imbalanced
tree of theoretically up to 98! possibilities. In this sense, sudokus act as an
interesting, albeit simple, model of a real-world search problem.

Sudokus are played on a 9 by 9 board of numbers. Starting out from a board
with several given numbers, the overall aim is to fill all empty positions with
numbers so that the following conditions hold: (i) each row contains the numbers
1 to 9 exactly once, (ii) each column contains the numbers 1 to 9 exactly once,
and (iii) each of the nine 3 by 3 sub-boards contains the numbers 1 to 9 exactly
once. Although in general we may have an arbitrary number of solutions or no
solution at all, well constructed sudokus have a unique solution.

Fig. 4 shows the S-NET implementation of a simple Sudoku solver; a tex-
tual specification of the same solver can be found in Fig. 5. The first box
(computeOpts) expects records that only contain an abstract representation of
a Sudoku board, i.e. the search problem to be solved. The box computes all
potential settings for each open position in the Sudoku board (opts).
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box computeOpts filter box solve

—»| {board} —> {board, opts} {} - {<k=1>} W F {board, opts} —> {board} =

{<level>} if <level > 40>

I<k>

filter
box solveOneLevel

—

k>} - k>=<k %4 |
{<k>} => {<k>=<k %4>} ] — {board, opts} —> {board, opts, <k>, <level>} [

The
tries to

Fig. 4. Solving Sudoku puzzles with S-NET: graphical illustration

solver itself is embedded within a serial replication: The box solveOneLevel
fix one further position on the board. For each possible number at that

position it outputs a record containing the new board, the new (further) options
and a tag <level>, whose value signals the number of fixed positions. In princi-

ple, the

unfolding of the search tree could continue until all solutions are found,

but on many target architectures it is more useful to control the amount of un-

folding.

In the example, we achieve this by refining the termination condition of

the serial replication: as soon as 41 of the 81 positions of the board have been

fixed, a

record leaves the serial replication and is solved by the subsequent box

solve without further unfolding of the S-NET network.

net sudoku {

box

box

box

net
}

conne

The

computeOpts ((board)->(board,opts));

solveOneLevel ((board,opts)->(board,opts,<k>,<level>));
solve ((board,opts)->(board));

oneLevel connect [{<k>}->{<k=k%4>}] .. solveOneLevel!<k>;

ct computelpts
[{}->{<k=1>}]

. oneLevel * {<level>} if <level>40>
. solve;

Fig. 5. Solving Sudoku puzzles with S-NET: textual specification

additional tag <k> in conjunction with indexed parallel replication cre-

ates another dimension of parallelism: Within each serial unfolding stage four
concurrent instantiations of the solveOneLevel box process boards indepen-
dently. A more thorough presentation of the Sudoku solver including box imple-
mentations in the functional array language SAC [4] can be found in [5].
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6 Conclusions and future work

We have presented the design of S-NET, a declarative language for describing
streaming networks of asynchronous components. Several features distinguish
S-NET from existing stream processing approaches.

— S-NET boxes are fully asynchronous components communicating over buffered
streams.

— S-NET thoroughly separates coordination aspects from computation aspects.

— The restriction to SISO components allows us to describe complex streaming
networks by algebraic formulae rather than error-prone wiring lists.

— We utilise a type system to guarantee basic integrity of streaming networks.

— Data items are routed through networks in a type-directed way making the
concrete network topology a type system issue.

— Record subtyping and flow inheritance make S-NET components adaptive
to their environment.

The overall design of S-NET is geared towards facilitating the composition of
components developed in isolation. The box language interface in particular
allows existing code to be turned into an S-NET stream processing component
with very little effort.

We have by now completed a prototype implementation of S-NET. This con-
sists of a compiler for S-NET [6], including type inference [3], and box language
interfaces for C and SAC [4] that allow us to write complete applications [5].
Furthermore, we have implemented a runtime system based on Posix threads
for truly concurrent execution of S-NET programs on general-purpose shared
memory multiprocessor and multicore architectures [7] as well as an MPI-based
distributed memory runtime system for clusters of such machines [8].

Besides several smaller demonstrator applications we are currently working
on a non-trivial plasma physics simulation as well as on a radar-based moving
target identification (MTI) application that uses space-time adaptive processing
(STAP) to demonstrate the suitability of S-NET to coordinate concurrent activ-
ities on a representative scale. In the future we aim at compiling S-NET to novel
many-core processor designs like the MicroGrid architecture [9, 10] and to inves-
tigate into dynamic reconfiguration and self-adaptivity of S-NET networks [11].
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Automatische Paketisierung

Sebastian Hack

Universitiat des Saarlandes, Saarbriicken

,Packetization“(also: Data Parallelization or SIMDfication) is the process of
transforming scalar code, given by a CFG G, into a CFG G’ that works on N
scalar input values at once (where N is the target-architecture’s SIMD width).
One execution of G’ is equivalent to N parallel executing instances of G. This
technique is important for data-parallel algorithms, in particular applications in
computer graphics such as ray tracing.

The benefit of packetization lies in the usage of SIMD instructions. To this
end, a value in the scalar instance is mapped to a SIMD “packet” in the pack-
etized version. However, each of the scalar instances may take different control-
flow paths. To avoid splitting SIMD packets apart, control flow is almost com-
pletely replaced by predicated execution (only loop-back branches have to be
kept).

We present a packetization algorithm and discuss its limitations. Further-
more, we present first results of using our algorithm in the shading system of
a ray tracer: the programmer writes scalar code in C/C++ that is then auto-
matically packetized. Although still lacking some optimizations, the packetized
CFGs already outperform their scalar counterparts by an average factor of 3.6
using a vector width of 4.
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Set Functions for
Functional Logic Programming*

Michael Hanus

Christian-Albrechts-Universit” at zu Kiel

Abstract. We propose a novel approach to encapsulate non-deterministic
computations in functional logic programs. Our approach is based on set
functions that return the set of all the results of a corresponding or-
dinary operation. A characteristic feature of our approach is the com-
plete separation between a usually-non-deterministic operation and its
possibly-non-deterministic arguments. This separation leads to the first
provably order-independent approach to computing the set of values of
non-deterministic expressions. Our approach solves easily and naturally
problems mishandled by current implementations of functional logic lan-
guages.

* Joint work with Sergio Antoy, Portland State University. The full paper has been
published in the Proceedings of the 11th International ACM SIGPLAN Conference
on Principles and Practice of Declarative Programming (PPDP 2009), ACM Press,
2009, pages 73-82
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Verbesserung der Modellbildung und Analyse
verteilter Geschiftsprozesse
durch Prozessumstrukturierung

Thomas S. Heinze!, Wolfram Amme!, Simon Moser?

1 Friedrich-Schiller-Universitit Jena
{T.Heinze,Wolfram.Amme}Quni-jena.de
2 IBM Entwicklungslabor Bsblingen
smoser@de.ibm.com

1 Einfithrung und Problemstellung

In den letzten Jahren konnte eine Entwicklung hin zu dienstorientierten und
verteilten Software-Architekturen beobachtet werden. Diese Entwicklung findet
auch innerhalb der informationstechnischen Modellierung und Realisierung von
Geschiéftsprozessen ihren Niederschlag. So lassen sich verteilte Geschéftsprozes-
se aus bestehenden, zumeist 6rtlich und organisatorisch unabhéngigen Diens-
ten zusammensetzen und derart neue Dienste erzeugen, die ihrerseits Grund-
lage fiir weitere Geschéftsprozesse bilden konnen. Die Web Services Business
Process Execution Language (WS-BPEL) [1] ist die wohl derzeit vielverspre-
chenste Spezifikationssprache fiir verteilte Geschéftsprozesse auf Grundlage der
Web-Service-Technologie. Ein verteilter Geschéftsprozess der Sprache WS-BPEL
wird als Web Service durch Komposition anderer Web Services, dass heifit durch
Festlegen von deren Interaktion, implementiert. Die Interaktion der Web Services
erfolgt dabei mittels Nachrichten, die iiber wohldefinierte Schnittstellen ausge-
tauscht werden. Eine wichtige Voraussetzung fiir eine fehlerfreie Komposition ist
daher die Kompatibilitéit der an der Interaktion beteiligten Web Services.

Die Frage nach der Kompatibilitdt umfasst nicht nur die syntaktische Kom-
patibilitéit von Web Services, dass heiBt die Ubereinstimmung der Schnittstel-
len. Dies ist insbesondere der Fall, falls die Interaktion der Web Services ein fiir
verteilte Geschéftsprozesse charakteristisches zustandsbehaftetes Kommunikati-
onsprotokoll realisiert. Dann muss auch sichergestellt werden, dass es wahrend
der Interkation zu keinem unerwiinschten Verhalten, beispielsweise zu Verklem-
mungen, kommt. In diesem Zusammenhang wird von der Verhaltenskompatibi-
litat gesprochen. So werden zwei Web Services verhaltenskompatibel genannt,
falls sie in einer moglichen Umgebung, in der sie miteinander interagieren, ord-
nungsgemif terminieren kénnen. Um Fehler wihrend der Laufzeit von verteil-
ten Geschéiftsprozessen zu vermeiden, sollte die Verhaltenskompatibilitat bereits
beim Entwurf der Prozesse iiberpriift werden. Eine geeignete Methode zur Ana-
lyse von Eigenschaften wie der Verhaltenskompatibilitdt beruht auf der Modell-
bildung durch Petrinetze [4]. Herkémmliche Abbildungsvorschriften ignorieren
jedoch aus Griinden der Analysierbarkeit des Petrinetzmodells die Datenaspekte
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OrderingSequence

$doOrder = true()
Sindex = 0

e While($doOrder)
b

‘ OnMessage Order OnMessage Complete ‘

! Order

OrderProcessing j\ ,( Termination Order 3 3 ( )
. ' - P NI { )
Invoke Shipment ) | | (_ $doOrder=false) ) ! e - o
s | S Confirmation |
5 1 Complete
Sindex = $index + 1 Reply OrderList 5 => :
SorderList[$index] = $order ﬂ;(, Complete
,,,,,,,,,,,,,,,,,,,,,, o
5 <=
©  OrderListing

Abb. 1. OrderingSequence (links) und Teil des zugehorigen Petrinetzmodells (rechts)

und -abhéngigkeiten der Prozesse. Als Folge dieser Abstraktion wird der beding-
te Kontrollfluss durch nichtdeterministische Strukturen reprisentiert und derart
fehlerhafte Analyseergebnisse, auch fiir einfache Prozesse, in Kauf genommen.
Ein Prozessfragment das nicht fehlerfrei analysiert werden kann, falls von
Datenabhéngigkeiten abstrahiert wird, ist in Abbildung 1 angegeben. Die darge-
stellte Aktivitit OrderingSequence ist moglicherweise Bestandteil eines grofie-
ren Geschéftsprozesses zur Realisierung eines Online-Shops. Darin kann ein Kun-
de durch wiederholtes Senden der Nachricht Order mehrere Waren bestellen, und
derart die Auftragsabwicklung fiir jede einzelne Bestellung einleiten. Nach Uber-
mittlung aller Bestellungen kann er den Bestellvorgang schliellich durch Senden
der Nachricht Complete abschliefen. Zur Umsetzung dieses Protokolls enthilt
die Aktivitdt OrderingSequence eine Schleife, deren Ausfithrung durch die boo-
lesche Variable doOrder geregelt wird: Ist der Wert der Variablen true, wird die
Schleife ausgefiihrt, andernfalls nicht. Anfangs wird der Wert auf true gesetzt
und so die Schleife ausgefiihrt. Die Pick-Aktivitéit innerhalb der Schleife akti-
viert dann die Sequenz OrderProcessing, falls die Nachricht Order empfangen
wurde. Wurde hingegen Complete {ibermittelt, wird stattdessen der Wert der
Variablen doOrder auf false gesetzt und die Schleife in der Folge beendet.
Wird nun ein passendes Gegenstiick zu diesem Prozessfragment betrach-
tet, dass lediglich eine Bestellung ausfiihrt, so besteht die Interaktion aus den
Nachrichten Order, Confirmation, Complete und OrderList. Offenbar sind
die beiden Prozessfragmente dann verhaltenskompatibel, da es zu keiner Ver-
klemmung kommen kann. Die in der Arbeit [4] beschriebene, petrinetzbasierte
Kompatibilitdtsanalyse kommt aber zum gegenteiligen Schluss: Die Schleife in
OrderingSequence wird innerhalb des Petrinetzmodells auf die in Konflikt ste-
henden Transitionen tEnter und tEzit, zur Modellierung von Schleifenein- und
-austritt, abgebildet. Da der dadurch eingefiihrte Konflikt willkiirlich zu 16sen
ist, kann die Schleife beliebig oft durchlaufen werden. Demnach kénnen Situatio-
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nen auftreten, in denen die Aktivitit OrderingSequence weitere Bestellungen
erwartet, obwohl die Nachricht Complete bereits empfangen wurde. Es kommt
zu einer Verklemmung und die Kompatibilitétsanalyse infolgedessen zu dem Er-
gebnis, dass die zwei Prozessfragmente nicht kompatibel sind.

Zusammenfassend ist die Kompatibilitétsanalyse in [4] fehleranféllig. Das
Weglassen der Datenabhéngigkeiten von Schleifen- und Verzweigungsbedingun-
gen fiihrt zu einer zu starken Abstraktion innerhalb der zugrundeliegenden Pe-
trinetzmodellierung. Um die Zahl solcher Analysefehler zu reduzieren, schlagen
wir in [2] eine der eigentlichen Kompatibilitidtsanalyse vorgelagerte Umstruktu-
rierung von WS-BPEL-Prozessen vor. Diese Umstrukturierung soll im Folgenden
anhand des eingefiihrten Prozessfragments OrderingSequence vorgestellt wer-
den. Durch Anwendung unserer Umstrukturierungstechnik lassen sich bedingte
Schleifen und Verzweigungen immer dann so transformieren, dass deren Daten-
in Kontrollabhéngigkeiten umgewandelt werden koénnen, falls die zugehorigen
Schleifen- oder Verzweigungsbedingungen zur Laufzeit nur auf Konstanten be-
liebigen Typs zugreifen. Als Resultat der Transformation entstehen semantisch
dquivalente Prozesse, in denen die Schleifen- oder Verzweigungsbedingungen ent-
fernt werden konnen. Auf diese Weise lédsst sich die Anzahl nichtdeterministischer
Strukturen innerhalb des Petrinetzmodells verringern und diese mogliche Ursa-
che von fehlerhaften Ergebnissen der Kompatibilitdtsanalyse einschranken.

2 Prozessreprisentation

Zur prizisen Analyse von Geschiéftsprozessen der Sprache WS-BPEL wird ein
Reprisentationsformat benétigt, das in der Lage ist, sowohl den Kontrollfluss als
auch die Datenaspekte und -abhéngigkeiten der Prozesse wiederzugeben. Zu die-
sem Zweck wird eine Erweiterung von Workflow-Graphen [6], einem im Rahmen
der Analyse von Geschiftsprozessen zum Einsatz kommenden Représentations-
format, genutzt. Da Workflow-Graphen nur den (unbedingten) Kontrollfluss der
Prozesse modellieren, miissen sie fiir eine verlustfreie Prozessrepriasentation er-
weitert werden. Aufgrund ihrer Ahnlichkeit zu Kontrollflussgraphen kénnen sie
aber leicht mit der Concurrent Static Single Assignment Form (CSSA-Form) [3],
einem aus dem Ubersetzerbau stammenden Format, angereichert werden. Die auf
diese Weise erweiterten Workflow-Graphen unterstiitzen damit auch die Analyse
der Datenaspekte und -abhéngigkeiten der reprasentierten Prozesse.

Der erweiterte Workflow-Graph fiir das Prozessfragment OrderingSequence
ist in Abbildung 2 dargestellt. Aktivitédten sind darin durch Knoten wiedergege-
ben und Kanten verbinden diese entsprechend dem Kontrollfluss. Die elementa-
ren Aktivitdten des Prozesses, wie beispielsweise Reply Confirmation, werden
unter Verwendung einzelner Knoten abgebildet. Sequenzen von elementaren Ak-
tivitdten sind dann durch mehrere sukzessive miteinander verbundende Knoten
modelliert. Zur Représentation der strukturierten Aktivititen While und Pick
werden zusétzliche Knoten eingefiigt, um die Aufspaltung (Split, Pick) und Ver-
einigung (Header, Merge) des Kontrollflusses abbilden zu kénnen.
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(luOrd(’rZ =P ((luOrd(’rI . d()Ordfr4)
indexz =P (indexI s index4 )
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Complete

‘ 6: order; = OnMessage Order ‘ ‘ 11: OnMessage Complete ‘
‘ 7: Invoke Shi]zmem(nrder]) ‘ ‘ 12: doOrder»; = false() ‘
‘ 8: index 3= index y+ I ‘ ‘ 13: Reply OrderList(orderList) ‘

‘ 9: setelem(orderlist, index3, arder[) ‘

‘ 10: Reply Confirmation ‘

14: Merge
doOrder4 = CP(doOrderZ, doOrder3) fe—

index y=P (index 3, index )

Abb. 2. Erweiterter Workflow-Graph

Wie bereits erwihnt, dient die CSSA-Form in erweiterten Workflow-Graphen
der Wiedergabe von Prozessdaten und deren Manipulation. Anwendung und Vor-
teile dieses Reprisentationsformats fiir die Analyse von WS-BPEL-Prozessen
wurden bereits in der Arbeit [5] beschrieben. Grundlegende Eigenschaft der
CSSA-Form bildet die, statisch gesehen, einmalige Definition von Variablen. Zu
diesem Zweck werden die Variablen eines Prozesses so umbenannt, dass jede
Definition einen eigenen Namen erhilt (beispielsweise doOrdery,...,doOrder,
fiir Variable doOrder in OrderingSequence). Dadurch verhalten sich Variablen
wie konstante Werte, insbesondere sind die Beziehungen zwischen Definition und
Gebrauch einer Variablen explizit reprasentiert. Eine Ausnahme sind Schleifen,
da aufgrund der statischen Betrachtungsweise Variablendefinitionen innerhalb
von Schleifen als einmalige Definition gelten. Ein besonderes Vorgehen ist zu-
dem notwendig, falls mehrere Definitionen einer Variablen auf verschiedenen
Kontrollflusspfaden in einem Knoten zusammentreffen. In diesen Féllen werden
@-Funktionen eingefiigt, um die konkurrierenden Definitionen zusammenzufas-
sen (vergleiche doOrdery = ®(doOrdery, doOrders) in Merge). Die Operanden
der @-Funktionen bilden dabei gerade die Variablendefinitionen und der Funkti-
onswert entspricht der Definition, die zur Laufzeit tatsdchlich ausgefithrt wurde.
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3 Umstrukturierung

Aufbauend auf dieser Prozessreprisentation lassen sich die Bedingungen von
Schleifen und Verzweigungen analysieren. Die Bedingung der im Prozessfrag-
ment OrderingSequence enthaltenen Schleife entspricht genau der Variablen
doOrdery. Deren Wert wird durch eine @-Funktion im Knoten Header definiert.
Diese fiihrt die konkurrierenden Definitionen der Variablen vor Ausfithrung der
Schleife (doOrdery) und nach Ausfithrung eines Schleifendurchlaufs (doOrdery)
zusammen. Dabei ist die Definition nach Ausfithrung eines Durchlaufs ebenfalls
durch eine @-Funktion angegeben, die die Werte auf den zwei moglichen Pfaden
innerhalb der Schleife (doOrders, doOrders) zusammenfasst. Da alle diese De-
finitionen entweder einer Konstantenzuweisung oder einer @-Funktion entspre-
chen, hidngt der Wert von doOrdery offenbar lediglich vom Pfad des Kontroll-
flusses wihrend der Laufzeit ab: Wird die Schleife zum ersten Mal ausgefiihrt,
wird doOrders der Wert von doOrdery, also true, zugewiesen und die Schleifen-
bedingung damit erfiillt. Dasselbe gilt fiir jeden weiteren Durchlauf der Schleife,
solange bis die Zuweisung in Knoten 12 ausgefiihrt wird. Danach wird doOrders
der Wert von doOrders, also false, zugewiesen. In der Folge ist die Bedingung
nicht mehr erfiillt und die Schleifenausfithrung wird abgebrochen.

Wir nennen Schleifenbedingungen dieser Art, in denen alle Variablen aus-
schlieflich durch ineinander verschachtelte @-Funktionen und Konstantenzuwei-
sungen definiert sind, statisch quasi-konstant. Da der Wert einer solchen Bedin-
gung nur vom zur Laufzeit ausgefithrten Kontrollflusspfad abhéngig ist, kénnen
die Datenabhéngigkeiten der Bedingung auch durch Kontrollabhéangigkeiten re-
priasentiert werden. Zu diesem Zweck fithren wir eine Art Schleifenabrollen durch,
indem wir die Schleife durch mehrere Kopien des Schleifenrumpfs ersetzen. Jede
Kopie, Schleifeninstanz genannt, entspricht dabei der Ausfithrung der Schleife
fiir eine bestimmte Belegung der in der Schleifenbedingung vorkommenden Va-
riablen. Auf diese Weise kann die Schleifenbedingung statisch ausgewertet und
innerhalb des umstrukturierten Prozessfragments entfernt werden.

Vor Durchfithrung der eigentlichen Transformation einer Schleife mit statisch
quasi-konstanter Schleifenbedingung wird diese in eine Normalform iiberfiihrt.
Die Normalform ist durch die Auftrennung aller Pfade des Kontrollflusses cha-
rakterisiert, auf denen in einem beliebigen Schleifendurchlauf verschiedene Werte
fiir die Variablen der Schleifenbedingung definiert werden. Diese Uberfithrung ist
fiir die Schleife des Prozessfragments OrderingSequence in Abbildung 3 darge-
stellt. Die Variable der dort vorhandenen Bedingung (doOrders) kann, wie oben
beschrieben, fiir einen beliebigen Schleifendurchlauf drei verschiedene Werte an-
nehmen. Die Wahl des Wertes wird durch den zuvor ausgefithrten Kontroll-
flusspfad festgelegt. Um nun die Pfade aufzutrennen, muss der Knoten Merge
aufgelost werden, da er zwei der drei moglichen Werte zusammenfasst (doOrdersy
und doOrders). Da der unmittelbare Nachfolger dieses Knotens jedoch gerade
dem Kopf der Schleife Header entspricht, reicht es dazu aus, die Vorgédngerkno-
ten 10 und 18 direkt mit dem Kopf zu verbinden und die Operanden der darin
enthaltenen @-Funktionen anzupassen (Operand doOrdery durch doOrders und
doOrders ersetzen). Im Anschluss kann der Knoten Merge entfernt werden.
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Abb. 3. Uberfithrung der Schleife in Normalform

Im nachfolgenden Transformationsschritt werden dann die Datenabhéngig-
keiten der Schleife in Kontrollabhéngigkeiten umgewandelt, indem die Schlei-
fe durch mehrere miteinander verbundene Schleifeninstanzen ersetzt wird. Zur
Ableitung der Schleifeninstanzen kann die Normalform der Schleife als eine
Art Blaupause benutzt werden. Zu diesem Zweck werden die @-Funktionen im
Kopf der Schleife aufgelost und die Uberpriifung der Schleifenbedingung vor den
Schleifenkopf positioniert. Abbildung 4 zeigt das auf diese Weise abgeleitete Mus-
ter fiir die Schleifeninstanzen des Fragments OrderingSequence. Wie zu sehen
ist, befinden sich im Kopf der Schleife (Header) keine $-Funktionen mehr. Statt-
dessen wurde fiir jede eingehende Kante ein neuer Knoten (15, 16, 17) eingefiigt,
der Zuweisungen der der Kante zugeordneten Operanden an die urspriinglich im
Schleifenkopf mittels @-Funktionen definierten Variablen enthélt. Gleichzeitig
wurden als Nachfolger dieser Knoten Kopien des Knotens Split mit der Schlei-
fenbedingung eingefiigt, die damit nun vor dem Kopf der Schleife {iberpriift wird
(Knoten 18, 19, 20). Da diese Kopien kontrollieren, ob die Schleife betreten wird
oder nicht, werden sie im Folgenden auch als Wéchterknoten bezeichnet.

Wie bereits erwidhnt entspricht eine Schleifeninstanz der Ausfiihrung der
Schleife fiir eine bestimmte Belegung der in der Schleifenbedingung vorkom-
menden Variablen mit Werten. Dementsprechend ldsst sich fiir eine Belegung
dieser Variablen (vary,...,var,) mit Werten (vq,...,v,) die zugehorige Instanz
erzeugen, indem jede Variable var; innerhalb des Instanzmusters durch deren Be-
legung v; ersetzt wird. Offensichtlich kénnen die Bedingungen in den Wéchtern
einer Instanz statisch ausgewertet werden, da alle darin vorkommenden Varia-
blen durch Konstanten definiert sind. Wahrend der Transformation wird diese
Eigenschaft ausgenutzt, indem die Wéchterknoten sukzessive besucht und aus-
gewertet werden. Ist die Bedingung eines Wichters erfiillt, wird dieser durch eine
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Abb. 4. Muster fiir Schleifeninstanzen

Kante zu einer Schleifeninstanz ersetzt, ansonsten durch eine Kante zum Aus-
trittsknoten der Schleife. Im ersten Fall richtet sich die Auswahl der jeweiligen
Instanz nach der im Vorgéngerknoten des Wichters definierten Variablenbele-
gung. Ist noch keine Schleifeninstanz fiir eine Belegung vorhanden, wird eine
entsprechende neue Instanz aus dem Instanzmuster generiert.

Das Ergebnis der Anwendung dieser Umstrukturierung auf das Prozessfrag-
ment OrderingSequence ist in Abbildung 5 angegeben. Die Transformation er-
folgte in drei Schritten. Im ersten Schritt wurde der Wéchter am Schleifeneintritt
(Knoten 18) ausgewertet und durch Erzeugen und Einfiigen einer neuen Schlei-
feninstanz fiir die Belegung doOrderys = true ersetzt. Diese Instanz enthielt
wiederum selbst zwei Wachter, mit denen in den folgenden zwei Schritten fort-
gefahren wurde. Die Auswertung des Wéchterknotens 19 ergab ebenfalls true. In
der Folge wurde dieser Wichter durch eine Kante zu der im vorherigen Schritt
bereits erzeugten Instanz Instanceqoordery=true €rsetzt. Da die Auswertung der
Bedingung im Wéchter 20 hingegen false ergab, wurde dieser durch eine Kante
zum Austrittsknoten der Schleife ersetzt. Im Anschluss daran waren keine wei-
teren Wichterknoten mehr vorhanden, so das nur eine Instanz erzeugt wurde.
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Abb. 5. Umstrukturierter Workflow-Graph (links) und Petrinetzmodell (rechts)

Da die Kompatibilitdtsanalyse nach [4] ein petrinetzbasiertes Modell der zu
analysierenden Prozesse nutzt, muss der erweiterte Workflow-Graph nach er-
folgter Umstrukturierung wieder auf ein Petrinetz abgebildet werden. Zu die-
sem Zweck ldsst sich die in [7] beschriebene, fiir regulire Workflow-Graphen
definierte Petrinetzsemantik anpassen und ausnutzen. Ein Ausschnitt des re-
sultierenden Petrinetzes ist in Abbildung 5 dargestellt. Wie erwartet, ist darin
der nichtdeterministische Konflikt des urspriinglichen Modells nicht mehr vor-
handen, da die Schleifenbedingung im umstrukturierten Workflow-Graphen ent-
fernt werden konnte. Dadurch kommt die Kompatibilitdtsanalyse des Fragments
OrderingSequence und des eingangs beschriebenen Gegenstiicks nun zum kor-
rekten Ergebnis, dass beide Aktivitdten verhaltenskompatibel sind.

4 Zusammenfassung und Ausblick

Der vorliegende Beitrag beschreibt die in [2] eingefiihrte Umstrukturierungstech-
nik fiir verteilte Geschéftsprozesse der Sprache WS-BPEL. Diese Technik ist in
der Lage die Datenabhéngigkeiten einer bestimmten Art von Schleifen und Ver-
zweigungen in semantisch dquivalente Kontrollabhéngigkeiten zu transformieren.
Auf diese Weise konnen die Prozessmodelle bestehender Analysen prizisiert und
so die Verfilschung von Analyseergebnissen eingeschrinkt werden, wie sich am
Beispiel einer petrinetzbasierten Kompatibilitdtsanalyse zeigen lasst.
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In darauf aufbauenden Arbeiten soll untersucht werden, inwiefern sich der
Ansatz der Umstrukturierung auch zur Auflésung anderer Auspriagungen des be-
dingten Kontrollflusses anwenden lésst, neben den beschriebenen statisch quasi-
konstanten Bedingungen. Insbesondere sind wir an Verzweigungen und Schleifen
interessiert, fiir die sich die moglichen Werte der in den Bedingungen vorkom-
menden Variablen nur teilweise oder iiberhaupt nicht einschrénken lassen. Ein
moglichen Ansatzpunkt dazu bieten abstraktere Notationen von Schleifeninstan-
zen. So sind Instanzen denkbar, in denen die Belegungen von Variablen mit Hilfe
von Intervallen oder prédikatenlogischen Ausdriicken beschrieben werden.
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Generation of Incremental Parsers
for Modern IDEs
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Abstract. Tools in modern IDEs (Integrated Developments Environ-
ment) usually work on models derived from the abstract syntax tree.
Because those models should be validated and reconciled in real time,
parsing the source code is subject to strict limitations in runtime and
memory. In this paper we provide a Java based approach to extend a
special LR Parser with methods for incremental re-parsing a given text.
We also show that while incremental parsers cannot be faster than batch-
parsers in general (that is: for any given grammar), our implementation
reaches O(log(n)) in the median. We will conclude by showing some opti-
mizations on the approach and measuring their influence on the runtime
of the parser.

1 Introduction

This paper will start with a general overview or the parsergenerator that was ex-
tended to generate incremental parsers and a motivation for incremental parsing
in general. Afterwards we will present the general algorithm, its implementation
and some optimization. Finally we will give an example on how the incremental
parser works on an example grammar.

1.1 Prerequisites and Conventions

In this paper we will talk about a common parsing technique called shift-reduce
parsers. We assume the reader is familiar with those kind of parsers and formal
languages in general.

As a notational convention when it comes to grammars, Terminals will be written
underlined, words as small latin characters and Nonterminals big latin charac-
ters. A parser configuration is written as a tuple

(ISt Su8] [trs - 18], [Th, .. T08))

with S being the states on the state stack, ¢ the terminals on the input stack
(that may be written as words) and T the tokens on the token stack. The current
stacks top is marked by a $. Otherwise we use common mathematical notations.
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1.2 Related Work

The automated creation of various parsers and their classification in terms of
formal languages can be found in [3]. General informations about parsing and
compiler techniques are described in depth in [2]. An optimal algorithm for
incremental LR parsers is shown in [6].

1.3 PaGe

PaGe (Parser Generator) is an implementation of an experimental LR parser
generator developed at the TU-Berlin [5]. PaGe differs from classic LR parsers
in two ways: First of all the state machine is not built by using the well known
Sets of Items (as seen in e.g. [3]), but by transforming the grammar to directly
represent the language of the viable prefixes. Secondly there are two kinds of
special symbols added to the grammar: Action symbols and Pseudo Terminals.
Both are used to keep track of reductions: An Action Symbol represents a distinct
reduction to a Nonterminal while a Pseudo Terminal represents the productions
that follow after a reduction had been applied.

After adding Action Symbols to every production in the grammar it is trans-
formed into the so called Normalform where every production has the either
the form: N — aZ; or Z; — @ where « is a Terminal or Nonterminal from
the original grammar and @) is the Action Symbol that was introduced for the
reduction of the Nonterminal N. Note, that this transformation does not change
the language of the grammar, because of the way the Z symbols are introduced:
A rule N — af@ would become N — «Z; with the two rules Z; — $Z; and
Z5 — @ added to the grammar.

In a next step the grammar is 'unfolded’: Every original Nonterminal is replaced

E— V+VIA@©
A—»EE)@
V—-X

| 'Y
X —z®
Y—>y@

Fig. 1. Input grammar GG

with the right hand side of every production. This transformation is repeated
until there is no original Nonterminal left. Additionally whenever a Nonterminal
N is unfolded the original right hand side is left in the rule with N replaced by
a Pseudoterminal of the same name. With the rules given above a production
M — NZ would be transformed into M — aZ1Z, and M — NZ;, with N
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being the newly generated Pseudoterminal. Again this transformation does not
change the language of the grammar.
When every original Nonterminal has been unfolded, the unfold transformation

Zy — EZy Y —yZo Zs — Z7
Zy — @ Zo — +Z10 Zr — @
E — VZ4 Zl — Vle Zg — ®
A — (Z5 Zg — A212 Zg — @
V — X ‘ @ ZlO — Zl

| Vv Zy — Zo Z11 — Z2
X —zZs Zs — EZg Z12 — ©

Fig. 2. Normalized grammar G

is applied repeatedly together with the well known operations for left factoriza-
tion and the removal of leftrecursion until every production starts with either a
(Pseudo) Terminal or Action symbol. From this form the first and only language
modification is done: Every rule is cut off after the first occurrence of a Nonter-
minal, yielding a grammar in which every rule has either the form: Z; — tZ; or
Zk — @

At this point one can easily create a LR parse table from the grammar: Every
Nonterminal represents a state and its productions the state transitions. The for-
mer yield shift transitions and the latter reduce operations (the exact operation
has been created when the Action symbol was introduced in the first place). The
state that is to enter after a reduce operation is determined by the productions
starting with Pseudoterminals (in those states that are on top of the state stack
after the reduce was invoked).

Of course one has to populate the Action symbols with their respective looka-
head before the parse table can be created but this can be done by examining
the rules starting with Pseudoterminals and the rule elements that were cut off
before.

Figure 1 shows an example grammar G. The transformation result of the nor-
malization is shown in figure 2. Finally figure 3 shows the parse table as it was
derived from the viable prefix grammar.

1.4 Incremental Parsing

In classic applications in compilers or interpreters a parser (called "batch’ parser)
is invoked exactly once per input file. The produced AST is then handed over to
next stage tools (e.g. semantic analysis) and will not be used again. Anyway it
should be clear that in most scenarios the change that was made to an input file
between two subsequent parser runs is very small. (Tools like diff and patch
make use of that fact in diverse distributed software development processes.)

So to shorten the time of the parse run it seems natural to re-use the AST from
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Fig. 3. Parse table

the latest invocation of the parser and only apply the small change to it. This
implies that an incremental parser gets two input parameters: The list of input
tokens (with the information which tokens represent the change) and an AST
that was derived from the same list of input tokens without the change.

For general parsers it needs to be mentioned that the actual advantage of re-
cycling an old AST depends on the grammar and the position of the changed
tokens. Theorem 1 gives an example for a situation where incremental parsing
yields no advantage at all.

Theorem 1. The worst-case-complexity of an incremental parser is the same
as of a batch parser.

Proof. Let Gy and Gy be two distinct grammars with Gy = (N1, T, Py, 51), Go =
(N3, T, Py, S3) and Ny N Ny = (). The combined grammar G = (N; U No, T U
{g1,92}, LU P, U{S — ¢151,5 — 252}, S) will then accept the language of
both grammars (with the Terminal g, or go as first symbol).

If an input gie,e € T* with e € L(G1) A e € L(Gy) is changed into gse, no
element of the abstract syntaz tree could be reused since Ny and No are disjoint,
which means the same operations are needed as if a batch parser was invoked. 0O

Although there is no general advantage for every given grammar over a batch
parser it is clear that the incremental parser will perform much better when
the change only affects a single node in the syntax tree. We will call a change
constrained by a Nonterminal if the difference between the old AST and the new
one is limited to a node that was introduced during a reduce operation for that
Nonterminal. It is obvious that such a Nonterminal exists for every change since
every grammar as a special start symbol S.

Though this approach obviously can save some parsing time it needs still another
motivation: In a classic setup one could easily think of an incremental parser
that would its resulting AST in a temporary file so it could be reused. But
since reading and decoding the AST would also take O(n) with n the count of
input tokens (the same runtime class a batch parser would typically need) there
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would be no point in recycling any data whatsoever. This changes with modern
integrated development environments (IDEs).

1.5 Application in the Eclipse IDE

Current IDEs like the Eclipse Java Development Tools (JDT) support the user
with mighty tools for refactoring, error detection and automatic code completion.
All those operations need the current input text to be parsed into an AST. Since
this AST needs to be updated after each change as fast as possible (in fact this
process called reconciling is invoked 500ms after each change per default) Eclipse
delivers the perfect rationale for the implementation of an incremental parser.
In addition the IDE will always know the changed region of the text since it
has to be displayed in the first place. This allows a slightly faster lexing process
(which basically bisects to the changed place, lexes the new tokens and reuses
old tokens when possible).

When applied to an Eclipse editor an incremental parser also needs to fulfill two
additional requirements: Firstly it should be as less space consuming as possible.
Since every open file is represented as an AST in-memory any additionally bytes
per node might render the whole IDE useless for real application scenarios.
Secondly and less prominent, the parser should literally re-use the old AST from
the root. Since Java is an object oriented language the models that are used
inside the Eclipse API are often used to store additional informations and states
among them (e.g. the expanded state in a tree view). Re-creating similar objects
after every change would mean to loose those extra informations and be very
irritating to the user.

2 Implementation of an Incremental Parser

A first naive approach on incremental parsing with a shift-reduce parser would
be to save the configuration of the parser whenever a token has been shifted
and to associate that configuration with the token. In the next run one could
easily get the last unchanged token and re-create the configuration in constant
time. Although such an algorithm would be relatively easy to implement and
work very fast it has two major drawbacks: It does not cover the AST nodes
that where built from tokens behind the change and, even worse, it wastes an
enormous amount of memory. So this kind of algorithm (as it is described in [1]
- although optimized there) would clearly fail our above mentioned objective.

2.1 Basic Concept

Although that idea (called ”state matching”) is useless for the application in
IDEs its review introduces the concept of splitting the AST into nodes that are
before the change and nodes behind it. More formally a node is called ”before”
the change if the action that constructed its right-most leaf removed only tokens
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from the token stack that precede the changed tokens in the input list and
called ”behind” when the tokens succeeded the change for its left-most leaf.
Those nodes can be reused as seen from theorem 2.

Theorem 2. Let ([S1,...,S,98],[w™tv™18], [Ny ... N,$]) be a configuration that
PaGe can enter and A =* v a production from the original grammar (and w
prefized with the lookahead for this production), then, if there is a state Sy, with
GOTO(S,,A) = S,, PaGe will enter the configuration

([S1, -y Sn, Sply [w™, [Ny, ..., Ny, A)

Proof. From the existence of S, follows, that S,, = AS, must be part of the
normalized grammar (because otherwise the Pseudoterminal A would not be in
the GOTO table for Sy ).

Since all following shift/reduce operations and therefore the next states are deter-
mined by the lookahead (PaGe is deterministic) and A =* v (with w being a valid
lookahead), it follows that after |w| shift operations and a finite amount of reduc-
tions (because in any given state there can only be a finite amount of reductions
and there are only a finite amount of states on the stack) the parser will finally re-
duce v to A and enter the configuration ([S1,...,Sn,Spl, [w™],[N1,..., Ny, A])
after finding S, = GOTO(S,,, A) O

Obviously a third group of nodes (including the root node) exists, in which every
token ”overlaps” the change and thus has to be parsed for changes. Following this
observation [6] presents another approach with no additional space requirements.
The algorithm described here is similar to this optimal solution but makes use
of PaGe’s special features and has a much simpler design since it only processes
one change at a time (which is caused by the eclipse environment which will
always report changes one after the other).

The splitting of the AST naturally implies a tree-phase algorithm: Firstly re-
create the state just before the changed tokens would be shifted by descending
the ”before” part of the AST, after setting the parser into its initial configuration.
Since every node A covers a word v that has not been changed there must be a
production A =* v in the grammar and theorem 2 applies (the validity of the
configurations follows directly from the theorem and the fact that we start with
the initial configuration that is always valid). So the parser is effectively short-
circuited instead of going through all configurations. Secondly to handle the
changed part the algorithm only invokes the parser until the constraining node
has been restored and finally the algorithm reuses the behind part by ascending
the AST from the input tokens.

The only problem that remains unsolved with this algorithm is the calculation
of the constraining node. Fortunately this is not necessary when the second and
third phase are merged together: The third phase ascension is always applied
if possible (that is: the next input tokens are unchanged and their parent AST
nodes match a Pseudoterminal that occurs in the GOTO set of the current
state). So every time a normal parse step was applied successfully and the next
Terminal would be shifted, this Terminals ancestor nodes (it has none if it is
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affected by the change) are checked for direct reduction and the highest one that
completely lies before the change is reused in a short circuit reduction similar to
the one in phase one. Afterwards a batch parser step is invoked and so on.
This eliminates the need for an explicit calculation of the constraining node and
also allows the recycling of nodes that had been created from a different parser
configuration or are children of the constraining node - that way the incremental
parser is reuses even more nodes than any state matching parser.

2.2 Corner Cases

Although the above algorithm is correct (it returns the same AST that the batch
parser would return), it needs to be refined to correctly handle some corner cases
which PaGe can handle in batch mode. The most obvious is the lookahead prob-
lem: Since PaGe is a LR(n) parser generator, the restriction in theorem 2 to a
valid lookahead v can be very important. Since the current PaGe implementation
generates lookahead only where needed, one could determine the used lookahead
in every step of the incremental parser and include this into the validity check
for the re-usage of a node. This method was not yet implemented due to the
consideration of the expected additional costs. Instead the change will be ex-
panded by the maximum length of lookahead used. With this simple step it is
made sure that no token has changed that was used as a lookahead.

The next corner case that had to be handled was the existence of epsilon produc-
tions. Though PaGe’s meta grammar does not allow direct epsilon productions,
they are still possible by using the optional construct for the right hand side of a
production (e.g A — [B]). This forces the incremental parser to determine if an
empty AST node E, that effectively has no Terminals as leafs, is affected by a
given change (Just stopping the process as if the change was reached would also
work but be very ineffective). Since the incremental parser also can not recre-
ate the configuration that the batch parser had E was pushed the only possible
solution is to simulate the batch parser by shifting tokens until a state Sy is
reached with E € GOTO(Sy). This is not needed in the second phase since the
batch parser will recreate any empty nodes that are not directly reused.
Finally, the error handling mechanisms pf PaGe had to be handled. In the cur-
rent implementation, PaGe will always skip erroneous tokens and not try to add
any. (This is due to the fact that most languages are defined by lists of elements
and the parser can easily ignore one of those elements while the AST structure
remains correct.) This process is called recovering.

Since the incremental parser will get erroneous input quite often, it needs to
handle it as well as the batch parser - only faster. To simplify this the first han-
dling is left to the lexer: If there are old syntax errors far (that is: more than the
used lookahead) tokens away from the change, the error tokens are hidden from
the input. Otherwise the error and the change are simply merged. If the batch
parser encounters an error in the second phase the error handling is left to it,
since after a successful recovery the incremental parser can simply continue. Ob-
viously there is some room for improvement here: The incremental parser could
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check the AST for some sense of what element actually constrains the syntax
error, but this remains object to further development.

private final void incrementalPhasel(Absy node, Range change) {
/*
* before the change spot we can simply short circuit the shift/reduce
* cycle
*/
if (change.isBehind(node.getRange())) {
reduce (node) ;
skipInput (node) ;
} else {
// do they overlap?
if (!node.getRange().isBehind(change)) {
for (Absy child : node.getChildren()) {
if (child.getRange() .getStartToken() >= change.getStartToken())
break;
if (child.getRange().getStartToken() >= 0) {
shiftIntermediateTerminals(child);
incrementalPhasel(child, change);

if (child.getRange().getEndToken() >= change.getStartToken())
break;
} else {
/* handle empty productions */
if (change.isBehind(parser.getInputStack() .peek().getRange()))
handleEpsilonAbsy(change, child);
1313

Fig. 4. Incremental Phase 1

2.3 Implementation and Tests

The incremental parser was implemented as an additional module that can be
used with PaGe to not interfere with the current development (Especially to not
introduce any new bugs).

Figure 2.2 shows the implementation of the first phase: Nodes that are before
the change are reduced, others are descended and their children are handled, if
they do are not completely behind the change.

The second phase implementation in figure 2.3 shows how the ascension is han-
dled: After all possible actions are applied (to make sure the next token is really
about to be shifted), the highest parent node that can be reused is put on the
token stack effectively short circuiting a reduction. For the testing process us-
ing JUnit was an obvious choice. The test setup works on the library files from
MOSILAB [4], an implementation of the Modelica language. For every source
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boolean incrementalPhase2(Token token, Range change) throws ParserException {

applyAllActions();

Absy highest = getHighestValidParent (parser.getStateStack().peek(),
token, change);
if (highest != null) {
// clean up any already shifted tokens
for (int i = highest.getRange() .getStartToken(); i < token
.getRange () .getStartToken(); i++) {
parser.getTokenStack() .pop();
parser.getStateStack() .pop();
}
reduce (highest);
// remove the input tokens, we don’t need anymore
skipInput (highest) ;
return true;
}
return false;

}

Fig. 5. Incremental Phase 2

file a Test case is created that runs the incremental parser after marking some
terminals as changed and compares the output AST with that from the batch
parser. For every iteration of that process the change is moved roughly 1% ahead
on the input. Although the coverage may be bad since no real change is handled,
this method has the benefit of allowing a good benchmark of the incremental
parsing for constant changes.

2.4 Runtime and Space Complexity

As shown in Theorem 1 there can be no general advantage for every given gram-
mar (or every given AST). So for any given change the constraining node C' the
runtime will not go below O(l¢) with I denoting the amount of input tokens
covered by C.

Since in the first phase the tree is descended, this phase finishes in O(log(n)) if
we assume the AST being balanced with n nodes. Additionally after C' has been
reconstructed all of its right siblings (and its parents right siblings and so on) can
be reused. Since the algorithm always searches for the highest reusable parent
node in the second phase, the search for the highest valid parent will return nodes
closer to the AST root at least all O(cmaz) steps with ¢pq. being the maximum
of children a node can have in the AST. Because the maximum distance a node
can have in the AST is O(log(n), this leads to a runtime of O(cyqaalog(n)?) for
the second phase. Note, that ¢4, is not really a constant due to the existence of
lists of AST nodes. Yet this makes the tree more balanced. But for any practical
applications (since the parser shall work in IDEs for humans) one can assume
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the length of those lists as being limited, so the runtime of O(log(n)? + 1) with
[ being very small for a real programming language is archived.

The algorithm was designed with the target of zero additional space cost in
mind. That is archived with one minor exception: In the AST that is produced
by PaGe every node has a direct parent reference. Without this reference the
AST could still be used, but in the second phase to determine the path from
the root node to the next unchanged token additional runtime cost of O(log(n)
would be required, not changing the complexity class but effectively halving the
incremental parsers performance in that phase.

3 Optimizations

Although the runtime complexity is near to optimal (see [6]) and only non op-
timal because of some properties of PaGe or the input grammar, there is still
room for some optimizations:

3.1 Sibling Ascension

After the constraining node C has been parsed, the complete right hand side of
the AST can be reused by the incremental parser. This means that instead of
walking up the tree from the bottom, one could reuse the right hand side siblings
of C' directly. Then the sibling of Cs parent and so on.

Since C' is not calculated explicitly, we implemented this again implicitly by
checking if the siblings of the last reused node in phase two can be reused too.
Again this has the advantage that also children of C can be reused.

Obviously this speeds up the AST ascension in the second phase. Instead of as-
cending one level in O(cpqzlog(n)) with this optimization it is done in O(cmaq)-
Therefore the overall runtime is O(I¢ + log(n)) with Sibling Ascension enabled.
Although this seems to be a big performance gain, benchmarks (table 6) did
not support that assumption. In fact tested grammars showed a runtime of
O(l¢ + log(n)) in the above mentioned setup.

3.2 Lists

Another difficulty are the Lists that are used by PaGe: While grammar pro-
ductions like A — B* are transformed into recursive productions internally the
created actions form special tokens that expose a list interface instead of the
degenerated trees one would expect. Although the parser works with those lists
(they can be reconstructed in the second phase or completely reused in the first
phase), there is still some room for optimizations: The deconstruction of a list
could work by bisecting it and since it is clear that a list must be created in
the incremental run, if the first child covers more tokens than the maximum
lookahead one could try to split the list in a prefix and suffix part to speed up
the recreation. This is not yet implemented since that change might demand
changes of the batch parser which was not allowed by the current development
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concept.

3.3 Object Reusage

While the algorithm meets all requirements in runtime and space that were
mentioned above, its behaviour is suboptimal in the aspect of object reusage:
Though all nodes that have no changes are recycled (and some more that changed
their place inside the AST), the path from the AST root to the constraining node
C' is completely recreated even if it is not altered structurally.

Again one does not know this path because of the implicit calculation of C,
but it can only consist of nodes that were visited but not reused during the first
phase. Since every Action that the parser applies to the stack ”"knows” how much
Tokens it will remove from the Token Stack, it can easily check if the leftmost of
these tokens already has a parent and if this parent matches the Class that this
action would instantiate. If this is the case, instead of creating a new AST node,
that parent can be reused and populated with the new set of child nodes. Since
the parser creates the AST bottom up, that way every node that has children
in the ”"before” part of the AST will be reused, if possible.

Tokens|Batch (ms)|Incremental (ms) |Optimized (ms)
4906 74.3 1.9 5.5
5181 88.3 3.3 3.3
7423 105.9 4.5 3.6
8871 141.5 5.7 11.2
10046 |131.3 74 7.6
10088 |148.8 4.9 6.6
11212 |181.5 5.0 5.2
14385 |178.1 4.1 4.3
15720 |188.8 4.4 5.6
17208 |236.8 6.7 4.7
19568 |227.9 5.8 4.8
20295 (263.8 3.5 3.6
21861 [259.8 5.5 7.1

Fig. 6. Benchmarking results

3.4 Benchmarks

As mentioned above we tested the incremental parser by marking single input
tokens as changed (this can be easily done by deleting their parent reference).
Therefore the effect of I is minimized, making this benchmark somewhat syn-
thetic (one could consider this a realistic scenario for refactoring operations
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where e.g. identifiers are renamed).

The table in figure 6 shows the worst case runtime of the incremental parser and
the batch parser against the number of tokens in the file.

To minimize the influence of dynamic optimizations inside the JVM every bench-
mark was run ten times.

Surprisingly the optimization did not yield a significant advantage but some
major performance drawbacks. Obviously the overhead of the implementation
surpasses the advantage of ascending the tree in an optimized order. (Also it
should be clear that the pure tree ascension is extremely fast compared with the
parsing operations and reusable checks).

4 Example

N

xD—kC}—-

| Jj
I

X W X
Fig. 7. Example AST for G

As an example for the incremental parser consider the AST for G shown in
figure 7. This tree was constructed from the input x + y (x + x). If this input
is changed to x + x (x + x), the parser will enter the following configuration
after the first phase:

(23, Z4,8],0), 2, +, 2, (; &, 28], [X9])

The parser will then parse the + and y Terminals, entering:

([235 Zs, Zho, le$]7 D?gvagvﬁﬂv [Xvi’X$])

The next Terminal, ( is the leftmost Terminal of the A node which can then
directly be recycled:

([Z3, Z4, Z10, Z11, Z128], [8], [X, +, X, AS8])
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And after a final reduction reaching the final state Zy:
(123, Z43], [3], [E3])

In this example the only newly created node would be the new X node, since F
could be recycled by the above mentioned object reusage mechanism.

5 Conclusion

The proposed algorithm makes it possible to reconcile models from source code
in real time for arbitrary LR grammars. This allows IDE developers to create
sophisticated tools without having to struggle with complex tree algorithms.
The benchmarks taken from a real programming language source code reveal
that optimizations on the algorithm do not make a notable difference in the
time a reconciling operation takes. Therefore the tradeoff of additional complex-
ity and possible sources of errors must be considered when using the parser for
a given language.

This algorithm will be implemented for a IDE supporting the MOSILAB lan-
guage and revised based on the experiences from this application. Afterwards
the algorithm may be merged into PaGe.
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Generierung von
Hyperkantenersetzungsgrammatiken zur
Heapabstraktion

Christina Jansen! und Jonathan Heinen?

Lehrstuhl fiir Informatik 2, RWTH Aachen

Zusammenfassung. Bei der Verifizierung von heapbasierten, dynami-
schen Datenstrukturen stellen unendliche Zustandsrdume ein Problem
dar. Die potentiell unendliche Menge von Heapzustédnden 148t sich durch
Abstraktion endlich reprisentieren und mithilfe dieser Reprisentation
durch Techniken wie Model Checking verifizieren. Grundlage dieser Ab-
straktion sind Hyperkantenersetzungsgrammatiken, wobei die Form ei-
ner geeigneten Grammatik stark von der zugrundeliegenden Datenstruk-
tur und der Anwendung abhéngt. Erfiillt sie dabei alle notwendigen
Eigenschaften bezeichnet man sie als Heapabstraktionsgrammatik. Wir
mochten vorstellen, wie die Konstruktion einer solchen Heapabstrakti-
onsgrammatik ablauft und wie das Lernen von Produktionsregeln wahrend
der Programmausfithrung aussehen kann.

1 Einleitung

Heapbasierte Datenstrukturen spielen in den heutigen Programmiersprachen ei-
ne wichtige Rolle. Dadurch, dass zur Laufzeit Objekte erstellt oder entfernt wer-
den konnen, und damit die Menge der Heapzustéande im Allgemeinen unendlich
und zur Kompilierzeit unabsehbar ist, stellen sie fiir die meistgenutzten Verifi-
kationstechniken ein Problem dar. Man ist daher bemiiht potentiell unendliche
Strukturen durch endliche Abstraktionen zu représentieren ohne relevante In-
formationen zu verlieren.

Eine Moglichkeit zur Abstraktion von Heapzustdnden bietet das Konzept der
Hyperkantenersetzungsgrammatiken (HRGs) [1]. Dabei wird ein Heapzustand
durch einen Hypergraphen reprasentiert, die Produktionsregeln der Grammatik
werden zum Abstrahieren und Konkretisieren der Hypergraphen angewandt. Die
grundlegende Idee besteht darin, die Riickwértsanwendung von Produktionsre-
geln zuzulassen, diesen Vorgang bezeichnen wir als Abstraktion. Falls notwendig
konnen abstrahierte Teilgraphen durch normale Regelanwendung wieder konkre-
tisiert werden. Dies hat zur Folge, dass keine Semantik fiir die abstrakten Teile
der Graphen gebraucht wird, da Operationen nur auf konkreten Teilgraphen
ausgefithrt werden miissen. [2]

Zur korrekten Abstraktion von Heapzustdnden muss eine HRG einige notwen-
dige Eigenschaften erfiillen, damit z.B. gewéhrleistet wird, dass keine relevanten
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Informationen verloren gehen etc. Die riickwértige Nutzung von Produktions-
regeln fithrt zusétzlich zu weiteren Anforderungen an die Grammatik, damit
Dinge wie Terminierung oder die Existenz entsprechender Konkretisierungsre-
geln garantiert werden konnen. Fiir die Abstraktion geeignete HRGs nennen
wir Heapabstraktionsgrammatiken. Die Konstruktion einer solchen zu einer ge-
gebenen Grammatik 18t sich automatisch durchfithren, die Idee dabei ist es,
die HRG in eine spezielle Normalform zu bringen aus der sich die gewiinschten
Eigenschaften durch einfache Schritte ableiten lassen.

Eine Frage bei diesem Ansatz der Heapabstraktion ist weiterhin die Wahl
einer geeigneten Eingabegrammatik. Denn es existiert keine universelle Heapab-
straktionsgrammatik, vielmehr héngt diese stark von dem betrachteten Problem
ab und muss individuell fiir dieses erstellt werden. Man hat demnach verschie-
dene Maoglichkeiten eine HRG zu bestimmen: manuell durch genaue Betrach-
tung der Datenstruktur und der zu verifizierenden Anwendung, Inferenz einer
Grammatik durch Eingabe einer Beispielmenge von Graphen und Lernen von
Grammatikregeln wihrend der Programmausfithrung.

Sowohl die Konstruktion einer Heapabstraktionsgrammatik anhand einer
speziellen Normalform als auch den Ansatz des Lernens einer HRG durch Kom-
bination der drei oben genannten Mo6glichkeiten, mochten wir hier vorstellen.

2 Hypergraphen & HRGs

Bevor wir zu Themen wie Heapabstraktion und dem Lernen von HRGs kommen,
betrachten wir vorerst die Grundlagen von Hypergraphen und der Kantenerset-
zung.

2.1 Hypergraphen

Hypergraphen stellen eine Generalisierung der weit verbreiteten, ”normalen”
Graphen dar. Formal lassen sie sich durch ein 5-Tupel (V| E, lab, att, ext) be-
schreiben, wobei sie wie gewohnt Knoten V' und Kanten E besitzen. Letzteren
wird durch die Funktion lab : E — X eine Bezeichnung aus dem Alphabet X' zu-
gewiesen. Kanten in Hypergraphen diirfen eine beliebige Anzahl von anliegenden
Knoten besitzen, die Attraktor-Funktion att : E — V* ordnet dabei jeder Kan-
te die zugehorigen Knoten zu. Zuletzt diirfen Knoten als extern gekennzeichnet
werden, sie werden durch die ext-Menge beschrieben und ihre Anzahl bestimmt
den Rang des Hypergraphen.

Eine graphische Darstellung eines Hypergraphen findet sich in Abb. 1. Er
besitzt drei Knoten, wobei einer als extern markiert ist. Aulerdem enthélt er zwei
Hyperkanten, eine Terminalkante (hier als iibliche gerichtete Kante dargestellt)
mit der Beschriftung n und eine Nichtterminalkante, die mit X bezeichnet ist.

2.2 HRGs

Eine Hyperkantenersetzungsgrammatik (engl. hyperedge replacement grammar)
ermoglicht das Ableiten von Terminalgraphen durch gezielte Ersetzung von Hy-
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Abb. 1. Beispiel-Hypergraph

perkanten. Sie wird analog zu String-Grammatiken iiber ein 4-Tupel G = (N, T, P, S)
formalisiert, dessen Nichtterminalsymbole N und Terminalsymbole T' das Alpha-
bet X = N UT bilden mit TN N = . Die Produktionsregeln (X, H) € P sind
auf der linken Produktionsregelseite durch Nichtterminale X € N beschriftet
und enthalten einen Hypergraphen H auf der rechten Regelseite. Sie werden an-
gewandt indem eine mit X beschriftete Hyperkante durch H ersetzt wird. Dabei
werden die externen Knoten von H auf die an der Hyperkante anliegenden Kno-
ten abgebildet. Einen solchen Ableitungsschritt nennen wir Kantenersetzung.
Abbildung 2 zeigt eine HRG fiir einfach verkettete Listen, denn ihre Sprache
— die Menge der ableitbaren Terminalgraphen — enthélt alle Listen, in denen
jedes Objekt einen Zeiger auf seinen Nachfolger besitzt. Eine beispielhafte Ab-
leitungsfolge, die eine solche Liste zum Ergebnis hat, ist in Abb. 3 zu finden.

b @T’@‘@n©1g2@

Abb. 2. HRG: einfach verkettete Liste

O+1@-O+-O+1H=O-0O—+—0O—+0

Abb. 3. Kantenersetzung: einfach verkettete Liste

3 Heapabstraktionsgrammatiken

Wie bereits erwahnt lassen sich HRGs als Abstraktionsmechanismus fiir eine
Menge von Heapzustanden nutzen. Betrachten wir genauer wie Heapzustande
als Graph dargestellt und durch die Produktionsregeln der HRG abstrahiert
werden.
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3.1 Heapreprasentation

Wir reprasentieren Heapzustédnde durch Hypergraphen, indem wir Variablen und
Zeiger durch entsprechende Kanten darstellen. Ein solcher Hypergraph wird
dann Heapkonfiguration genannt. In ihm stellen Terminalkanten vom Rang 2
Zeiger dar und Terminalkanten vom Rang 1, die mit Variablen beschriftet sind,
entsprechen den Variablen im Heap. Eine Heapkonfiguration mit einer Varia-
blen x und Selektoren n ist in Abb. 4 dargestellt. Programmanweisungen, die
den Heap manipulieren, werden analog im Hypergraphen durchgefiihrt. Eine An-
weisung zur Loschung eines Objektes ist dabei nicht vorgesehen, dies geschieht
stattdessen durch eine Zuweisung von nil. Abbildung 5 zeigt die Umsetzung der
wichtigsten Programmanweisungen im Hypergraphen.

1 1

vy OO0 L 50— - =0
1

il O—=O—-0— L 50— -+ =0

Abb. 5. Programmanweisungen

3.2 Heapabstraktion

Als weiterer Schritt soll nun eine Menge von Heapzustdnden durch eine Heap-
konfiguration dargestellt werden. In Abbildung 4 haben wir schon eine Heap-
konfiguration, in der bereits Teile eines Heaps durch die Hyperkante mit dem
Bezeichner L abstrahiert wurden, gesehen. Nichtterminalkanten représentieren
immer einen abstrakten Teilgraphen und damit Teile eines Heaps. Ein Abstrak-
tionsschritt entspricht dabei einer riickwértigen Produktionsregelanwendung auf
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O+O+@" = O+O-—T+0

Abb. 6. Heapabstraktion

einer Heapkonfiguration. Legen wir die HRG aus Abb. 2 zugrunde, ist ein Ab-
straktionsschritt in Abb. 6 zu sehen.

Wie bereits erwahnt fithrt die Zuldssigkeit der Riickwértsanwendung von
Produktionsregeln zu einigen problematischen Ableitungen, die allerdings durch
zusatzliche Anforderungen an die HRG vermieden werden kénnen. Eine zuléssige
Heapabstraktionsgrammatik muss die folgenden Eigenschaften besitzen:

— Produktivitat

— Wachstum

— Variablenfreiheit

— Typisierung

— Lokale Apex-Eigenschaft

Produktivitat wird gefordert, damit keine Hypergraphen abstrahiert werden
konnen, die spater nicht mehr zu Terminalgraphen konkretisiert werden kénnen.
Wachstum der Produktionsregeln wird bendtigt um die Terminierung von Ab-
straktionsschritten gewahrleisten zu kénnen. Die Variablenfreiheit stellt sicher,
dass keine wichtigen Informationen iiber Programmvariablen bei der Abstrak-
tion verloren gehen, denn sie verbietet das Vorkommen von Variablenbezeich-
nern in rechten Produktionsregelseiten. Die Typisierung der Grammatik stellt
sicher, dass aus mehrfachen Ableitungsschritten keine unzuldssigen Hypergra-
phen entstehen. Sie fordert, dass jedes Nichtterminal einen festen Rang und
feste ausgehende Terminalkanten an den externen Knoten besitzt. Die lokale
Apex-Eigenschaft gewahrleistet, dass immer, wenn ein Konkretisierungsschritt
notig ist, eine geeignete Produktionsregel existiert, die innerhalb eines Ablei-
tungsschrittes an der gewiinschten Stelle einen konkreten Teilgraphen generiert.
Die Problematik, sollte dies nicht der Fall sein, 1483t sich an einem kurzen Beispiel
gut veranschaulichen.

Beispiel 1. Betrachten wir wiederum die in Abb. 7 diesmal leicht modifizierte
HRG fiir einfach verkettete Listen sowie die Heapkonfigurationen aus Abb. 5. Soll
nun an dem Knoten, an dem die Variablenkante y anliegt, konkretisiert werden —
weil z.B. z := y.n ausgefiihrt werden soll — ist die einzige am betreffenden Knoten
konkretisierende Produktionsregel die Terminalregel der Grammatik. Wird die-
se jedoch angewandt, lassen sich mit der resultierenden Heapkonfiguration keine
Listen beliebiger Linge mehr ableiten. Es muss daher durch eine Eigenschaft
sichergestellt werden, dass immer eine geeignete Produktionsregel zur Konkreti-
sierung vorliegt.

Von diesen fiinf Eigenschaften lassen sich Produktivitat, Variablenfreiheit
und Typisierung relativ leicht sicherstellen. Die verbliebenen zwei — Wachstum
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b= @_n’@‘@lg2©n@

Abb. 7. Heapabstraktion

und lokale Apex-Eigenschaft — erfordern eine komplexe Konstruktion um ei-
ne dquivalente Grammatik mit diesen Eigenschaften zu erhalten. Die Idee die-
ser Konstruktion beruht darauf, die Eingabegrammatik in eine Normalform zu
bringen, anhand derer es dann mit einfacher Kantenersetzung moglich ist ei-
ne Heapabstraktionsgrammatik abzuleiten. Einen Ansatz zur Konstruktion von
dquivalenten HRGs mit Apex-Eigenschaft wird in [3] vorgestellt. Dieser fordert
einerseits eine zu starke Eigenschaft, was zu unnétig grossen Regeln fiihrt, da
wir lediglich lokale Apex-Eigenschaft bendtigen. Andererseits 148t er sich nur
fiir Grammatiken anwenden, deren Sprachen beschrankt sind. Da aber Daten-
strukturen wie z.B. gewurzelte Baume oder Listen mit Zeigern auf den Wurzel-
knoten darstellbar sein sollen, ist diese Konstruktion fiir unsere Zwecke nicht
ausreichend. Die Idee 1483t sich allerdings auch auf fiir die von uns benétigte lo-
kale Apex-Eigenschaft mit einigen Anpassungen iibertragen. Sie stellt weiterhin
implizit auch Wachstum der Grammatik sicher. Auch fiir unseren angepassten
Ansatz 1488t sich die Gleichheit der Sprachen von Eingabe- und resultierender
Grammatik zeigen.

4 Lernen von HRGs

Wie wir bereits gesehen haben, lassen sich HRGs zur Verifizierung von dynami-
schen, heapbasierten Datenstrukturen einsetzen. Weiterhin ist es auch in vielen
Fallen moglich zur Eingabegrammatik eine dquivalente, zulassige Heapabstrak-
tionsgrammatik zu konstruieren. Eine Herausforderung besteht vor jedem Verifi-
kationsprozess noch darin, eine entsprechende Eingabegrammatik zu bestimmen.

Ein Ansatz zur Inferenz einer HRG aus einer Beispielmenge von Graphen
ist in [4] zu finden. Er setzt sich zusammen aus vier Basis-Funktionen — INIT,
RENAME, DECOMPOSE und REDUCE —, die in beliebiger Reihenfolge und
beliebig oft aufgerufen werden, um Produktionsregeln abzuleiten. Man kann zei-
gen, dass die so entstehenden HRGs kontextfrei sind und alle Graphen aus der
Beispielmenge erkennen und damit einer Uberapproximation entsprechen. Der
Algorithmus ist allerdings hochgradig nichtdeterministisch und damit fiir unsere
Anwendung nicht direkt nutzbar.

Um eine deterministische Variante zu erhalten, haben wir einige Heuristi-
ken eingefiihrt, wie z.B. das Zusammenfassen von gleichartigen Nichtterminal-
Bezeichnern oder die Berechnung des minimalen Schnitts als Bestimmungshilfe
fiir die Produktionsregeln. Weiterhin erlauben wir das Lernen der HRG wéhrend
der Ausfithrung. Sobald ein Heapzustand auftritt, der nicht vollstdndig abstra-
hiert werden kann, wird er zur Beispielmenge hinzugefiigt und damit Produkti-
onsregeln erlernt, die seine Abstraktion ermdoglichen. Die Zuldssigkeit der HRG
wird dabei durch die im vorangegangen Abschnitt vorgestellte Konstruktion her-
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gestellt. Ein solcher Ansatz bietet den Vorteil, dass zu Beginn keine Beispielmen-
ge von Graphen als Eingabe geliefert werden muss, sondern diese wahrend der
Programmausfiihrung automatisch entsteht. Dies fiihrt dazu, dass alle auftreten-
den Heapzusténde vollsténdig abstrahiert werden kénnen, denn entsprechende
Regeln werden bei Bedarf erlernt. Wir erlauben weiterhin die Eingabe einer HRG
zu Beginn, diese ist jedoch nicht mehr zwingend notwendig.

Testldufe, die unsere Version vom Inferenzalgorithmus aus [4] benutzten, er-
zielten fiir viele géngige Datenstrukturen wie einfach und doppelt verkettete
Listen, bindre Baume etc. als Resultat eine HRG, die der manuell erstellten
Grammatik sehr dhnelte oder sogar vollstandig gleich war.
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Combining Automated Reasoning and Algebraic
Methods in Theorema

Tudor Jebelean
RISC, Johannes Kepler Universitit Linz

We present some applications of the Theorema system to the generation of in-
variants for imperative loops and to automated proving in elementary analysis,
which are based on the interaction of logic techniques with methods from com-
puter algebra and from algebraic combinatorics.

The Theorema project (www.theorema.org), provides an uniform logic frame
for the exploration of mathematical theories — [1], based on automatic reasoning.

The use of combinatorial and algebraic methods in conjunction with auto-
mated reasoning leads to powerful analysis tools, because they allow the auto-
matic generation of inductive assertions for programs [4] — joint work with Laura
Kovacs. The method generates all the invariants which can be represented as
polynomial equations (in fact, a basis for the ideal generated by the correspond-
ing polynomials) in two stages: first the recursive equations corresponding to the
evolution of loop variables are transformed into closed formulae (depending on
the loop counter) using combinatorial techniques; second these closed forms are
used in successive applications of the Buchberger algorithm in order to find out
the invariant ideal.

We also show how to significantly enhance the power of automatic provers
[5,3] — joint work with Bruno Buchberger and Robert Vajda — in particular
for reasoning in numeric domains (reals, integers) by using the CAD method
(Cylindrical Algebraic Decomposition) in order to generate natural proofs in
elementary analysis (the so called epsilon—delta proofs). Namely, by applying the
S-Decomposition [2] logical technique we decompose the original proof problem
into several numerical conjectures which involve existential quantifiers, whose
witnesses are then found by CAD. This combination of techniques builds a prover
with the distinctive feature that it does not need all the axioms of the underlying
domain (e.g. the reals), but it automatically finds the appropriate lemmata which
are necessary for completing the proof.
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Abstract. Code-coverage-based testing is a widely-used testing strategy with the
aim of providing a meaningful decision criterion for the adequacy of a test suite.
Code-coverage-based testing is also used for the development of safety-critical
applications, as the modified condition/decision coverage (MCDC) is proposed
by the DO178b document.

One critical issue of code-coverage testing is that they are typically applied to
source code while the generated machine code may result in a different code
structure due to code optimizations performed by an compiler. In this work we de-
scribe the automatic calculation of coverage profiles describing which structural
code-coverage criteria are preserved by which code optimization. These coverage
profiles allow to easily extend compilers with the feature of preserving any given
code-coverage criteria by enabling only those code optimizations that preserve it.

1 Introduction

Testing is an established and accepted technique to increase the confidence in the cor-
rectness of a computer system. In contrast to formal verification, testing is not aimed to
cover the full behavior of the system. But in contrast to formal verification, testing has
the strong advantage that it operates on the real operation, including all low-level system
details and physical behavior. Formal verification on the other side allways resides at a
certain abstraction level, allowing the full behavioral coverage at this abstraction level.
Thus, testing and formal verification are complementary approaches, both are necessary
for the development of safety-critical systems.

Within this paper we focus on the testing part of verification, addressing the chal-
lenges towards portable test-data generation. Derivation or generation of test data is
preferably done at the same level where the program is developed, typically a high-level
programming language or any modeling environment with automatic code generation.
First, this is the preferred way to do if the test data are written manually. Second, this
is also beneficial for automatic test-data calculation, as it allows to reduce complexity
by taking benefit of the abstract program representation. Thirst, this is preferred for
portability issues, like cross-platform testing.

* The research leading to these results has received funding from the Austrian Science Fund

(Fonds zur Forderung der wissenschaftlichen Forschung) within the research project “Sustain-
ing Entire Code-Coverage on Code Optimization” (SECCO) under contract P20944-N13.
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We assume that test-data generation is guided by structural code coverage, for ex-
ample, statement coverage, condition coverage, or decision coverage. Structural code-
coverage on its own is not a very robust coverage metric for software testing, but it is a
useful complementary metric that indicates program locations of weak coverage by test
data.

Using source-code based derivation of test data, it is the challenge to ensure that
the test data fulfill an analogous structural code-coverage metric at the machine-code
level as they achieve at source-code level. We call it analogous code-coverage metric,
because several structural code-coverage metrics make no sense at machine-code level,
because, for example, the grouping of several conditions to a decision is a source-level
concept that is not available at machine-code level. If a compiler performs complex
code optimizations that, for example, introduce new paths or change the reachability
of some statements [1], this may disrupt the structural code coverage achieved at the
original program.

We propose an approach toward the preservation of structural code coverage when
transforming the program [2, 3]. For this we use a so-called coverage profiles, i.e., a
pre-calculated table that specifies for each structural code-coverage metric which code
transformations of the compiler guarantee to preserve it. Such a coverage profile can be
easily integrated into a compiler such that only those code transformations are enabled
that preserve the chosen structural code coverage. The conceptual integration of cover-
age profiles into a compiler is shown in Figure 1. In this paper we focus on the abstract
specification of code transformations and on the calculation of the coverage profiles.

Coverage
[Source Codg [ Selection ]
Coverage—-Preserving Compiler

Intermediate
Code

Coverage Preservation Guard

Code Coverage
Optimization X Profile X

Intermediate

Code

Object Code

Fig. 1. Application of a Coverage Profile

Besides the functional software testing, the preservation of structural code coverage
is also of high interest for hybrid timing analysis, i.e., an approach to determine the tim-
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ing behavior of a program based on the combination of execution-time measurements
and program analysis [4, 5].

2 Structural Code Coverage for Software Testing

Structural code-coverage criteria are testing metrics to quantify the control-flow cover-
age of the program for a given set of test data. In this section we describe a few exem-
plary structural code-coverage metrics to show the calculation of compilation profiles.
Formal definitions of some additional structural code-coverage metrics can be found
in [3, 6].

2.1 Basic Definitions

In the following we give a list of basic definitions that are used to formally describe
properties of structural code coverage and conditions for preserving structural code
coverage:

Program P denotes the program before (F;) and after (P») the transformations for
which we want to preserve structural code coverage.

Control-flow graph (CFG) is used to model the control flow of a program [7]. A CFG
G = (N, E, s,t) consists of a set of nodes N representing basic blocks (see below), a
set of edges E/ : N x N representing the control flow (also called control-flow edges),
a unique entry node s, and a unique end node .

Basic block of a program P is a code sequence of maximal length with a single entry
point at the beginning and with the only allowed occurrence of a control-flow statement
at its end. We denote the set of basic blocks in a program P; as B(P;).

Decision is a Boolean expression composed of conditions that are combined by
Boolean operators. If a condition occurs more than once in the decision, each occur-
rence is a distinct condition [8]. However, the input of a decision is the set of its con-
ditions without duplicates. A decision is composed of one or more basic blocks. We
denote the set of decisions of a program P; as D(F;).

There are programming languages, where decisions are hidden by an implicit con-
trol flow. For example, in ISO C due to the short-circuit evaluation the following state-
ment a = (b && c); contains the decision (b && c). The short-circuit evalua-
tion of ISO C states that the second argument of the operators && and | | is not evalu-
ated if the result of the operator is already determined by the first argument. The correct
identification of hidden control flow is important, for example, to analyze decision cov-
erage. See [3] for further details with respect to code coverage.

Condition is a Boolean expression. We consider only lowest-level conditions, i.e.,
conditions that do not contain operators with Boolean arguments [8]. A condition is
composed of one or more basic blocks. We denote the set of conditions of a decision d
as C(d). The set of all conditions within a program P; is denoted as C(P;).
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Input data ID defines the set of all possible valuations' of the input variables of a
program.

Test data TDD defines the set of valuations of the input variables that have been gener-
ated with structural code coverage analysis done at source-code level. Since exhaustive
testing is intractable in practice, TID is assumed as a true subset of the program’s input
data space ID: TD C ID. If we would aim for exhaustive testing (TD = D) there
would be no challenge of structural code-coverage preservation.

Note that a test case consists, besides the test data, also of the expected output
behavior of the program. Since we are primarily concerned with the preservation of
structural code coverage with consider only the test data.

Reachability valuation IV (x) defines the set of valuations of the input variables that
trigger the execution of expression x, where x can be a condition, decision, or a basic
block.

Satisfiability valuation IV (x), IVr(x) defines the sets of valuations of the input
variables that trigger the execution of the condition/decision = with a certain result of
x: I'Vp(z) is the input-data set, where x evaluates to TRUE and I Vp(x) is the set, where
x evaluates to FALSE. The following properties always hold for IV (z), IVr(z):

V()N IVE(z) 20
IVp(z) UIVe(x) = IVg(2)

Consider the following example of C code to get an intuition about the meaning of
the satisfiability valuations:

void £ (int a,b) {
if (a==3 && b==2)
return 1;
return 0;

}

For this code fragment we assume
IVg(a==3) = {{(a,b) | a,b € int}
From this assumption it follows that
IVr(b==2) = {(3,b) | b € int}

(and not the larger set {{(a,b) | a,b € int} due to the hidden control flow caused by
the short-circuit evaluation of ISO C [3]). It follows that

IVr(o==2) = {(3,2)}

! Valuation of a variable means the assignment of concrete values to it. The valuation of an
expression means the assignment of concrete values to all variables within the expression.
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Only those input data that trigger the execution of condition b==2 and evaluate it to
TRUE are within IVr(b==2). With (3,2) the conditions a==3 and b==2 are both
executed and evaluated to TRUE. Further, it holds that

IVp(b==2) = {(3,b) | b€ int Ab# 2}

The definitions of IVx(x), IV (z), and IVp(z) depend on whether the program-

ming language has hidden control flow, for example, the short-circuit evaluation of
ISO C [9].

2.2 Statement Coverage (SC)

Statement coverage (SC) requires that every statement of a program P is executed at
least once. Statement coverage alone is quite weak for functional testing [10] and should
best be considered as a minimal requirement. Using above definitions, we can formally
define SC as follows:

VbeB(P). (TD N IVR(b)) # 0 (1)

Note that the boundary recognition of basic blocks B(P) can be tricky due to hidden
control-flow. A statement in a high-level language like ISO C can consist of more than
one basic block. For example, the ISO C statement £= (a==3 && b==2); consists
of multiple basic blocks due to the short-circuit evaluation order of ISO C expressions.

Remark 1. Source-line coverage is sometimes used as an alternative to SC in lack of
adequate testing tools. However, without the use of strict coding guidelines, source-line
coverage is not a serious testing metrics, as it is possible to write whole programs of
arbitrary size within one source line.

2.3 Condition Coverage (CC)

Condition coverage (CC) requires that each condition of the program has been tested
at least once with each possible outcome. It is important to mention that CC does not
imply DC. A formal definition of CC is given in Equation 2.

VeeC(P). (IVp(c) NTD) # 0 A (IVr(c) N TD) # 0 )

Remark 2. Above definition of CC requires in case of short-circuit operators that each
condition is really executed. This is due the semantics of IVr(),IVr(). However, often
other definitions are used that do not explicitly consider short-circuit operators (as, for
example in [11]), thus having in case of short-circuit operators only a “virtual” coverage
since they do not guarantee that the short-circuit condition is really executed for the
evaluation to TRUE as well as for the evaluation to FALSE.

2.4 Decision Coverage (DC)

Decision coverage (DC) requires that each decision of a program P has been tested
at least once with each possible outcome. Decision coverage is also known as branch
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coverage or edge coverage.

VdeD(P). (IVy(d) N'TD) # O A (IVe(d) N'TD) # @ 3)

3 Preservation of Structural Code Coverage

The challenge of structural code-coverage preservation is to ensure for a given structural
code coverage of a program P; that this code coverage is preserved while the program
P is transformed into another program P,. This scenario is shown in Figure 2. Of
course if a program will be transformed, also the sets of basic blocks B or the set of
program decisions D may get changed. As shown in Figure 2, the interesting question
is whether a concrete code transformation preserves the structural code coverage of
interest.

Program P, transfoﬂ)ﬁ Program P,
(PS1, By, D1) ‘7 (PS2, By, D)
coverage( Py, TD) = coverage( Py, TD)

Fig. 2. Coverage-Preserving Program Transformation

When transforming a program, we are interested in the program properties that
must be maintained by the code transformation such that a structural code coverage of
the original program by the test-data set TID is preserved to the transformed program.
Based on these properties one can adjust a source-to-source transformer or a compiler
to use only those optimizations that preserve the intended structural code coverage.
These coverage-preservation properties to be maintained have to ensure that whenever
the code coverage is fulfilled at the original program by some test data TDD then this
coverage is also fulfilled at the transformed program with the same test data:

VTD. coverage(Py, TD) = coverage(Ps, TD) 4)

In the following we present several coverage preservation criteria taken from [3].
We use these coverage preservation criteria together with abstract descriptions of the
code transformations for the calculation of the coverage profiles.

3.1 Preserving Statement Coverage (SC)

Equation 5 of Theorem 31 provides a coverage preservation criterion for statement
coverage. Equation 5 essentially says that for each basic block o’ of the transformed
program there exists a basic block b of the original program such that reaching b with a
given test vector implies that also b’ is reached with the same test vector.
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Theorem 31 (Preservation of SC) Assuming that a set of test data TID achieves state-
ment coverage on a given program P, then Equation 5 provides a sufficient - and
without further knowledge about the program and the test data (there is now knowledge
about the test data or the program assumed), also necessary - criterion for guaran-
teeing preservation of statement coverage on a transformed program Ps. (Proof given

in[3])

Vb €B(Py) IeB(Py). IVR(Y) D IVR(b) (5)

3.2 Preserving Condition Coverage (CC)

To define a coverage preservation criterion for CC (Theorem 32) we use the auxiliary
predicate touches_ID(x, ID) given in Equation 6.

The predicate touches_ID(x,ID) is only TRUE if the set of input data ID in-
cludes at least the true-satisfiability valuation IV (z) or the false-satisfiability valu-
ation I'Vp(z) of expression x, where z is either a condition or a decision. The predicate
touches_ID(x, ID) is used for the coverage preservation criterion of CC (and also DC)
to test whether the evaluation of any expression x of the original program to both, TRUE
and FALSE, implies that the test data include at least one element of D, needed for the
coverage of an expression in the transformed program.

touches_ID(x, ID) = (IVp(x) C ID) v (IVp(z) C ID); (6)

Equation 7 states that for each condition ¢’ of the transformed program there exists
at least one condition of the original program whose coverage implies that ¢’ evaluates
to TRUE and there exists at least one condition of the original program whose coverage
implies that ¢’ evaluates to FALSE.

Theorem 32 (Preservation of CC) Assuming that a set of test data TD achieves con-
dition coverage on a given program P, then Equation 7 provides a sufficient - and
without further knowledge about the program and the test data, also necessary - cri-

terion for guaranteeing preservation of condition coverage on a transformed program
Ps. (Proof given in [3])

V' €C(Py). 3ceC(Py). touches _ID(c, IVr(c')) A
dceC(Py). touches_ID(c, IVr(c')) @)

3.3 Preserving Decision Coverage (DC)

To define a coverage preservation criterion for DC (Theorem 33) we use the auxiliary
predicate touches_ID(x, ID) given in Equation 6, which is also used for preserving
CC.
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Equation 8 of Theorem 33 provides a coverage preservation criterion for decision
coverage. Equation 8 essentially says that for each decision d’ of the transformed pro-
gram there exists at least one decision of the original program whose coverage implies
that d’ evaluates to TRUE and there exists at least one decision of the original program
whose coverage implies that d’ evaluates to FALSE.

Theorem 33 (Preservation of DC) Assuming that a set of test data TID achieves de-
cision coverage on a given program Py, then Equation 8 provides a sufficient - and
without further knowledge about the program and the test data, also necessary - crite-
rion for guaranteeing preservation of decision coverage on a transformed program Ps.
(Proof given in [3])

Vd'€D(Py). 3deD(Py). touches _ID(d, IVy(d')) A
3deD(Py). touches_ID(d, [Vg(d')) ®)

4 Automatic Calculation of Compilation Profiles

This section discusses the concepts and implementation behind automatic calculation
of coverage profiles.

4.1 Program Model

For modeling control flow, the sequence of execution is defined by a set of labeled CFG
edges R: E x A x A, where E : N x N are the CFG edges with N : BUC U {s, t},
AAT, Fyx{T,F,X},and A : {61, ...,0r| }. The special labels A and A are used to
include information about control flow that depends on condition/decision evaluations
and influence of input valuations.

Condition/decision labels ¢ € A are used in case of condition nodes to determine the
path a program uses when the control flow forks depending on the result of a condition
evaluation. For flexibility in assigning condition results to different decision outcomes
the condition/decision labels are two-parted. The first part defines the condition evalu-
ation result using the symbols 7" and F' for true and false. The second part of the label
determines the decision result correlated with the condition result accumulated so far. It
canbe T, I or X if the decision outcome is not yet determined. Note that X is only al-
lowed for edges originating and destinating inside the decision hypernode. All outgoing
edges of a decision must carry a unique decision-label with 7" or F'.

Each edge e; in the graph is assigned a valuation set §; € A. This valuation set
represents all the valuations of the program input that trigger the execution of a path
going through edge e;. For each node v, except s and ¢, we have a continuity relation of

the form
U &= U 4 9)
e;€IN (v) e; €0UT(v)

where IN (v) denotes the incoming edges of v and OUT (v) the outgoing edges of v.
In other words, execution paths entering a node must leave the node at least on one
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outgoing edge. The only exceptions are the entry-node s being the source and the exit-
node ¢ being the sink of each execution path.

4.2 Analyzing Code Optimizations

For analyzing the effect of code optimizations we model the valuation relations between
the original and the transformed code. Based on the continuity relation (Equation 9) it
is easy to obtain simple subset relations (C) between the valuation sets on incoming
and outgoing edges inside each program graph. This can be done by walking through
each node of the CFG and applying the continuity relation in forward and backward
direction. These subset relations are the basic input for coverage preservation analysis.

A code transformation adds additional relations of valuation sets between the origi-
nal and the transformed code, characterizing how the transformation forms the valuation
sets of the edges in the transformed code based on the valuation sets of the edges in the
original code. These relations can be propagated along the CFG based on the transitivity
of subset relations.

4.3 The Mathematica Implementation

The implementation of the coverage-profile calculation was done using Mathematica, a
fully integrated environment for technical and mathematical computing [12].

In a preparation-phase the control-flow graphs with the node sets B and C, the
decision set D and the edge set R must be converted to the internal data structures of
the program system. Each edge e in R is implemented as a tuple (v, w, £, §;) where v is
the start- and w is the end-point of the edge. ¢ is the two-parted condition/decision label
as described above (or empty if the edge is not originating at a condition node) and ¢ is
a unique identifier for the valuation set.

Reachability and satisfyability valuation are reproduced internally by collecting the
valuation sets on incoming and outgoing edges. IV (x) is calculated as abstract union
of all valuation sets on the incoming edges of node x. To calculate IV (z) the union
of all outgoing edges of « labelled with T" are calculated and for IV (z) all edges with
label F' are mentioned. Dependent wether x is a condition or a decision, the information
is extracted from the condition or decision label.

We construct an auxiliary graph (derived from the CFG) for maintaining the equality
relations (=) or subset relations (C) between valuation sets. The nodes of the auxiliary
graph represent valuation sets or unions of valuation sets. A directed edge §; — 9; is
included in the support graph iff 6; O J; is true. In case of §; = J; the auxiliary graph
contains edges between §; and J; in both directions.

After constructing auxiliary graphs for the original code as well as the transformed
code, these graphs are glued together by adding the additional relations caused by the
code transformation. These subset relations form the abstract description of the code
transformation that we use for the calculation of the coverage profiles. Creating a graph-
reconstruction language [13, 14] that records the transformation relation while recon-
structing the CFG is a possible extension for the future.

So far we have implemented preservation analyses for statement coverage (SC),
condition coverage (CC), and decision coverage (DC). They get descriptions of the
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original CFG and the transformed CFG. Beside documentary information they output
a verdict true or false about the ability of the transformation to preserve the mentioned
coverage. The correctness of this verdicts relies on providing a correct and precise ab-
stract description of the code transformation.

5 Examples of Analyzing Coverage-Preservation

This sections shows the coverage preservation analysis for several code optimizations.
To avoid confusion when relating the valuation sets of the original code and the trans-
formed code, we denote J; the valuation sets of the original code and p; the valuation
sets of the transformed code. The results on coverage preservation are summarized in
Table 1.

5.1 Condition Reordering with Short-Circuit Evaluation

Algebraic simplifications use algebraic properties of operators like associativity, com-
mutativity and distributivity to simplify expressions [1]. Although these simplifications
produce logically equivalent expressions, they may cause unexpected changes in the
flow of control. Under certain circumstances these changes can disrupt structural code
coverage if they change the order of conditions. This is demonstrated in the following
example of a branch with short-circuit evaluation.

The case study demonstrates condition reordering in an if-statement with two con-
ditions connected by a logical AND operator with short-circuit evaluation. In a pro-
gramming language the program code and the optimized code could look similar as in
the following C-styled example:

if (A && B ) if (B && A )
thenBlock thenBlock
changed to
else else
elseBlock elseBlock

Additionally, short-circuit evaluation of conditions is assumed, a technique used in sev-
eral programming languages. In C/C++, e.g., logical expressions inside an if-statement
are evaluated from left to right. If evaluation of further terms could not change the result
anymore, evaluation stops and the branch is executed immediately. In the example, the
second condition is not evaluated, if the result of the first condition evaluates to false.
Figure 3 shows the internal graph models for this use case with the original program
on the left side and the transformed program on the right side. As a convention the
symbols § are used to note the valuation sets of the original program and symbols
o are used for the transformed program. In the original program, the described short-
circuit branch is implemented with the edge from condition A to the else-block 4. In the
transformed program the short-circuit branch connects condition B with else-block 14.
Changing the condition order by swapping the conditions will not change the
valuation-sets of the decision result. This is denoted by the equality relations (=) be-
tween dg, 0 and d7, o7. Therefore, applying the preservation condition for DC (Equa-
tion 8) and for SC (Equation 5) will give a positive preservation verdict. But the distri-
bution of the valuation sets of the conditions inside the decision are changed. Condition
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Fig. 3. Transformation Relation for Condition Reordering (with short-circuit evalua-
tion)

B in the transformed code snippet will now decide on a bigger valuation set than in
the untransformed program while condition A in the transformed program decides on
a subset of the possible valuations. Applying the preservation condition for CC (Equa-
tion 7) therefore results in a negative preservation verdict.

The sample output of the implemented analyzing function in Figure 4 shows how
the function makes use of the preservation criteria to show, that statement coverage is
preserved. The tool walks through each statement node of the transformed code. Using
the continuity relation together with the additional subset relations on the valuation sets
it determines those valuation sets which are a subset of valuation set Vg (z) of the
currently investigated node x. Finally, it searches for a node in the original code with a
valuation-set that is member of the related valuation-sets. In the first case this happens
with node 3 and it’s valuation set Vg(3) = d4. The same principle is used to find node
4 as a counterpart for node 14.

The last line of the listing gives as the function result the final decision, which is
true in this case. This result can be used to be included into a coverage profile.

5.2 Loop Peeling

The transformation called loop peeling replaces the first £ iterations from the beginning
of a loop and inserts % copies of the body together with increment and test code of the
loop index variable immediately ahead of the loop [1]. A simplified example of this
optimization is shown in Figure 5, where the compiler has peeled out the first iteration
of the loop, placing one copy of the loop body and the loop termination test in front of
the loop.

From point of view of code coverage analysis, this little change in code structure
has severe effects on preservation of all coverage criteria. In the original program SC,
CC, and DC can be achieved by executing one iteration of the loop. After application of
the transformation, the same test data will not enter the loop, because the first iteration
has been executed in advance.
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** SC-Preservation **

B(P2): {13,14}

B(P1): {3,4}

———1

IVR(13)=={ps} of P2 is related with

{{04}, {06}, {pa} {ps}}

Nodes of P1 satisfying preservation condition: {3}
Accumulated scpf: True

——— 2

IVR(14)=={ps, ps} of P2 is related with

{{0s} . {05}, {07} . {ps} . {ps} . {pr} {05, 05}, {ps, ps}}
Nodes of P1 satisfying preservation condition: {4}
Accumulated scpf: True

True

Fig. 4. Sample Output Analyzing Statement Coverage for a IF-Statement with Two
Conditions (with short-circuit evaluation)

Formal analysis cannot prove coverage preservation, because the body of the loop
is only triggered by a subset g4 of the original valuation subset d5. Therefore SC will
fail for o’ = “B”, because no statement b in the original program could be found such
that Vg (b") 2 IVR(b). Proofing preservation of CC and DC fails for similar reasons.

5.3 Loop Inversion

Loop Inversion, in source-language terms, transforms a while loop into a do-while
loop [1]. The loop closing test is moved from the beginning of the loop to the end of
the loop. In the simplest case this requires, that it is save to execute the loop body at
least once. Otherwise, a test has to be generated in front of the loop to check the exit
condition. This latter case is illustrated in Figure 6.

Although the relation of the valuation sets between the original and the transformed
code contains many equalities, only statement coverage is preserved. This is, because
the moved loop closing decision in the transformed program only decides on a subset
of the input valuations compared with the original program, which is expressed by the
union operation (U) on the right side of the equality relation. This relation is induced
by the subset-relation between g; and g5.

5.4 Condition Reordering without Short-Circuit Evaluation

This example goes back to the condition reordering example presented in Section 5.1.
The example presented in this subsection is a variation where all conditions are executed
independently of the outcome of the other conditions of the decision. Besides SC and
DC, also CC is now preserved. The main difference here is, that each condition decides
on the full valuation-set 2 U d3 = g2 U g3, although the distribution between s, d3 on
one side and o2, g3 on the other side may differ.

The CFG in Figure 7 also shows an application for the two-parted condi-
tion/decision label. Although condition “B” in the original code on the left side can
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Fig. 5. Transformation Relation for Loop Peeling

decide independently of the result of condition “A” for true, the decision result must
be false if the result of evaluating condition “A” was false. The same is true in the
transformed program when condition “A” decides true but the result of condition “B”

was false.
Code Optimization Coverage Preservation
SC cc DC
Cond. reordering (without short-circuit) . v
Cond. reordering (with short-circuit) v v v
Loop peeling
Loop inversion v

Table 1. Calculated Coverage Profiles

6 Summary and Conclusion

In this paper we addressed the rather novel field of preserving structural code cover-
age during program transformation. A code transformer that take care of preserving
structural code coverage has many interesting applications. For example, this allows
the realization of reliable and portable test-data generators. Besides functional software
testing, this is even interesting for measurement-based timing analysis.

Our approach is based on the calculation of so-called coverage profiles, which are
tables that store the information of what code transformations guarantees the preserva-
tion of which structural code-coverage metric. To calculate these coverage profiles, we
developed a formal coverage preservation criteria for each structural coverage metric
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Fig. 6. Transformation Relation for Loop Inversion

and infer it with the abstract descriptions of the code transformations. We have calcu-
lated such coverage profiles for statement coverage (SC), condition coverage (CC), and
decision coverage (DC).

As future work, we are focusing on extending the calculation of coverage profiles
to more complex structural code-coverage metrics like the modified condition-decision
criterion (MCDC) or a scoped path coverage.
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Abstract. Often, it is argued that some problems in data-flow analysis
such as e.g. worst case execution time analysis are undecidable (because
the halting problem is) and therefore only a conservative approximation
of the desired information is possible. In this paper, we show that the
semantics for some important real programming languages — in particu-
lar those used for programming embedded devices — can be modeled as
finite state systems or pushdown machines. This implies that the halting
problem becomes decidable and therefore invalidates popular arguments
for using conservative analysis.

1 Introduction

Many program analysis approaches are conservative, i.e. they only deliver ap-
proximate results. They guarantee positive results but may overestimate the
negative side. E.g., worst-case execution time (WCET) analysis has to deliver
an upper bound of the execution time, but this bound may be an overestimation
of the real WCET [1,2]. An other example is live-variable analysis (variables
at a certain program point that contain values which are needed for further
computations). The set of live variables may be overestimated. However for any
variable not in this set, it is guaranteed that its value will never be read. The
popular argument is that to derive these informations is not computable in the
sense of a Turing-Machine. However, undecidability results or computational in-
tractability results such e.g. the halting problem are based on the assumption
that every variable contains an integer (or may store values of an infinite range).
A closer look to language definitions such as, e.g., C, C++, Java, Fortran, Ada
or C# shows that the base types have finite range. In languages such as C or
C++ even pointers or references are of finite range. Most compilers map point-
ers and references to addresses of the target processor, i.e. they are also finite
range. Moreover in programming language (restrictions) for embedded devices
there are either no pointers or it is explicitly stated that anonymous objects are
allocated statically. This also implies that variables containing pointers can only
store values of finite range.

Our aim is to show that restricting variables to finite data types leads in
many cases (e.g. C or Java, but not Ada) to the decidability of the halting
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problem and allows exact computation of programming analysis information
such as those mentionend above. It is not claimed that it is practically feasible
to compute exact program analysis informations, but the argument not to do it
cannot be based on undecidability results.

Our approach is as follows, we show for a representative subset of ISO C
that its semantics as a state transition system is a pushdown automaton. Since
reachability, LTL or CTL model checking on pushdown automata is decidable,
the halting problem of this subset becomes decidable. Any analysis that can
be expressed as a formula in LTL or CTL becomes decidable and can therefore
be computed exactly. In general the semantics of the whole C-language can be
formalized in this way but this would go beyond the limitations of such an article.

In programming languages there are only two reasons for being infinite state:
either some variables may store values of an infinite type (as e.g. references for an
unlimited memory) or there is no limitation on the recursion depth. Note that an
unlimited heap allocation would require infinite reference types. If each variable
can only store a finite range of values, any limitation on recursion depth would
lead to a finite number of states and therefore to a finite state system. Since
programming languages for embedded systems often restrict recursion depth
and allows only finite types, the semantics of programs in these languages are
finite state machines. Interestingly, for some programming languages the halting
problem even becomes undecidable if all variables only can store Boolean values
(it is possible to simulate a Turing Machine on the run time stack, when reference
parameters, recursion, procedure parameters, local procedures and global/local
variables are allowed).

2 Pushdown Systems

A pushdown system is a tuple IT £ (X, I', I, —) where ¥ is a finite set of states, I
is a finite set (the stack alphabet), I C X' x I'* is the set of initial configurations,
and -C X x I' x X' x I'* is a finite relation (the transition rules). As usual
X* denotes all finite sequences of elements of a set X, € the empty sequence,
xy denotes the concatenation of two sequences z,y € X*, and |z| the length of
the sequence x. An element (o,v) € X' x I'* is called a configuration of II. Let
k 2 (0,77) be a configuration where v € I'. Then the head of the configuration
K is the pair hd(x) 2 (0,7) € ¥ x I'. A direct derivation =5C X x ' x X x I'*
(0,7) = (0,7")

(0,77) = (¢',7'7)

The derivation relation defined by IT is the reflexive transitive closure = 7 of
= 7. A configuration (o,~) is final in II iff there is no configuration (¢’,~’) such
that (o,7v) =7 (¢/,7"). A configuration k is reachable in II if there is an initial
configuration kg € I such that kg = 1 k. The set of reachable configurations of
T is denoted by Post™(II).

A run of IT is a finite or infinite sequence k £ kg1 - - - of configurations such
that ko € I and K; = Kipq for all i € Nji+ 1 < || If s is finite, the last

is defined by the following inference rule: for all ¥ € I'™*.
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configuration must be final. It is possible to transform finite runs to infinite runs
by adding the transition rules hd(x) — hd(k) for all final configurations x.

3 Deciding the halting problem on C

‘We now show how a reasonable subset of C'can be mapped to symbolic pushdown
systems (thereby defining the semantics of this subset). In contrast to C, we do
not limit recursion depth in this dialect. Such a limitation would lead to a finite
state system, which is a special case of pushdown systems (i.e. the results implied
by the assumptions of this section are more general).

Remark 1. In C recursion depth is implicitly limited because it is possible to
obtain addresses from local variables using the &-operator and the language
definition of ISO C'[3] states that addresses are of finite range (depending on the
target). Thus, only finitely many local variables can be stored which implicitly
limits the depth of the runtime stack.

(prog) = (decl)*

(decl) := (vardecl) | (procdecl)

(vardecl> = (type) identifier [=(expr)] ;
(procdecl) := type identifier ([(pars)]) (block)
(type) := int | void | (type) *

(pars) = ((par) ,)"(par)

(par) := (type) identifier ' '
(stat) := (assign) | {call) | (vardecl) | (if) | (while) | (block) | (return)
(assign) = (des)=(expr);

(call) := (name) ([args]) ¥

args) 1= {empr)(, {eapr))

(if) = if ((expr))(stat)[else(stat]
(while) :=while ((exzpr)) (stat)

(block) = {(stat)™}

(return) = return [(ezpr)] J

(expr) = (cong) (I | (conj)")

(cong) = (rel)(&&(rel))

{rel) =<sum[ S <= ] 1= | > | 5= {sum)
(sum) = (term)((+ | -)(term))”

(term) 5= (uneapr) (x| / | %) (uneapr))”
(unezxpr) =[ |-]{factor)

(factor) == (des) | {call) | const

(des) = *"(name)

(name) = identifier

Fig. 1. Syntax of a C-K

Fig. 1 shows the syntax of C-K, a representative subset of C. The constructs
have the traditional semantics as in C. One of the declarations must be a function
main. We assume that the rules of static semantics are satisfied. Table 1 shows
some notions on static informations about the program. The details of these
notions are discussed in the following.
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GLOB  set of global variable identifiers in a program
PROC set of global procedure identifiers in a program
LOC, set of local variables of procedure p € PROC
LABEL,, set of labels associated with the instructions of procedure p € PROC
EXPR, set of labels associated with expressions in procedure p.
Table 1. Static Information on Programs

We don’t consider arrays because their semantics in C'is defined by pointers
and access to its element is defined by pointer arithmetic. We further do not
consider structs or unions because accesses to fields can be directly implemented
using pointers. A certain amount of the heap can be reserved using malloc(int).
It returns an address on the heap. The heap is finite since the number of ad-
dresses is finite. We don’t allow the address operator. It is therefore not possible
to access local variables of stack frames except for the top stack frame. For sim-
plicity, we don’t allow assignment expressions (and use assignment statements
instead) and assume a left-to-right evaluation order. Instructions are statements
(except blocks) and expressions. Declarations declare entities or procedures. A
declaration is global if it is declared in a program, otherwise it is called local,
i.e., it is contained in a block. Such declarations are uniquely associated with a
procedure and are variables. We therefore call a variable declaration local to a
procedure p iff it is declared in the block of p (sub-blocks are also allowed). For
simplicity, we assume that integer variables and pointer variables store (signed)
integers and addresses that can be represented by k Bits. BIT* denotes the set
of bit sequences of length k.

Ezample 1. Fig. 2 shows a C-K-program recursively computing faculties. It holds
GLOB = {n}, PROC = {fak,main}, LOCsp = {n}, and LOCpain = {x} For each
instruction, the label is added as superscript. With these labels, it is EXPR¢ax =
{6,7,8,10,12,13,14,15,16,17} and EXPRy.i, = {0, 2, 3}.

int n;

int fak(int n) {
if? (n%<=%1") return!! 119;
return'® fak'® (n!2-14113)x17416,

void main() {
n=120;
int x=*fak®(?);
return®;

}

Fig. 2. A C-K-program

We now show that the semantics of the C-subset can be formally defined by
a pushdown system IT 2 (X, I', I, —). Intuitively, the set X of states represents
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the global variables and the memory and the stack of the pushdown system
represents the procedure stack. The stack alphabet I" defines the set of possible
procedure frames. Table 2 shows the notions used for the formal definition of
the pushdown system defining the semantics of a C-program. The details are
explained in the following paragraphs.

STOREY, set of stores for variables V holding sequences of k Bits
MEM?7,, set of m-Bit addressed memories holding sequences of n Bits
REGE  set of all register assignments for registers R holding sequences of n Bits
FRAME, set of stack frames for procedure p.
Table 2. Notions used for the formal definition of the semantics of C-K

Stores are used to model the storage for global and local variables. Memories
are used to model heaps. Registers are used to store intermediate values when
evaluating expressions. This is needed since functions calls are expressions that
may have side-effects. Because of recursion, a runtime stack is needed to maintain
the currently active procedure calls. The stack frames are the elements of this
runtime stack.

Formally, a store for a set V' of variables (represented by their names) for
storing sequences of k bits is a mapping ¢ : VAR — BIT*. A store for variables
Z1,y...,%, with values v1,...,v, is denoted by {z1 — v1,...,2, — v,}. The
memory is a mapping mem : BIT®¥ — BIT®. Thus, ¥ £ STORE’éLOB X MEMQ U
{err} where err & STOREE, og X MEMY represents a runtime error that causes
to terminate exceptionally the program.

Ezample 2. For the set GLOB in Example 1 {n + 5} is a store where the value
5 is stored at variable n. {00 — 0,01 — 1,10 — 2,11 — 3} is an example of a
2-Bit addressed memory storing at an address a the value a.
Lemma 1. |¥| = 2/GLOBIA+2" 4 4

Thus, the number of states is finite.

Intuitively, a stack frame consists of the instruction to be executed next,
a store for the local variables, and a store for registers (required for evalua-
tion of expressions). A function result is also stored in a register. For identify-
ing the instructions of a program each instruction is associated with a unique
label. In particular, the sets of labels of the procedures are pairwise disjoint.
A register assignment of a procedure p is a mapping p : EXPR, — BITE. A
register assignment that assigns values wuq,...,u, to registers rqi,..., 7y is de-

noted by ry|---|ry Thus, a stack frame for procedure p is a tuple (I,0,p) €
|- |UE

LABEL, x STORE{c, x REGgypg £ FRAME,. Then, the stack alphabet can be
defined as
r+ |4 FRAME,

pePROC

145



KPS 2009

Maria Taferl

6|7|8[10| 12[13]14[15|16[17
4/0[2] 9 [—1]22[47|88] 2| 9

Ezxample 3. (6, {n— 2}, ) denotes a stack frame for

procedure fak in Fig. 2.

Lemma 2. [FRAME,| = [LABEL,|-2* (I'0GIHIEXPR:D gpg 1| = Y~ |FRAME,|
pePROC

Thus, the stack alphabet is also finite.

first,, label of the first instruction of a procedure p
next; label of instruction being executed after instruction labelled [
yes; label of the first instruction in the positive case of a conditional or loop
no; label of the first instruction in the negative case of a conditional or loop
odp, (1) label of i-th operand
par, (i) i-th parameter of procedure p

Table 3. Control-flow and Data-flow in C-K

Each procedure has a uniquely defined first instruction. Assignments, pro-
cedure calls, expressions, program have a unique label, and (except for loops,
conditionals, and calls, and return statements) have a unique next instruction.
The instruction executed after checking a condition of an if- or while-statement
depends on the outcome of the decision. Therefore, there are two possibilities
for the next instruction. Expressions, if- and while-statements need the values
of their operands and conditional expressions, respectively. Table 3 shows the
corresponding functions for the control- and data-flow. Note that these functions
are statically defined for each program.

Ezample 4. In Fig. 2, the instruction with label 6 is the first instruction of pro-
cedure fak and the instruction with label 0 is the first instruction of procedure
main. Thus, first;,, = 6 and first,,;, = 0. The instruction being executed after
the instruction at label 0 is the instruction at label 1. Thus, nexto = 1. Fig. 4(a)
shows the complete control-flow for the program in Fig. 2. Not that the instruc-
tion to be executed after label 9 is the instruction at label 10 if the condition
evaluates to a non-zero value and the instruction at label 12 if the condition
evaluates to zero. Thus yesq = 10 and nog = 12. Fig. 4(b) shows the data-flow
(as a use-def-chain) for the program in Fig. 2. E.g. the operands of the instruc-
tion at label 14 are at labels 12 and 13. Thus opd,,(1) = 12 and opd4(2) = 13.
The operand of the instruction at label 9 is at label 8, i.e. opdg(1) = 8. The
operand of the return-instruction at label 11 is at label 10, i.e. opd;;(1) = 10.

Table 3 shows the transition rules of the program. It uses the notations shown
in Table 4. In the initial state, all global variables are initialized with 0, the con-
tents of the memory is uninitialized, the first procedure to be executed is main,
and the first instruction being executed is the first instruction of main. All local
variables of main are uninitialized, i.e. any store for the local variables of main
is allowed for the first configuration. The same remark applies for any register
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0:V — BIT* the function where o(v) =0 for all v € V

o(v) result of applying the unary operator & to v € BITF
®(v1,v2) result of applying the binary operator & to vi,v2 € BIT®

» . » A v ife=y
fla function where f|) (y) = (5) otherwise
var(l) variable at label [
proc(l) procedure where [ € PROC 001

Table 4. Notations used in Table 3

nexto = 1 yesg =10 opd;(1) =n opdq;(1) =10
next; = 2 nog =12 odp;(2) =0 opdq4(1) =12
nexty = 3 nextio = 11 opds(1) =2 opdq4(2) =13
nexts = nextis = 13 opd,(1) =x opdq5(1) =14
nexty = nextis = 14 odp,(2) =3 opd,,(1) =15
nexte =7 nextis = 15 opdg(1) =6 opd,,(2) = 16
nexty = 8 nextis = 16 opdg(2) =7 opdqg(1) =17
nexts = 9 nextig = 17 opdg(1) =8

nexti7 = 18

(a) Control-Flow (b) Data-Flow

Fig. 4. Control- and Data-Flow for the Program in Fig. 2

value. We therefore introduce an artificial initial state start and the set of start
transitions Transs. The rules in Trans. show the rules for accessing constants.
It changes the value at the register of the current expression to the value of the
constant. Similarly, the rules Trans, for reading values of variables or from the
memory (using indirect addresses) change the value of the register associated
with the expression to the corresponding value of the global variable (first case),
local variable (second case) or memory address (contained in the register of the
operand). The rule Transg shows the transition rules for the unary operators
6. According to the ISO C language specification, the behavior is undefined,
if the result of a mathematical operation is exceptional (such as division by 0)
or an overflow occurs. This means that anything can happen (from continuing
program execution at any configuration up to exceptional termination). This
undefined behavior is modeled by the second set of transition rules of Transg;.
The short-circuit operators are associated with two instructions: The first in-
structions &&; and || are used for deciding whether the second operand has to
be evaluated. The second instructions are used for finally evaluating the second
operand. Fig. 5 shows the control- and data-flow of the short-circuit operators.

The execution of assignments stores the value of the right hand side (second
operand) to the variable or address defined by the left hand side of the assignment
(and thus changes the store for global variables, local variables, or the memory,
respectively). The main idea for the transition rules for procedure calls is to
push the current procedure frame onto the stack and allocate a new frame for
the called procedure. A variable declaration without an initialization expression
has no effect. A variable declaration with an initialization expression has the
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Fig. 5. Control- and Data-Flow for Short-Circuit Operators

same effect as an assignment to this variable (which is always a local variable in
this case). The transitions for conditional statements execute the statements of
the then-part if the result of the expression is true (beginning at yes; ) and the
else-part (if present) or the statement after the conditional (if the else-part is not
present), respectively, if the result of the expression is false (in both cases, the
execution proceeds at noy. The transition rule for loops is analogous. The only
distinction between conditionals and loops is the definition of yes; and nop.
The block statement doesn’t require a transition rule: If L is the label of the
statement preceding the block, then nexty, is the first statement within the block.
Furthermore, if L is the last statement of the block, next; is the statement to
be executed after the block. The return statement of a proper procedure simply
pops the current frame from the stack. The return statement of the function must
pass the result of the function. This has been stored at the register for the return
expression and must be stored at the register of the function call. Returning from
main will stop the execution and requires therefore an additional transition rule.

Ezample 5. Fig. 6 shows a run of the program in Fig. 2. Since we have no pointer
variables, we omit the memory.

Remark 2. We have not shown the semantics of allocating objects on the heap
m. However, the semantics of malloc can easily be implemented by introducing a
global variable void * hp for storing addresses. It is initialized with the maximal
address. With this global variable, it is straightforward to implement malloc:
void * malloc(int s) {

hp=hp-s;

return hp;

}

Thus, the semantics of C-K is formally described as pushdown system. Since
for given configurations k it is decidable for pushdown systems it is always
possible that k reaches k' we have the

Corollary 1. For C-K, the halting problem is decidable.

Remark 3. There is no construct in ISO C'that prevents modeling of the seman-
tics as a symbolic pushdown system.
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Fig. 6. A run of the program in Fig. 2

150



KPS 2009

Maria Taferl

3.1 Covering the Platform-specific Semantics of C

Modeling the semantics of C-K as a pushdown system we made several assump-
tions about the semantics of some language constructs. This is necessary because
the language definition of ISO C gives only a partial definition of the functional
behavior of C. We call this language definition the platform-independent seman-
tics. The behavior not defined by the language definition can be freely defined
by the platform, where a platform is defined as all layers used to execute the pro-
gram, including the compiler up to the target hardware. We call this completion
of the language definition the platform-specific semantics. The platform-specific
semantics of ISO C and its challenges for cross-platform testing have been dis-
cussed by Wenzel et al. [6].

The reason why ISO C does not define the complete functional behavior of
the language constructs is simply because of legacy: while the C language was
originally developed in 1972 by Kernighan and Ritchie at AT&T Bell Labs using
an informal (and incomplete) language definition [4,5] the ANSI committee to
develop the C'language definition was only formed in 1983. Meanwhile a large
pool of C compilers with different interpretation of several language constructs
had arisen. As there was no simple agreement possible of which existing language
interpretation is the “right” one, the ANSI C language definition had been re-
stricted to a definition of that partial behavior where most C compilers agree.
In 1990 the ISO adopted the ANSI C'language definition as the ISO C'standard
and since then took over the further development of the language definition.

The split of the ISO C language definition into a platform-independent se-
mantics and a platform-specific semantics has a serious implication for deciding
the halting problem of C programs: whether a C program halts or not may de-
pend on the platform-specific semantics. Thus, even though the halting problem
for a C program is decidable for any platform-specific semantics, the halting
property can become undefined if no specific platform is assumed.

The following list gives just a few examples where the platform-specific se-
mantics has the potential to influence the halting property of some C programs:

— Conversion from floating point to integer types: if the value is outside the
range of the integer type the result is undefined.

— Conversion of negative values of an integer type into a smaller signed integer
type: if the negative value cannot be represented in the smaller type, the
behavior is platform-specific.

— Shift operation: whether the shift operations are signed or unsigned is plat-
form-specific.

— Size of base types: the absolute size of the base types is platform-specific.

— Evaluation order of operands: the evaluation order is platform-specific for
most operands. One notable exception are short-circuit operations, where
the evaluation order is always from left to right.

— Floating-point operations: the behavior in case of exceptional results like
division by zero is undefined.
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Everything of the ISO C'language definition with behavior being undefined
or implementation-specific belongs to the platform-specific semantics. An inter-
esting property for ISO C'is that undefined behavior includes the possibility of
non-termination. Thus, we also have the

Corollary 2. If an ISO C-program always terminates according to the language
definition, i.e., the platform-independent semantics, then it is free of undefined
behavior.

Deciding the halting problem of a C program based only on the platform-
independent semantics requires to consider all possible instantiations of the
platform-specific semantics. Since for any instantiation of the base type ranges
a C program has a finite state space and, of course, a finite code length, the set
of possible instantiations of the platform-specific semantics is also finite for any
ranges of the base types. As a consequence we have the

Corollary 3. The halting problem of an ISO C program based only on the
platform-independent semantics and upper bounds of the base type ranges is still
decidable (with the result being either yes, no, or platform-specific).

Remark 4. The problem complexity is dramatically higher than in case of con-
sidering a concrete platform-specific semantics, since each run of a concrete
platform-specific semantics is also a run of the platform-independent semantics
but not vice versa.

4 Related Work

Software model checking follows a similar approach [7-12]. Mostly, it abstracts
behavior to symbolic descriptions, i.e. variables over a finite range etc. can be
defined and they form the state space together with control variables. Popular
examples or finite state descriptions are PROMELA for the SPIN model-checker
[13] and the SMV-model checker [14, 15]. Remopla is a symbolic description for
pushdown systems and used for the Moped model-checker [16, 17]. The semantics
of Remopla can be formally defined by mapping it to a pushdown system similar
as in this work. A special case of pushdown systems are Boolean programs (i.e.
each variable can store only Boolean values) [18]. The decidability of reachability
of configurations of pushdown-systems is a well-known result that can be found
in textbooks [19]. In [20-23] it is shown that also model-checking on pushdown-
systems is possible.

The decidability of program analysis at source-code level has already been
the subject of investigation. Previously, it has been shown that may analysis and
must analysis are not decidable using ISO C programs as examples [24,25]. In
contrast, we prove the decidability of ISO C programs by considering details of
the language definition that make ISO C programs inherently finite state and
thus decidable.
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5 Conclusion

The use of conservative program analysis techniques for approximative analysis
results is often justified by citing the undecidability of the halting problem.

In this paper we have shown that a class of real programming languages is
decidable. Our approach is based on the assumption that the base types of the
language and the heap memory are of finite range, but allowing an unbounded
recursion depth of function calls. In case of Java the base types are already
bounded, but the potentially infinite heap has to be bounded to a maximum
size. In case of ISO C we have to bound the ranges of base types. The heap in
ISO C inherently is of finite size for base type ranges because of the address
operator and the finite size of pointer variables. Interestingly, Java Byte code
has also a heap of finite size because references must be stored in the operand
stack and the entries have the lengths of machine words.

We have proven the decidability of such programming languages by showing
how to transform them into a pushdown automaton, for which the decidability
is a well-known result. As a concrete example we have selected a representative
subset of ISO C.

Finally, we have got the interesting insight that the halting property for
ISO C can depend on the concrete system platform, i.e., implementation details
not specified by the language definition can influence the halting of a program.
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Abstract. WCET analyzers commonly rely on user-provided annota-
tions such as loop bounds, recursion depths, region- and program con-
stants. This reliance on user-provided annotations has an important
drawback. It introduces a Trusted Annotation Basis into WCET analysis
without any guarantee that the user-provided annotations are safe, let
alone sharp. Hence, safety and accuracy of a WCET analysis cannot be
formally established. In this paper we propose a uniform approach, which
reduces the trusted annotation base to a minimum, while simultaneously
yielding sharper (tighter) time bounds. Fundamental to our approach is
to apply model checking in concert with other more inexpensive program
analysis techniques, and the coordinated application of two algorithms
for Binary Tightening and Binary Widening, which control the appli-
cation of the model checker and hence the computational costs of the
approach. Though in this paper we focus on the control of model check-
ing by Binary Tightening and Widening, this is embedded into a more
general approach in which we apply an array of analysis methods of in-
creasing power and computational complexity for proving or disproving
relevant time bounds of a program. First practical experiences using the
sample programs of the Malardalen benchmark suite demonstrate the
usefulness of the overall approach. In fact, for most of these benchmarks
we were able to empty the trusted annotation base completely, and to
tighten the computed WCET considerably.

* This paper has been published in the Proceedings of the 9*" Int’l Workshop on

Worst-Case Execution Time Analysis (WCET’09). This work has been supported by
the Austrian Science Fund (Fonds zur Forderung der wissenschaftlichen Forschung)
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EU R&D Framework Programme.
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1 Motivation

The computation of loop bounds, recursion depths, region- and program con-
stants is undecidable. It is thus commonly accepted that WCET analyzers rely
to some extent on user-assistance for providing bounds and constants. Obvi-
ously, this is tedious, complex, and error-prone. State-of-the-art approaches to
WCET analysis thus provide for a fully automatic preprocess for computing re-
quired bounds and constants using static program analysis. This unburdens the
user since his assistance is reduced to bounds and constants, which cannot auto-
matically be computed by the methods employed by the preprocess. Typically,
these are classical data-flow analyses for constant propagation and folding, range
analysis and the like, which are particularly cost-efficient but may fail to verify
a bound or the constancy of a variable or term. WCET analyzers then rely on
user-assistance to provide the missing bounds which are required for completing
the WCET analysis. This introduces a Trusted Annotation Base (TAB) into the
process of WCET analysis. The correctness (safety) and optimality (tightness)
of the WCET analysis depends then on the safety and tightness of the bounds
of the TAB provided by the user.

In this paper we propose a uniform approach, which reduces the trusted
annotation base to a minimum, while simultaneously yielding sharper (tighter)
time bounds.

Figure 1 illustrates the general principle of our approach. At the beginning
the entire annotation base that is added by the user where static analysis fails
to establish the required information, is assumed and trusted to be correct,
thus we call it Trusted Annotation Base (TAB). Using model checking we aim
to verify as many of these user-provided facts as possible. In this process we
shrink the trusted fraction of the annotation base and establish a growing verified
annotation base. In Figure 1 the current state in this process is visualized as
the horizontal bar. In our approach we are lowering this bar, representing the
decreasing fraction of trust to an increasing fraction of verified knowledge, and
thus transfer trusted user-belief into verified knowledge.

Trusted

Annotation Base
3 A

Verified

Fig. 1. The annotation base: shrinking the trusted annotation base and establishing
verified knowledge about the program
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2 Shrinking the Trusted Annotation Base — Sharpening
the Time Bounds

2.1 Shrinking the Trusted Annotation Base

The automatic computation of bounds by the preprocesses of up-to-date ap-
proaches to WCET analysis is a step towards keeping the trusted annotation
base small. In our approach we go a step further to shrinking the trusted anno-
tation base. In practice, we often succeed to empty it completely.

A key observation is that a user-provided bound — which the preprocess-
ing analyses were unable to compute — can not be checked by them either.
Hence, verifying the correctness of the corresponding user annotation in order
to move it a posteriori from the trusted annotation base to the verified knowl-
edge base requires another, more powerful and usually computationally more
costly approach. For example, there are many algorithms for the detection of
copy constants, linear constants, simple constants, conditional constants, up to
finite constants detecting different classes of constants at different costs [7]. This
provides evidence for the variety of available choices for analyses using the exam-
ple of constant propagation and folding. While some of these algorithms might
in fact well be able to verify a user annotation, none of these algorithms is espe-
cially prepared and suited for solely verifying a data-flow fact at a particularly
chosen program location, a so-called data-flow query. This is because these algo-
rithms are exhaustive in nature. They are designed to analyze whole programs.
They are not focused towards deciding a data-flow query, which is the domain of
demand-driven program analyses [3,6]. Like for the more expressive variants of
constant propagation and folding, however, demand-driven variants of program
analyses are often not available.

In our approach, we thus propose to use model checking for the a posteri-
ori verification of user-provided annotations. Model checking is tailored for the
verification of data-flow queries. Moreover, the development of software model
checkers made tremendous progress in the past few years and are now available
off-the-shelf. The Blast [1] and the CBMC [2] model checkers are two prominent
examples. In our experiments reported in Section 4 we used the CBMC model
checker.

The following example demonstrates the ease and elegance of using a model
checker to verify a loop bound, which we assume could not be automatically
bounded by the program analyses used. The program fragment on the left-hand
side of Figure 2 shows a loop together with a user-provided annotation of the
loop. The program on the right-hand side shows the transformed program which
is presented to CBMC to verify or refute the user-provided annotation shown in
the program on the right-hand side:

4

In this example the CBMC model checker comes up with the answer “yes,”
i.e., the loop bound provided by the user is safe; allowing thus for its movement
from the trusted to the verified annotation base. If, however, the user were to
provide __bound < 3 as annotation, model checking would fail and produce a
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int binary_search(int x) { int binary_search(int x) {
int fvalue, mid, low = 0, up = 14; int fvalue, mid, low = 0, up = 14;
fvalue = (-1); /* all data are positive x/ fvalue = (-1); /* all data are positive */
unsigned int __bound = 0;
while (low <= up){ while (low <= up){
#pragma wcet_trusted_loopbound(7)
mid = low + up >> 1; mid = low + up >> 1;
if (datalmid].key == x) { /* found */ if (datalmid].key == x) { /* found */
up = low - 1; up = low - 1;
fvalue = datal[mid].value; fvalue = datal[mid].value;
} - }
else if (datalmid].key > x) else if (datal[mid].key > x)
up = mid - 1; up = mid - 1;
else low = mid + 1; else low = mid + 1;
__bound += 1;
} }
assert (__bound <= 7);
return fvalue; return fvalue;
} }

Fig. 2. Providing loop bound annotations for the model checker

counter example as output. Though negative, this result would still be most
valuable. It allows for preventing usage of an unsafe trusted annotation base in
a subsequent WCET analysis. Note that the counter example itself, which in
many applications is the indispensable and desired output of a failed run of a
model checker, is not essential for our application. It might be useful, however,
to present it to the user when asking for another candidate of a bound, which
can then be subject to a posteriori verification in the same fashion until a safe
bound is eventually found.

Next we introduce a more effective approach to come up with a safe and even
tight bound, if so existing, which does not even rely on any user interaction.
Fundamental for this are the two algorithms Binary Tightening and Binary
Widening and their coordinated interaction. The point of this coordination is
to make sure that model checking is applied with care as it is computationally
expensive.

2.2 Sharpening the Time Bounds

Binary Tightening Suppose a loop bound has been proven safe, e.g. by veri-
fying a user-provided bound by model checking or by a program analysis. Typi-
cally, this bound will not be tight. In particular, this will hold for user-provided
bounds. In order to exclude channeling an unsafe bound into the trusted anno-
tation base, the user will generously err on the side of caution when providing
a bound. This suggests the following iterative approach to tighten the bound,
which is an application of the classical pattern of a binary search algorithm, thus
called binary tightening in our scenario.

Let by denote the value of the initial bound, which is assumed to be safe. Per
definition by is a positive integer. Then: call procedure binaryTightening with
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the interval [0..bg] as argument, where binaryTightening([low..high)) is defined
as follows:

1. Let m = [M}
2. ModelCheck(m is a safe bound):
3. yes: low = m: return m
low = m — 1: ModelCheck(low is a safe bound)
yes: return low no: return m
otherwise: binaryTightening([low..m)])
4. no: high = m: return false
high = m + 1: ModelCheck(high is a safe bound)
yes: return high  no: return false
otherwise: binaryTightening([m..high])

Obviously, binaryTightening terminates. If it returns false, a safe bound
tighter than that of the initial bound by could not be established. Otherwise,
i.e., if it returns value b, this value is the least safe bound. This means b is tight.
If it is smaller than by, we succeeded to sharpen the bound.

Binary widening described next allows for proceeding in the case where a safe
bound is not known a priori. If a safe bound (of reasonable size) exists, binary
widening will find one, without any further user interaction.

Binary Widening Binary widening is dual to binary tightening. Its functioning
is inspired by the risk-aware gambler playing roulette, who exclusively bets on
50% chances like red and black. Following this strategy, in principle, any loss
can be flattened by doubling the bet the next game. In reality, the maximum bet
allowed by the casino or the limited monetary resources of the gambler, whatever
is lower, prevent this strategy to work out in reality. Nonetheless, the idea of an
externally given limit yields the inspiration for the Binary Widening algorithm to
avoid looping if no safe bound exists. A simple approach is to limit the number of
recursive calls of binary widening to a predefined maximum number. The version
of binary widening we present below uses a different approach. It comes up with
a safe bound, if one exists, and terminates, if the size of the bound is too big to
be reasonable, or does not exist at all. This directly corresponds to the limit set
by a casino to a maximum bet.

Let by be an arbitrary number, by > 1, and let max be the maximum value
for a safe bound considered reasonable. Then: Call procedure binaryWidening
with by and max as arguments, where binaryWidening(b, limit) is defined as
follows:

1. if b > limat: return false

2. ModelCheck(b is a safe bound):

3. yes: return b

4. no: binaryWidening(2 b, limit)
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Obviously, binaryWidening terminates.! If it returns false, at most a bound
of a size considered unreasonably big exists, if at all. Otherwise, i.e., if it returns
value b, this value is a safe bound. The ratio behind this approach is the following:
if a safe bound exists, but exceeds a predefined threshold, it can be considered
practically useless. In fact, this scenario might indicate a programming error
and should thus be reported to the programmer for inspection. A more refined
approach might set this threshold more sophisticatedly, by using application
dependent information, e.g., such as a coarse estimate of the execution time of
a single execution of the loop and a limit on the overall execution time this loop
shall be allowed for.

Coordinating Binary Tightening and Widening Once a safe bound has
been determined using binary widening, binary tightening can be used to com-
pute the uniquely determined safe tight bound. Because of the exponential
resp. logarithmic behaviour in the selection of arguments for binary widening
and tightening, model checking is called moderately often. This is the key for
the practicality of our approach, which we implemented in our WCET analyzer
TuBound, as described in Section 3. The results of practical experiments we
conducted with the prototype implementation are promising. They are reported
in Section 4.

3 Implementation within TuBound

3.1 TuBound

TuBound [9] is a research WCET analyzer tool working on a subset of the
C++ language. It is unique for uniformly combining static program analysis,
optimizing compilation and WCET calculation. Static analysis and program
optimization are performed on the abstract syntax tree of the input program.
TuBound is built upon the SATI'E program analysis framework [12] and the
TERMITE program transformation environment.? TuBound features an array of
algorithms for loop analysis of different accuracy and computation cost including
sophisticated analysis methods for nested loops. A detailed account of these
methods can be found in [8].

3.2 Implementation

The Binary Widening/Tightening algorithms are implemented by means of a
dedicated TERMITE source-to-source transformer T'. For simplicity and unifor-
mity we assume that all loops are structured. In our implementation unstruc-
tured goto-loops are thus transformed by another source-to-source transformer

! In practice, the model checker might run out of memory before verifying a bound,
if it is too large, or may take too much time for completing the check.
2 http://www.complang.tuwien.ac.at/adrian/termite
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T’ into while-loops beforehand, where possible. On while-loops the transformer
T works by locating the first occurrence of a wcet_trusted_loopbound(N) anno-
tation in the program source and then proceeding to rewrite the encompassing
loop as illustrated in the example of Figure 3.3 Surrounding the loop statement,

assertions (..., Statement, AssertedStatement) :-
Statement = while_stmt(Test, basic_block(Stmts, ...), ...),
get_annot (Stmts, wcet_trusted_loopbound(N), _),
counter_decl(’__bound’, ..., CounterDecl),
counter_inc(’__bound’, ..., Count),
counter_assert(’__bound’, N, ..., CounterAssert),

AssertedStatement =
basic_block ([CounterDecl,
while_stmt (Test, basic_block([Count|Stmts], ...), ...),
CounterAssert], ...).

Fig. 3. Excerpt from the source-to-source transformer T

a new compound statement is generated, which accommodates the declaration
of a new unsigned counter variable which is initialized to zero upon entering the
loop. Inside the loop, an increment statement of the counter is inserted at the
very first location. After the loop, an assertion is generated which states that
the count is at most of value N, where this value is taken from the annotation
(cf. Figure 2).

The application of the transformer is controlled by a driver, which calls the
transformer for every trusted annotation contained in the source code. Depend-
ing on the result of the model checker and the coordinated application of the
algorithms for binary widening and tightening, the value and the status of each
annotation is updated. In the positive case, this means the status is changed
from trusted annotation to werified knowledge, and the value of the originally
trusted bound is replaced by a sharper, now verified bound. Figure 4 shows a
snapshot of processing the janne_compler benchmark. In this figure, the status
and value changes are highlighted by different colors.

4 Experimental Results

We implemented our approach as an extension of the TuBound WCET analyzer
and applied the extended version to the well-known Mélardalen WCET bench-
mark suite. As a baseline for comparison we used the 2008 version of TuBound,
which took part in the 2008 WCET Tool Challenge [5], later on called the ba-
sic version of TuBound. In the spirit of the WCET Tool Challenge [4, 5] we do
encourage authors of other WCET analyzers to carry out similar experiments.

3 For better readability, the extra arguments containing file location and other book-
keeping information are replaced by “...”.
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int complex(int a, int b)
{
while(a < 30) {
#pragma wcet_trusted_loopbound (30)
while(b < a) {
#pragma wcet_trusted_loopbound (30)

int complex(int a, int b)
{

while(a < 30) {
#pragma wcet_loopbound (16)

unsigned int __bound = 0U;
while(b < a){
#pragma wcet_trusted_loopbound (30)
++ __bound;

if (b > 5)
b =Db *x 3; if (b > 5)
else b =Db x 3;
b =Db + 2; else
if (b >= 10 && b <= 12) - b =b + 2;
a = a + 10; if (b >= 10 && b <= 12)
else a = a + 10;
a = a + 1; else
X a =a + 1;
a = a + 2; }
b =Db - 10; assert (__bound <= 30U);
¥ ¥
return 1; a=a + 2;
} b =b - 10;
. }
return 1;

}

Containing two trusted loop annotations  Outer loop annotation verified and tightened, inner being checked

Fig. 4. Illustrating trusted bound verification and tightening

Our experiments conducted were guided by two questions: “Can the number
of automatically bounded loops be significantly increased?” and “How expen-
sive is the process?”. The benchmarks were performed on a 3 GHz Intel Xeon
processor running 64-bit Linux. The model checker used was CBMC 2.9, which
we applied to testing loop bounds up to the size of 2'3 = 8192 using a time-
out of 120 seconds and a maximum unroll factor of 2!3 4+ 1. The “compress”
and “whet” benchmarks contained unstructured goto-loops; as indicated in Sec-
tion 3.2 these were automatically converted into do-while loops beforehand by a
source-to-source transformation.

Our findings are summarized in Table 1. Column three of this table shows
the percentage of loops that can be bounded by the basic version of TuBound;
column four shows the total percentage of loops the extended version of TuBound
was able to bound. The last column shows the accumulated runtime of the model
checker for the remaining loops.

Comparing columns three and four reveals the superiority of the extended
version of TuBound over its basic variant. The extended version succeeds to
bound 67% of the loops the basic version could not bound.

Considering column five, it can be seen that the model checker terminates
quickly on small problems but that the runtime and space requirements can
increase to practically infeasible amounts on problems suffering from the state
explosion problem. Such a behaviour can be triggered, if the initialization values
which are part of the majority of the Malardalen benchmarks are manually
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Benchmark Loops TuBound basic with Model Checking Runtime
bs 1 0.0% 100.0% 0.03s
duff 2 50.0% 50.0% Os
fit1 11 54.5% 81.8% 0.43s
janne_complex 2 0.0% 100.0%  0.18s
minver 17 94.1% 100.0%  0.06s
nsichneu 1 0.0% 100.0% 5.59s
qsort-exam 6 0.0% 66.6% 0.02s
statemate 1 0.0% 100.0%  0.06s
whet 11 90.9% 90.9% 0s
adpcm 18 83.3% 83.3% timeout
compress 8 25.0% 25.0% timeout
fir 2 50.0% 50.0% timeout
insertsort 2 0.0% 0.0% timeout
lms 10 60.0% 60.0% timeout
select 4 0.0% 0.0% timeout
bsort100 3 100.0% 100.0% -
cnt 4 100.0% 100.0% -
cover 3 100.0% 100.0% -
crc 3 100.0% 100.0% -
edn 12 100.0% 100.0% -
expint 3 100.0% 100.0% -
fdct 2 100.0% 100.0% -
fibcall 1 100.0% 100.0% -
jfdctint 3 100.0% 100.0% -
lednum 1 100.0% 100.0% -
ludemp 11 100.0% 100.0% -
matmult 5 100.0% 100.0% -
ndes 12 100.0% 100.0% -
ns 4 100.0% 100.0% -
qurt 1 100.0% 100.0% -
sqrt 1 100.0% 100.0% -
st 5 100.0% 100.0% -
recursion 0 - - -
Total Percentage 77.0% 84.7%

Table 1. Results for the Malardalen benchmarks
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invalidated by introducing a faux dependency on e.g. argc. This demonstrates
that model checking is to be used with care or the model checker be fed with
additional information guiding and simplifying the verification task.

The fully-fledged variant of our approach, which we highlight in the next
section is tailored towards this goal.

5 Extensions: The Fully Fledged Approach

The shrinking of the trusted annotation base and sharpening of time bounds,
as described in Section 2, is based on model checking. Based on our experience,
we believe that the model checking approach can be especially valuable in the
real world when (i) it is combined with advanced program slicing techniques
to reduce the state space and (ii) the results of static analyses (like TuBound’s
variable-interval analysis) are used to narrow the value ranges of variables, thus
regaining a feasible problem size. This leads to the following extension of our
approach to improve efficiency:

1. By using a pool of analysis techniques with different computational com-
plexity: As shown in Figure 5, model checking is considered as one of the
most complex analysis methods. On the other side, techniques like constant
propagation or interval analysis are relatively fast. Thus we are interested
in exploiting the fast techniques wherever beneficial and using the relatively
complex techniques rarely.

2. By using a smart activation mechanism for the different analysis techniques:
As shown on the right of Figure 5 we are interested in the interaction of
the different analysis techniques. We do not aim to use the pool of analysis
techniques in waves of different complexity, i.e., first applying the fast tech-
niques and then gradually shifting towards the more complex techniques.
Instead we aim for a smart interaction of the different analysis techniques.
For example, whenever a technique with relatively high computational com-
plexity has been applied, we can again apply techniques of relatively simple
complexity to compute the closure of flow information based on previously
obtained results; thus squeezing the annotation base.

We also think that profiling techniques are useful to guide the heuristics to
be used within our static analysis techniques. For example, execution samples
obtained by profiling can be used to elicit propositions to be verified by model
checking.

The fully fledged approach envisioned in this section provides the promising
potential as a research platform for complementing program analysis techniques.

6 Conclusions

Model checking has been used before in the context of WCET analyzers. Exam-
ples of our own related work are the ForTAS [13], MoDECS [14], and ATDGEN

164



KPS 2009 Maria Taferl

Model Checking

Constraint Propagation

Interval Analysis

Constant Propagation

Fig. 5. Pool of complementary analysis techniques with different complexity

projects [10,11], which are concerned with measurement-based WCET analy-
sis. In these three projects, model checking is used to generate test data for
the execution of specific program paths. Intuitively, in these applications the
model checker is presented with formulae stating that a specific program path
is infeasible. If these formulae can be refuted by the model checker, the counter
examples generated provide the test data ensuring the execution of the partic-
ular paths. Otherwise, the paths are known to be infeasible. Hence, the search
for test data is in vain. In these applications the counter examples generated in
the course of failing model checker runs are the truly desired output, whereas
successful runs are of less interest stopping just the search for test data for the
path under consideration. This is in contrast and opposite to our application of
shrinking the trusted annotation base. In our application, the counter example
of a failed model checker run is of little interest. We are interested in successful
runs of the model checker as they allow us to change a trusted annotation into
verified knowledge. This opens a new application domain for model checking in
the field of WCET analysis. Our preliminary practical results demonstrate the
practicality and power of this approach.
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Abstract. Dynamic Pushdown Networks (DPNs) are an abstract model
for concurrent programs with recursive procedures and dynamic process
creation. Usually, DPNs are described with an interleaving semantics,
where an execution is a sequence of steps. Recently, we introduced a
true-concurrency semantics for DPNs, where executions are trees.

The standard analysis methods for DPNs are based on a saturation al-
gorithm, that, given a set of configurations, computes the set of all pre-
decessor configurations. In this paper we present an alternative analysis
algorithm that is based on tree automata. DPN executions as well as
the properties to be analyzed are represented as tree automata, and the
analysis is done by standard tree-automata algorithms for intersection
and emptiness check.

1 Introduction

Many existing analysis techniques for concurrent programs use parallel push-
down automata (e.g. [5,3,4]) or parallel procedure calls (e.g. [10, 8]) as a model
for concurrency. However, there are programming languages, like Java, that sup-
port dynamic thread creation. This cannot be mapped to parallel procedure calls
[2], and it can only be mapped to parallel pushdown systems when bounding the
maximum number of allowed threads. In contrast, dynamic pushdown networks
(DPNs)[2] natively support dynamic thread creation.

DPNs extend pushdown systems by rules with the side-effect of creating a
new pushdown process that is then executed concurrently. In [2], analysis of
DPNs is done by automata based techniques. The key result for the analysis of
DPNs is, that pre},-computation preserves regularity. This can be used for, e.g.,
bitvector kill/gen analysis [2] or bounded model checking of DPNs with shared
memory [1].

Originally, DPNs are given an interleaving semantics, where an execution is a
totally ordered sequence of steps. More recently, a true concurrency semantics for
DPNs has been introduced [7], where executions are modeled as trees. It is shown
how to decide tree-regular properties of such executions, and thus generalize the
results on DPNs of [2]. Moreover, this technique can be used to precisely compute
pre},-sets for DPNs with well-nested locks [7].
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The techniques presented in [7] compute the cross-product of a DPN and a
tree automaton for the regular property to be analyzed. This cross-product is,
again, a DPN and can be analyzed using the standard pre},-computation [2]. In
this paper, we explore a different approach for the analysis of DPNs. We also use
the true-concurrency semantics presented in [7], but instead of computing the
cross-product DPN, we use tree-automata techniques: Let M be a DPN with the
set of executions ey, and @ be a regular property. We want to check whether the
DPN has an execution with property @, i.e. whether ey, N'@ # (). Our analysis
computes a tree-automaton A with language L(A) from the DPN, such that
em = a(L(A)), where o maps a tree of L(A), called regular execution tree, to an
execution of the true-concurrency semantics, and a(L(A)) is the element-wise
application of a to the set L(A). The problem now reduces to checking whether
L(A) Nna=Y(®) # 0. If a=1(P) is also a regular set, this can be decided using
standard tree automata algorithms.

In this paper, we manually derive the tree automata representation of a=!(®)
for a specific reachability property @. It is left future work to automatically derive
the tree automata representations of a~1(®) from a suitable representation of
@, e.g. using theory related to macro tree-transducers.

The rest of this paper is organized as follows: In Section 2, we introduce
DPNs along with their interleaving and true-concurrency semantics. In Section 3,
we introduce regular execution trees, justify them w.r.t. the true-concurrency
semantics and derive a specific reachability property for regular execution trees.
Finally, in Section 4, we give a short conclusion and outlook to future work.

2 Dynamic Pushdown Networks

A DPN [2] is a tuple M = (P, I, L, A), where P is a finite set of control states,
I' is a finite stack alphabet with PN 1" = (), L is a finite set of rule labels, and
A = Ay U Ag is a finite set of non-spawning (Ax) and spawning rules (Ag).

l
A non-spawing rule py — p'w € Ay C PI' x L x PI'* enables a transition
on a single pushdown process with state p and top of stack v to new state p’

and new top of stack w € I'*. A spawning rule py < pw > psws € Ag C
PI' x L x PI'* x PI'* is a pushdown rule with the additional side-effect of
creating a new process with initial state p; and initial stack ws. DPNs are able
to model programs with potentially recursive procedures: A rule with |w| = 0
models a return from a procedure, a rule with |w| = 1 models a step inside a
procedure, and a rule with |w| = 2 models a procedure call. Rules with |w| > 2
can be seen as generalized procedure calls where more than one return address
is pushed onto the stack. In this paper, we restrict DPN rules to be of one of
the following forms:

Assumption 1 Let r € A be a DPN-rule. Then there exists p,p’,ps € P,
Y, V1,72,7 s vs € I' and 1 € L such that r has one of the following forms:

!
basic step r = py — p'v/
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!
procedure call r = py — p'y17y2
l
procedure return r = py — p’

1
process creation r = py — p'v' > p,vs

Note that these rule types are sufficient to model interprocedural programs with
DPNs. Moreover, by replacing generalized calls by sequences of procedure calls
(adding new states and stack symbols as necessary), one can transform any DPN
into a DPN that satisfies Assumption 1, while preserving the relevant properties
for program analysis, e.g. reachability properties. For the rest of this paper,
we assume that we have a fixed DPN M = (P, I L,A), and a fixed initial
configuration pgyp € PI'. Note that this restricts our analysis to programs with
one initial process. If programs with more than one initial process are required,
one has to create a process that sets up the program’s initial configuration.

Interleaving Semantics. We briefly recall the interleaving semantics of a DPN
as presented in [2]: Configurations Conf := (PI™*)* are sequences of words from
PI™*, each word containing the control state and stack of one of the processes
running in parallel. The step relation —C Conf x L x Conf is the least solution
of the following constraints:

l
mospawn] ¢1(pyr)ea - e (plwr)e; if py < pwe Ay

. l
[spawn]  c1(pyr)ce KN c1(psws)(p'wr)eg if py — p'w > psw,s € Ag

A [nospawn]-step corresponds precisely to a pushdown operation (manipulating
the control state and the top of the stack), a [spawn]-step additionally creates
a new process that is inserted to the left of the creating process. We define
—* C Conf x L* x Conf to be the reflexive, transitive closure of —. This seman-
tics is an interleaving semantics, because steps of processes running in parallel
are interleaved. It models the possible executions on a single processor, where
preemption may occur after any step.

In order to simplify the presentation of the analysis, we assume that no
configuration with an empty stack is reachable from the initial process pgyo:

Assumption 2 VI € L, ¢ € Conf. pyvo e = d¢e (PIT)*

Again, any DPN can be transformed to satisfy this assumption while preserving
the relevant properties. The transformation adds a new stack symbol v, at the
bottom of each stack.

Also note that a DPN contains no rules to remove an existing process from
the configuration. Thus we have:

Lemma 3. Vpw € PI'*, I € L, ¢’ € Conf. py L = e (PIr*)*

In DPNSs, termination of a process can be modeled, e.g., by going into a special
state from that there is no more progress.
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Predecessor Computation. Given a set C’ C Conf of configurations, the set

pre,;(C) :={c |3 € C’, leL.c 4 c'} is the set of immediate predecessors
of ¢, i.e. the set of configurations that can make a transition to a ¢ € C’ in

exactly one step. Similarly, pre},(C") := {c| 3¢ € C', [ € L*. ¢ i>*c’} is the set
of predecessors of C’, i.e. the set of configurations that can make a transition to
a ¢’ € ' by executing an arbitrary number of steps.

An important result on DPNs is that pre,, and pre}, preserve regularity,
i.e. if C' is a regular set then pre,,(C") and pre},(C") are regular as well, and
given an automaton accepting C’, automata accepting pre,,(C”) and pre}, (C"),
respectively, can be computed in polynomial time [2]. This result is the key
to analysis of DPNs. For example, let py € PI" be a state where a resource
is write-accessed. Let p’y’ € PI' be another state where the same resource is
read-accessed. The regular set

with S = PI™ contains exactly those configurations where one process is at
state py and another process is at state p’y’. Thus, the query poyo € pre},(C)
decides whether a conflict situation between the two resource accesses at py and
p'v' is reachable!.

Tree Semantics. We recently presented a tree-based semantics for DPNs [7]. An
execution of the interleaving semantics is a sequence of steps, inducing a total
ordering on the steps. Even steps of independent processes are ordered. In the
tree-based semantics, an execution is a tree of steps, only inducing an ordering
on steps of the same process and on steps of a created process to come after the
step that created the process.

Formally, we model an execution starting at a single process as an execution
tree of type T :=N LT |S LT T|L PI'*. A tree of the form N [ ¢ models an
execution that performs the non-spawning step [ first, followed by the execution
described by t. A tree of the form S [ t5 t models an execution that performs the
spawning step [ first, followed by the execution of the spawned process described
by ts and the remaining execution of the spawning process described by t. A node
of the form L pw indicates that the process makes no more steps and that its
final configuration is pw. The annotation of the reached configuration at the leafs
of the execution tree increases expressiveness of regular sets of execution trees,
e.g. one can characterize execution trees that reach certain control states. The
distinction between spawned and spawning tree at S-nodes allows for keeping
track of which steps belong to which process, e.g. when tracking the acquired
locks of a process, as done in [7].

! Note that the regular sets are not required to only model valid configurations, thus
we could also use the set C' = (S*pyS*p'y'S™) | (S*p'v'S*pyS*) with S = PUT. It
has a simpler automata but does not satisfy C' C Conf.
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The relation =-C PI™ x T x Conf characterizes the execution trees starting
at a single process. It is defined as the least solution of the following constraints:

[leaf] qu L qu
. 1
[nospawn] ¢yr NLE if ¢y —=qdweAy A qwr =4

. I
[spawn]  gyr Sty csc i gy — dw > gsws € Ag

t, t
A qws == cs N Juwr = ¢

In order to relate the tree semantics to the interleaving semantics, we define
a scheduler that maps execution trees to compatible sequences of rules. From the
ordering point of view, the scheduler maps the steps ordered by the execution
tree to the set of its topological sorts. The scheduler is modeled as a labeled
transition system over lists of execution trees. A step replaces the root node of
a tree in the list by its successors. Formally, the scheduler ~~C T* x L x T* is
the least relation satisfying the following constraints:

[nospawn] hl(N l t)hz ”\L\} hlthg
[spawn]  hy(S 1 ts t)hy ~ hytsths

We call sched(t) := {l € L* | 30’ € (L PI'*)*. [t] ~~*h'} the set of schedules of
a tree t € T, where (L PT™)* is the set of all lists of L-nodes, and ~~* is the
reflexive, transitive closure of the scheduler ~~. Notice that this definition of
the scheduler corresponds to the well-known topological sorting algorithm that
iteratively removes minimal elements (in this case root nodes of trees in the list)
until there are no more minimal elements left. It can be shown by induction?
that every execution of the interleaving semantics is a schedule of an execution
of the tree semantics and vice versa:

Theorem 4. Let p € P, w € I'*, ¢ € Conf and l € L*, then pw L if and
only if there is an execution tree t € T with pw = ¢ andl € sched(t).

Moreover, as trees are acyclic and thus any tree has at least one topological sort,
any execution tree has at least one schedule:

Lemma 5. Vt € T. sched(t) # 0

Reached Configuration. The execution tree already determines the configuration
that is reached by the execution, as the reached configuration is annotated at
the leafs of the execution tree. We define the function conf : T — Conf that
returns the configuration reached by an execution tree:

conf(L pw) = pw
conf(N [ t) = conf(t)
conf(S 1 t5 t) = conf(ts)conf(t)

2 To get the induction through, one has to generalize the ==-relation to more than
one initial process and lists of execution trees, as done in [7, 6].
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It is straightforward to show that conf(t) really returns the configuration reached
by any execution of t:

Lemma 6. Vpw € PI'*, t € T, ¢’ € Conf. pw L = = conf(t)

3 Regular Execution Trees

An execution tree makes the structure of process creation explicitely visible.
However, the structure of procedure calls and matching returns is not explicitely
visible in the structure of the execution tree. The information whether a proce-
dure call returns and where the matching return node is, can only be obtained
by inspecting the execution of the process and searching for a matching return
node. In this section, we develop another tree-based representation of executions,
so called regular execution trees. The structure of those execution trees makes
visible both, process creation and procedure calls. For the remainder of this pa-
per, we will use the term standard execution tree to refer to the execution trees
introduced above. Regular execution trees have the advantage that the set of
executions starting at a configuration of the form py (in particular poyy) can be
described as a regular set, and it is straightforward to construct a tree-automaton
for this set from the rules of the DPN. Thus, we can use standard tree-automata
operations like intersection and emptiness check for the analysis. We distinguish
between the set R, of returning execution trees and the set R,, of non-returning
execution trees. A returning execution tree returns from the current procedure,
while a non-returning execution tree does not. Formally, regular execution trees
have the type:

R, ::=ret L P|base L R, |callr L R, R, |spawn L R,, R,
R, =:=nil PI'|base L R, |callr L R. R, |calin L R, I | spawn L R, R,

Moreover, we define the set R of all regular execution trees by R := R, U R,,.
Intuitively, a nil py-node represents the end of a process’s execution. The process
ends in state p with top-of-stack . A ret [ p-node represents a procedure return.
The return step is labeled with [, and the return state is p. A base [ 7-node
represents a basic-step with label [. After the basic step, the execution continues
with 7. A callr [ 7, 7-node represents a returning procedure call labeled with
. The execution of the procedure is described by 7. and the execution after
the procedure has returned is described by 7. A calln [ 7. 7-node represents a
procedure call that does not return. 7. represents the execution of the procedure,
and + is the return address of the procedure, that will — as the procedure does
not return — remain on the stack for the rest of the execution. A spawn [ 7, 7-
node represents a process creation step, where 74 is the execution of the created
process and 7 is the remaining execution of the creating process. Note that, due
to Assumption 2, a (reachable) spawned process does not return from its initial
procedure, and thus we have 7, € R,,.

In order to map from a regular execution tree to a standard execution tree,
we need to define a concatenation operation that glues together two standard
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execution trees, by replacing the rightmost leaf of the first tree by the second
tree. We define the operation -;- : T' X T'— T recursively over the structure of
the first tree:

(L pw);t' =t

(NIt);¢' =N1 (t¢)

(Sltyt);t' =S1it, (t;t)

In order to define the function o : R — T that maps from regular execution trees
to standard execution trees, we first define the auxiliary function o’ : RxI™ — T
that maps a regular execution tree and some stack to a standard execution tree.
Intuitively, the stack contains the symbols that will not be popped during the
rest of the execution.

/

nil py, s) = Lp(vs)

"(ret I p,s) =N 1 (L ps)

(base I 7,5) =N I (&/(7), )

callr i 7. 7,8) = N I (&/(7¢,€); 0/ (T, 5))
calln I 7o7,8) = N [ &/ (7¢,75)

spawn [ 75 7,8) =S | o/ (75,¢) &/ (7, )

o(
o(
o (
o (
o/ (
o (
The function « is then defined as a(7) := o/(7,¢). We overload « : 2 — 27T for
sets of trees by element-wise function application, i.e. a(X) = {a(7) | T € X}.

We now characterize the regular execution trees of a DPN by the least fixed
point of a constraint system. The constraint system contains variables of the form
Nlp,7] € R, and R[p,7,q] C R, for p,q € P and v € I'. Intuitively, N[p,~]
contains the set of non-returning execution trees starting at configuration pry
and R[p, v, ¢] contains the set of execution trees starting at configuration py and
returning with state ¢:

[n-nil] nil py € N{p,~]
for py < peA:
[r-ret] ret I p’ € R[p,7, ']
forp7<1—>p"y’€A,p'€P:
[n-base] base!l T € N|p,~] <71€EN[p,]
[r-base] base ! T € R[p,v,D] <71 eRp,Y,D
for py <& pyiyz € A, € P
[n-calln] callnl 7~ € N[p,y] < 7€ N[p, 1]
[n-callt] callrl . 7€ Np,y] <71.€R[p,n,p)AT € NP,
[r-callr] «callrl 7. 7€ R[p,v,p] < 7€ R ,v,p| AT € R[p, V2, D
forpwap’w’Dps%eA,f)eP:
[n-spawn] spawn [ 75 7 € N[p,7] < 7s € Nps,vs] AT € N[p',~']
[r-spawn] spawn [ 75 T € R[p,v,p| < 7s € Nps,vs] AT € R]p', 7, D]

In the remainder, we use N[p,v] and R[p,, ¢| to refer to the least solution of
this constraint system. Note that these constraints also define rules of a tree
automaton over states {N[p,7] | p € P,y € I'} U{R[p,7,4q] | p,q € P,y € I'}.
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Thus, the sets N[p,~] and R[p,, q] are tree regular sets. We will use this tree-
automata view and the closedness properties of regular tree languages in order
to decide whether a DPN has some execution that satisfies a given tree-regular
property @ C R, as this is equivalent to N|[pg,70] N @ # ) which can be decided
by standard tree automata operations.

First, we justify the regular execution tree semantics defined by the constraint
system w.r.t. the standard execution tree semantics:

Theorem 7. Let p,p’ € P and v € I'. Then we have:

a) {t]|3 e (PrH)*. py =t d} = a(Np,v))
. t

b) {t|decs € (PIT)*. py = csp'} = a(R[p,7,p'])
Intuitively, Theorem T7a states that there is a standard execution ¢, starting
at configuration py and ending in a configuration with no empty stack (¢’ €
(PI'")™), if and only if there is a regular execution tree T € N|[p, ] that matches
the standard execution tree ¢, i.e. (a(7) = t). Theorem 7b makes the analog
statement for returning executions.

Reached Configuration. We now extract the configuration reached by a regular
execution tree: We overload the function conf : R — Conf:

conf(nil p v) = py

conf(ret I p) =¢

conf(base | 7) = conf(T)

conf(callr I 7. 7) = conf(7.)conf(7)

conf(calln I 7. ) = conf(7.)y

conf(spawn [ 75 7) = conf(7,)conf(7)

It is straightforward to show that, for non-returning execution trees, the configu-
ration computed by conf matches the configuration reached by the corresponding
standard execution tree:

Lemma 8. V7 € R,,. conf(7) = conf(a(7))

In the rest of this paper, we want to characterize the set of regular execution
trees that reach a configuration that is in a given regular set of configurations.
For this purpose, we regard a finite state machine (FSM) F = (@, o, Qr,9)
with states @), initial state gqg € @, final states Qr C @ and transition relation
0 C QX (PUI)xQ. Let §* be the reflexive, transitive closure of §. The language
of F is defined by L(F) :={ce€ (PUI')*| 3¢ € QF. (qo,c q') € 6*}. We regard
a constraint system over variables T'[q,¢'] C R for ¢,¢’ € Q. Intuitively, Tq, ¢']
contains all regular execution trees whose reached configuration drives the FSM
from state g to state ¢’

[t-nil]  nil py € Tq,¢] < (¢,p7,¢) €6*
t-ret] ret I p € T[q,q| =qeq
t-base] basel T € T[q,q'] <7€Tq,q

[

[ ]

[t-callr] «callrl 7. 7€ T[q,¢] <3G 7. €Tlqg, g N7 T[] {]
[t-calln] callnlT.v€Tlq,q] <34 17.€Tq,q) N(G,7v,q) €I
[t-spawn] spawn | 75 7 € Tq,q'] < 3G. 75 € T[q, ) AT € T[4,4']
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In the rest of this paper we use T[g,q’] to refer to the least solution of this
constraint system. Note that this constraint system also defines the rules of a tree
automaton, and thus the sets T'[q, ¢'] are regular. It is straightforward to show
that T'q,q’] contains exactly those regular execution trees whose configuration
transfers the FSM from state ¢ to state ¢’:

Theorem 9. V7 € R, ¢,¢' € Q. 7 € Tq,¢'] < (g,conf(7),q') € 6*

By combining the previous results of this paper, we can now decide whether
some configuration from the regular set of configurations L(F') is reachable from
the initial configuration py~yo:

Theorem 10 (Main Result).

(A e L*, ¢ € L(F). pyyo +*¢) & Nlpo, 50l N U{Tl90.4'] | ¢ € Qr} #0

Note that both N|[pg,70] and |J{T[q0,¢'] | ¢ € QF} are regular tree languages,
and the rules of the corresponding tree automata can be constructed from the
scheme given by the constraint systems for V, R and T'. Hence, the right hand
side of the equivalence can be decided using standard tree automata algorithms
for intersection and emptiness check.

Proof. For the =--direction assume there is an sequential execution l€L*and a
configuration ¢’ € L(F') with poo L*¢/. With Theorem 4, we obtain an standard

execution tree t with poyo =% ¢/. From Assumption 2 and Lemma 3 we have
¢ € (PI'")™", hence we can use Theorem 7a to obtain a regular execution tree
T € N[po, Y] with a(7) = t.

Moreover, with Lemma 6, we have conf(t) = ¢/, and with Lemma 8 we get
conf(r) = ¢. With ¢ € L(F) we obtain a state ¢ € Qp with (go, conf(7),¢’) €
0*. With Theorem 9, we have 7 € T[qo, ¢'] and hence 7 € | J{T[q0,¢] | ¢’ € QF}-
Ultimately, we get N{po,yo] N"U{T[q0,4'] | ¢ € Qr} # 0.

The proof of the «<-direction is analog. Only in order to apply Theorem 4,
we need the additional fact that every standard execution tree has at least one
schedule (Lemma 5). O

4 Conclusion

We presented a tree-based semantics for DPNs. The set of executions of the DPN
are a regular set, and a tree automata for this set can efficiently be derived from
the DPN rules. The semantics is justified w.r.t. the true-concurrency semantics
presented in [7] and thus, indirectly, w.r.t the original interleaving semantics of
DPNs [2]. By using standard tree automata techniques, we are able to decide
tree regular properties of DPN executions. To show the usefulness of tree-regular
properties, we showed that reaching a configuration from a given regular set is
a tree-regular property.

All the results presented in this paper have been formalized in the interactive
theorem prover Isabelle/HOL [9]. The proofs related to DPNs and standard
execution trees have been published as a technical report [6]. The proofs related
to regular execution trees are still unpublished.
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Future Work Currently, we have only modeled one specific property — execution
trees reaching a configuration from a regular set — as a tree-automaton and
justified it by hand. However, there is strong indication that the function «, that
maps from regular execution trees to standard execution trees, can be written as
a macro tree transducer. Then, for every regular set S C T of standard execution
trees, the set a~1(T') C R of corresponding regular execution trees is also regular,
and an automaton for a~!(T) C R can be constructed automatically. This would
allow us to automatically transfer other useful properties of standard execution
trees to our new analysis technique, e.g. the analysis of reachability w.r.t. nested
locks presented in [7].

By iterating prej},-computations, one can check for executions that reach a
sequence of intermediate configurations from given regular sets. This can be
used for, e.g., bounded model checking of DPNs with shared memory [1]. In
order to achieve the same with our tree-automata based techniques, we have to
specify tree automata for execution trees that reach a sequence of intermediate
configurations, each from a given regular set. Ideally, we would develop a method
to automatically derive these tree automata from regular properties that are
separately specified for each execution between two intermediate configurations.

Another direction of future work is to extend the power of the analyzed
model. While, in this paper, we only presented an analysis for DPNs, we are
pretty sure that our results carry over to the strictly more powerful CDPNs [2],
where rules may be constrained by properties of the state of the processes that
have been spawned by the process that executes the rule. This allows, e.g., to
model parallel procedure calls. Moreover, we could try to use other techniques, in
particular Horn-Clause solvers and symbolic representations of the tree automata
rules, to improve the performance of the analysis, in particular for large DPNs or
properties where the automaton has many states but a possible short symbolic
description.

Moreover, we have to compare our analysis techniques with the existing tech-
niques for pre},-computations. One aspect of this comparison is to compare the
theoretical worst case complexities of the two methods. Another aspect would be
an experimental evaluation of the runtimes for typical problems. We currently
have prototype implementations for both techniques, but no experimental results
yet, nor any collection of ,,typical problems”.

Acknowledgment. We thank Helmut Seidl for helpful discussion about tree au-
tomata and Markus Miiller-Olm and Alexander Wenner for inspiring discussion
about DPNs. Actually, the idea of regular execution trees evolved during a meet-
ing with Helmut, Markus and Alexander.
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Abstract. Providing QoS-awareness and adaptive behavior in multime-
dia applications is cumbersome and errorprone. Many different frame-
works and even additional languages exist which try to support QoS-
aware application development. In many cases this is done by shifting
away QoS processing facilities from the prgrammer and hiding them
inside resource layers or other middle-ware. Instead, we integrate QoS
directly into the common programming language C#.

In this paper we introduce the specification of MMC# as an extension
to the C# programming lanugage focusing on adaptive, QoS-aware pro-
gramming. The new language features provide a solution to the three
common problems in the field of QoS processing: (1) constraint decla-
ration, (2) constraint monitoring and (3) providing adaptive behavior
in multimedia applications. Furthermore, declarative definition of QoS
requirements directly within the programming language allows to apply
semantic constraint analysis - partly at compile-time, partly run-time -
to check the correctness of specified requirements and further provide
optimizations by automatically removing not required constraints. Last
but not least, this paper describes the structure of the Mono compiler
which has been the basis for development. We illustrate how the com-
piler has been modified to support these novel language extensions and
the semantic analysis of QoS constraints.

1 Introduction

Up to the present, the software engineering community has largely neglected the
problems surrounding the development of multimedia applications that dynam-
ically adapt their behavior to both the required Quality of Service (QoS) and to
available resources. QoS and adaptation of course have been recognized as im-
portant issues and have been subsequently discussed in the relevant literature,
but these discussions have usually restricted themselves to a limited context and
rarely concentrated on the design issues of QoS aware, adaptive applications.

Many different frameworks exist which promise support for QoS handling and
adaptivity which is achieved by defining QoS contracts within separate specifi-
cation languages. Furthermore, a lot of multimedia frameworks and middleware
systems have been implemented which claim to provide QoS handling. However,
their QoS capabilities are often limited to a small context or even completely
hidden to the programmer.
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Currently, there is no support for QoS-aware programming within common
general purpose programming languages like C# or Java. We introduce an exten-
sion to the programming language C#, called MMC#, which focuses on adaptive
QoS-aware programming. MMC# extends current C# programming capabilities
by adding the following features:

— Constraint declaration - A declarative syntax is used to provide QoS con-
straint specification.

— Constraint monitoring - Timed data types utilize the n + 1%* dimension as
representation of the time and provide historization with the help of spe-
cial assignment operations. These timed assignments apply automatic time
recording and QoS constraint evaluation.

— Adaptivity - In case of QoS violations exception are thrown, which enable
adaptive programming to be as easy as any other kind of exception handling.

Furthermore, we apply semantic analysis on declarative constraint specifica-
tion to provide their correctness and even optimize their representation. This
analysis is splitted into two parts:

— Compile-time Analysis - The compiler analyzes the constraints and provides
correctness checks and optimizations for constant declarations. In case of
dynamic values it generates code which is executed during constraint initial-
ization.

— Run-time Analysis - Constraint declaration can use dynamic elements like
parameters or method calls which are not available during compile-time.
These values are analyzed during run-time and in case they lead to an in-
correct constraint definition, an exception is thrown.

MMC# and the semantic analysis have been implemented within the Mono
C# compiler. The Mono framework is an open-source implementation of the
.NET framework and provides portability of .NET applications to other plat-
forms than Windows. We briefly describe the structure of the compiler and show
how the presented extensions have been integrated.

2 MMC# Specification

Keywords non-timed-type:
value-type
reference-type

constraint

stream .
Assignments

Types assignment:
unary-expression assignment-operator expression
unary-expression ~: expression
type: . unary-expression :~ unary-expression
timed-type
value-type
reference-type
type-parameter

Methods

parameter-modifier:
ref
out
stream

timed-type:
non-timed-type [ ~ constraint-referenceyy¢]
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argument :
expression
ref variable-reference
out variable-reference
stream expression

Classes

class-member-declaration:
constant-declaration
parameterizable-constraint-declaration
field-declaration
method-declaration
property-declaration
event-declaration
indexer-declaration
operator-declaration
constructor-declaration
finalizer-declaration
static-constructor-declaration
type-declaration

parameterizable-constraint-declaration:
constraint-modifiers,p¢ comstraint identifier
(formal-parameter-list,p¢) => constraint-declarations ;

constraint-modifiers:
constraint-modifier
constraint-modifiers constraint-modifier

constraint-modifier:
private
protected
public
static

constraint-declarations:
or-constraint-declaration

or-constraint-declaration:
and-constraint-declaration
or-constraint-declaration ||
and-constraint-declaration

and-constraint-declaration:
constraint-declaration
and-constraint-declaration &&
or-constraint-declaration

2.1 Types

constraint-declaration:
constraint-declaration
and-constraint-declaration &&
or-constraint-declaration

Constraint declaration

constraint-declaration:
@ identifier { constraint-condition-with-exception

constraint-condition-with-exception:
or-constraint-condition
or-constraint-condition : throw-statement

or-constraint-condition:
and-constraint-condition
or-constraint-condition || and-constraint-condition

and-constraint-condition:
constraint-condition
and-constraint-condition && or-constraint-condition

constraint-condition:

qos-expression

qos-expression gos-conditional-operator
qos-expression

qos-conditional-operator:

VVIAA
i L

qos-expression:
qos-primary-expression

q pression qos-math-operator qos-expression

qos-math-operator:

qos-primary-expression:
primary-expression

The type definition® is extended to support timed-types. Timed-types are value-

types and similar to array-types.

A timed datatype in this context also called quality-aware data type is defined
similarly to an array type. Time is the n + 1% dimension, which can be added
to any data type. Quality-aware data types are associated with a history which
records events. These events are triggered by the timed (streaming) assignment
statement (see section 2.2) and the timed (streaming) parameter passing mode

(see section 2.3).

Quality-aware variables are type-compatible with any variable compatible to
their base type. During type-checking the additional dimension is omitted. To
allow QoS checking, constraints are associated to timed data types. Such con-
straints are of type System.IQoSObject and are either added statically during
declaration or assigned dynamically via the new statement.

! This block refers to section 11 page 107 and following of the C# Standard [1].
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2.2 Assignment operators

Two new assignment operators? are added. The so called timed-assignment or
streaming-assignment assigns a value from or to a timed-variable. This operation
is done under QoS control. It advises the compiler to add QoS monitoring code.

Each time the assignment is executed the timed-variable records an event
and the assigned constraint is evaluated. If the evaluation fails, an exception is
thrown. This behavior is explained in section 2.5 in detail.

A write-timed-assignment requires the left part of the assignment to be a
timed-type. Accordingly, a read-timed-assignment requires a timed type on the
right side.

Statically assigned constraints are initalized when declaring a variable. Such
constraints cannot be changed over the life-time of the variables they are as-
sociated. Instead, dynamic constraint assignments are applied using the new
operator.

In multimedia streaming applications two different kinds of value assign-
ments exist. The first is the usual management operation and does not need any
constraint-checking or quality requirements. This operation is expressed by the
“normal” assignment operation (=) which is executed best effort. In general, no
specific timing requirements exist for management operations. In constrast, a
streaming operation exists which implements features like video playback. This
streaming behavior is achieved by the timed (streaming) assignment statements
and requires QoS-aware behavior.

2.3 Methods

A further parameter passing mode? is added. Stream parameters are passed by
value, but with constraint evaluation. Accordingly, a streamed argument is
denoted with the keyword stream. Timed parameters require a timed data
type within the declaration of the parameter list. The QoS constraint is
attached when the method is called for the first time. In case of static methods
only statically assigned constraints can be used.

2.4 Classes

The class member declaration? is extended to provide parameterizable con-
straints. Parameterizable constraints allow the definition of reusable constraints

by specifying constraint templates as class members via the keyword constraint.

Constraints can be combined by logical operators && and ||. This allows
building complex constraints out of simple ones, e.g combining throughput and
jitter constraints. In case of a QoS constraint violation, an exception is thrown.
The semantic of logical concatenation of using the operator && is that every

2 This block refers to Section 14.14 page 218 and following of the C# Standard [1].
8 This block refers to Section 17.5.1 page 287 and following of the C# Standard [1].
4 This block refers to Section 17.2 page 269 and following of the C# Standard [1].
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constraint needs to be met. In contrast, when using the operator ||, one single
constraint satisfaction is enough to fulfill the whole constraint.

Parameterizable constraints allow QoS constraints to be reused. Such con-
straints are declared in the same way as other class members and make use of the
same accessibility features. Furthermore, they allow the definition of parameters
which can then be used inside the constraint. During constraint instantiation
actual parameters are mapped to the formal parameters in the constraint defi-
nition.

2.5 Constraint declaration

Constraints are declared similarly to the mathematical forall expression (V). The
identifier symbolizes a control variable which is incremented each time the con-
straint is evaluated. The initial value is 0, which means that no timed assignment
was executed. The current value of the control variable represents the current
event. This identifier can be used to access the timing history of a timed-type.
Only past events can be accessed.

The constraint condition evaluates to a boolean value. If the resulting value
is false, the constraint is violated and an exception is thrown.

A throw statement® can be optionally used to throw user defined exceptions
in case of QoS violations. If no exception is specified, a System.QoSException
is thrown.

Constraint conditions can be combined by logical operators && and | | which
allows building complex logical expressions. Such complex conditions are evalu-
ated as one single block.

A constraint condition is required to be of a type that can be implicitly
converted to a boolean value. It allows a set of comparison operators to be used.

A gos-expression is used to apply mathematical operations within parts
of constraints. It is clearly defined which operations are allowed to reduce com-
plexity of constraint declaration.

Primary expressions® are the simplest forms of expressions. They allow e.g.
variable access, paranthesis and array element access. This array element access
is applied to access the timing history of a timed variable within a constraint
declaration.

A constraint is represented by the implementation of the System.IQoSObject
interface. This interface defines a method in which the history of quality-aware
data types is checked against certain quality conditions. If the condition evaluates
to false, an exception is thrown (System.QoSException). A constraint class
can be implemented manually or generated by the compiler using the explained
declarative specification syntax.

Furthermore, a constraint is only valid if there is enough information in the
history. If the history does not contain enough events, the declared constraint
cannot be checked and is always evaluated to true. The event counter which is
declared using the symbol @ is used to access the current history entry.

5 This block refers to Section 15.9.5 page 243 of the C# Standard.
5 This block refers to Section 14.5 page 165 of the C# Standard.
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3 Semantic Constraint Analysis

In some cases, complex constraint definitions may be hard to understand and
mistakes can occur. Correctness checks executed by the compiler and by com-
piler generated code at run-time help the application developer to define correct
constraints by applying semantic analysis and also provides optimizations by
removing unnecessary constraints.

The declarative syntax allows automatic validation of syntax and semantic
behavior at compile time. Syntactic correctness is achieved by correct grammar
definition. The semantic analysis is divided into two parts:

1. Compile-time analysis
2. Run-time analysis

The first part is executed during compile-time and evaluates constant expres-
sions which are subsequently compared to each other. Depending on the result
of the comparison, the compiler optimizes the constraint or generates a compile-
time error message or warning. If the constraint contains dynamic elements like
parameters or method calls, an additional code is generated to carry out the
check during run-time.

The second part of the compiler generated semantic analysis is performed
at run-time, during constraint instantiation. All parameter values are evaluated
against the same criteria as constant expressions during compile-time. In case of
inconsistent constraint definitions, an exception is thrown. This can be compared
to array bound checking [3] which is used in mainstream programming languages
like C# or Java [4].

Although semantic analysis examines constraints at compile-time and during
instantiation, some uncertainty of correctness remains when using user defined
methods. Adding method calls allows constraints to be extensible for any re-
quired behavior, but they can also harm a constraint definition. A method call
may last too long and the constraint check itself may take longer than the action
being monitored. Furthermore, such method calls may lead to erroneous behav-
ior which is eventually not captured by exception handling code. The current
implementation of semantic analysis allows user defined methods, but does not
analyze them in detail, except methods defined in the system class QoS.Units.

After the constraint analysis has been completed, a matrix with relations
between constraints and parts of constraints is available. These relations help
the compiler making decisions about possible optimizations. A relation between
two constraints in the matrix can be expressed by one of the following types:

— Weaker (W) - A weaker constraint is logically implied by a stronger one.
— Equality (E) - Two constraints express an equivalent behavior.

— Stronger (S) - It is the inverse relation to the Weaker relation.
Inconsistent (I) - Inconsistent constraints represent contradictions. Such
constraints will never evaluate to true.

Different (—) - Two constraints are different and thus both are required to
express the specified requirement.
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— Dynamic Constraint (D) - The constraint uses dynamic elements and
cannot be evaluated at compile-time. Dynamic elements are method calls or
class member accessses which result in varying values during run-time.

The constraint analysis process consists of the following steps:

1. Split constraint definition into conditional blocks.

N}

. Convert condition blocks into normalized form.

3. Compare each normalized constraint condition to each other and fill evalu-

ation matrix.

4. Decide constraint reconstruction based on evaluation matrix to provide op-
timized code or warning and error messages.

3.1 Constraint

Splitting

Concatenated constraints are too complex to be analyzed. Therefore, the whole
constraint is split into its conditional parts. Time independent constraint parts
are omitted. These parts are not covered by the constraint analysis.

An example is used to illustrate the constraint analysis. It analyzes the fol-
lowing QoS requirements which are expressed in Listing 1.1:

— A frame rate of 25 frames per second should be used for playback.

onds.

The delay between two consecutive frames should not exceed 100 millisec-

— The deviation of delay between two consecutive frames should not exceed 20
milliseconds with respect to the frame rate of 25 frames per second.
— A group of 5 frames needs to be processed within 500 milliseconds.

@n{frame[n] - frame[n-25] < QoS.Units.Sec(1)} &&
@n{frame[n] - frame[n-1] < QoS.Units.MSec(100)} &&
@en{ frame [n] - frame[n-1] > QoS.Units.MSec (20)

&& frame[n] < frame[n-1] + QoS.Units.MSec(60)} &&
O@n{frame[n] - frame[n-5] < QoS.Units.MSec(500)}

Listing 1.1. Declarative QoS Constraint Specifying QoS Requirements.

After constraint splitting is finished, the following conditional blocks have
been identified (Table 3.1).

Part|Condition

C1 |frame[n] - frame[n-25] < QoS.Units.Sec(1)
Cy |frame[n] - frame[n-1] < QoS.Units.MSec(100)
(3, |frame[n] - frame[n-1] > QoS.Units.MSec(20)

Csp
Cy

frame[n] < frame[n-1] + QoS.Units.MSec(60)
frame[n] - frame[n-5] < QoS.Units.MSec(500)

Table 1. List of Extracted Conditions.
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3.2 Constraint Condition Normalization

To make constraints comparable they need to be transformed into a normalized
form (Table 3.2). All constraints are converted into one of these forms (1). If a
constraint condition cannot be converted into one of these forms, it is considered
to be different.

Vn,7(e,n) —1(e,n — k) < §
Vn,(e,n) —1(e,n — k) =0
Vn,7(e,n) —1(e,n —k) >0 (1)

Part|Condition

C1 |frame[n] - frame[n-25] < QoS.Units.Sec(1)
C5 |frame[n] - frame[n-1] < QoS.Units.MSec(100)
(34 |frame[n] - frame[n-1] > QoS.Units.MSec(20)
C3p |frame[n] - frame[n-1] < QoS.Units.MSec(60)
Cy |frame[n] - frame[n-5] < QoS.Units.MSec(500)

Table 2. List of Normalized Conditions.

3.3 Constraint Condition Comparison

Constraint conditions are compared based on the defined normalized form. The
parameters k and § are the condition parameters. They can be a constant value
or defined as a parameter in case of parameterizable constraints. If they are
constant, they can be used for further investigations. In case they are passed as
parameters they are marked as a dynamic constraint (D).

If constraint parts use the same timed variables, they can be compared. If
they use different timed variables, it is not possible to compare them.

E, if 0o=0pNks=kp
<, if%A %8 >0Aks > kp

W, if ops =opp = ( =, 1f,‘i—g>i—i
>, if 24 — 28 <0Aka <kp
<, A — 92 < OAka <k
Rap=1<S, 1if opa=opp=<=, ifg—z<i—‘; (2)

e 8 s
>, lfﬁ—ﬁ>0/\k,4>k3
D, if 04V dpVkaVkp are dynamic

<>, ifda % <
I7 if OPA#OPB/\{
—, else

ka kp
if da _ B
><, 1ka = >0
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Condition relations are evaluated by comparing k, § and the comparison
operator (2). The method call to the class QoS.Units is not important in this
case, due to the fact that the method body of the static methods only contain
formulas with constant values. The relation matrix is the result of the comparison
of these conditions. Table 3.3 illustrates the complex relations between the single
conditions.

C1|C2|C34|C3|Cy
B - -1~
Col-|E| - |W]|S
CS(Z - - E - =
Cs| -S| - |E]|S
Cy|-|W| - |WI|E

Table 3. Relation Matrix.

3.4 Constraint Reconstruction

@n{frame[n] - frame[n-25] < QoS.Units.Sec(1)}
&&
en{frame[n] - frame[n-1] > QoS.Units.MSec(20)
&% frame[n] < frame[n-1] + QoS.Units.MSec(60)}

oW N e

Listing 1.2. Reconstructed QoS Constraint.

The relation matrix allows reasoning about the importance of specific con-
ditions (Table 3.4). If the matrix (Table 3.3) contains equal conditions other
than self equality (main diagonal), these conditions can be reduced to one single
representative. Weaker conditions can be omitted and only stronger ones are
taken into account. Different conditions are important to preserve the behavior
of the whole constraint. Inconsistent constraint declarations cause the compiler
to produce error messages and the compilations fails. If the constraint is modi-
fied by the compiler, warnings are produced which inform the developer about
the inefficient definition of the constraints.

@n{ // delay of 30 milliseconds
input [n] - inputl[n-1] < QoS.Units.MSec (30)

&& // frame rate of 25 frames per sec
input [n] - input[n-25] < QoS.Units.MSec(1000)}

AW N e

Listing 1.3. Weaker Constraint Example.

If dynamic conditions are encountered, the compiler generates check code

which is executed at run-time during constraint initialization. This check code

compares passed parameter values with other parameters or constant values de-

fined within the constraint. If the check fails an exception is thrown (System.QoSInitializationException).
Based on the information within the relation matrix a new constraint can be

built.
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Relation Description

W If one constraint is semantically weaker than another, the weaker one can automatically
be removed. A weaker constraint is logically implied by a stronger one. Listing 1.3 presents
an example of this. If the delay between two consecutive frames never exceeds 30 msec
then this implies that the frame rate is below 25 fps (it is actually 33,33 fps).

E If two constraints are equivalent, one can be removed.

S If one constraint is semantically stronger than another, the weaker one can be removed
automatically.
1 If two constraints contradict each other, a compile-time error is generated. Listing 1.4

illustrates that either the first evaluates to true and the second fails or the second evaluates
to true and the first fails. Such a constraint is obviously erroneous and should be removed.

— Two constraints are different and thus both are required to express the specified require-
ment. No action is required.

D The constraint uses dynamic elements and cannot be evaluated at compile-time. Dynamic
elements are method calls or class member accesses which result in varying values during
run-time. Check code is generated which evaluates constraint correctness during initializa-
tion.

Table 4. Relation-based Actions.

en{ // mazimum delay of 30 milliseconds

input [n] - input[n-1] < QoS.Units.MSec(30)
&& // minimum delay of 50 milliseconds

input [n] - input[n-1] > QoS.Units.MSec(50)}

Listing 1.4. Inconsistent Constraint Example.

4 Extending the Mono C# Compiler

This chapter describes briefly the structure of the monon C# compiler and how
modifications are applied.

5 Mono Project

The Mono project [5, 6] is an open source implementation of the NET platform
mainly developed for UNIX, but also supports Windows and Mac OS X. Its
aim is to provide a cross-platform for .NET applications to enable windows
applications to run on UNIX based systems and Mono developed applications
to run on Windows based systems. Mono includes the following components:

— Common Language Infrastructure - The CLI is a virtual machine which
contains a class-loader, JIT (just-in-time) compiler and GC (garbage collec-
tor) infrastructure.

— Class Library - The provided class library is .NET compatible and also
includes Mono-provided classes.
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— C# Compiler - The C# compiler is the main compiler of the Mono frame-
work. There is already support for other languages like Visual Basic, Oberon
or Object Pascal.

The .NET framework uses a virtual machine like environment called the
Common Language Runtime (CLR) and is intended for use with several differ-
ent programming languages. The .NET platform has compilers [9] that target
the virtual machine from a number of languages: Managed C++4, Java Script,
Eiffel, Component Pascal, just to name a few. The CLR and the Common Type
System (CTS) provide a common run-time to all of these languages. Indepen-
dent of their syntax and language structures the target output is the Common
Intermediate Language (CIL) which allows interoperability between all CLI com-
patible languages. When a CIL application is executed, the code is compiled to
native machine code for the appropriate architecture.

6 Structure of the Mono C# Compiler

The Mono C# compiler is one central aspect of the Mono framework. It is an
ECMA-Standard [1] compliant implementation of a compiler for the C# pro-
gramming language targeting the standard compliant CLI [2]. Each new version
of the programming language is provided via a separate compiler executable.

— mcs - A C# compiler targeting .NET 1.x framework.

gmces - A C# compiler targeting .NET 2.0 and 3.5 framework.

smcs - A C# compiler targeting .NET 2.1 framework including Silverlight
APIs.

dmcs - A C# 4.0 compatible compiler (currently under development).

The implementations of MMC# started with implementing the language
extensions with mcs. Later on the development moved to gmcs.

Mono C# compiler [7] is completely written in the C# programming lan-
guages and makes heavy use of .NET API calls inlcuding System.Reflection
and System.Reflection.Emit.

The compilation process is divided into the following parts:

1. Parsing - The compiler parses a set of source files. This is done with the
JAY parser which is a port of Berkeley Yacc to Java that was later ported
to C# by Miguel de Icaza. Additionally used assemblies are loaded after
parsing has been completed.

2. Type Hierarchy Processing - After parsing has finished the type hierar-
chy is resolved and populated to the type system. After this step the program
skeleton is complete.

3. Code Generation - This phase is divided into two parts. The first part
is responsible to provide semantic analysis and check if the code is correct.
The second one really emitts the code. After executing code generation the
output is saved to the disk.

[7] provides a detailed overview about the file organization of the compiler
and explains the responsibilities of each code block.
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6.1 Lexical Analysis

During the first phase of the compiler execution all input is processed by the
tokenizer. The tokenizer splits the input text into small parts which then are
used by the JAY parser for further processing.

If the tokenizer returns a token, its location is recorded within a property
which is accessible by the parser. This information is used to provide correct
error messages pointing to the location of the problem including line number and
column. If the location cannot be determined by the compiler, error messages
pointing to line 0 are produced which represent anonymous error messages.

C# has only limited pre-processing capabilities compared to the program-
ming language C [10]. A separate method is invoked when detecting pre-processing
directives which start with the symbol #.

6.2 Syntax Analysis

The JAY parser takes the previously generated tokens and evaluates the syntax
of the source program. The grammer of the parser does not exactly match the
grammar provided within the standard, because the standard has been written
for human beings and not for machines.

Each statement or expression identified by the parser is represented by a
class. If the parser finds an appropriate token sequence, it instantiates an object
of the corresponding class representing the analyzed language construct.

The output of the syntax analysis is an abstract syntax tree (AST) which
contains expression trees and all statements required for code generation. It fur-
ther allows semantic analysis to check the correctness of the code and evaluation
of all used types.

6.3 Semantic Analysis

The abstract syntax tree is the internal representation of the provided program.
It is the input for the semantic analysis. This analysis starts by resolving the
interface hierarchy. Next, classes, structures, constants and enumerations follow.
After processing the main building blocks of applications methods, indexers,
properties, delegates and events are resolved. At the end of this process elements
containing code are checked to be semantically correct.

6.4 Code Generation

The code generation is done with the help of context objects (EmitContext)
which keep track of current namespaces, type containers and the state of code
generation. The resolved abstract syntax tree is the basis for code generation.
With the help of the ILGenerator, the program is translated into the Common
Intermediate Language (CIL).
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7 Embedding Language Extensions

Depending on the required enhancements, several different possibilities exist to
modify the existing Mono C# compiler. The implementation of the language
features presented within this paper have been applied to gmcs which is the
compiler version targeting the .NET framework 2.0.

The tokenizer is based on a manual implementation and needs to be modified
accordingly in case new tokens are required. For the current extensions this
was made for the new assignment statements and keywords introduced within
MMCH.

The parser is implemented as a JAY-parser specification which is a mixture of
grammar definitions and related C# code which is executed when a given token
sequence is recognized. The modifications to the grammar were directly applied
within the “cs-parser.jay” file. During the parsing process an abstract syntax
tree which consists of abstract representations of expressions and statements is
generated.

There are many different possibilities of how a certain modification can be
implemented. Instead of emitting code manually, the presented language features
are based on modifications directly applied to the abstract syntax tree. This can
be explained considering the following example. If an assignment statement is
detected, an instance of the class Assign is created. This object contains a left-
hand and a right-hand expression which are the target and the source of the
assignment operation respectively.

During semantic analysis this object is resolved by identifying the types of
the expressions provided and code generation can emit the appropriate code. In
case of the timed assignment, the implementation could be similar and a new
object could have been created which then emits the required code. Instead,
the representation of the operation within the abstract syntax tree was modi-
fied to contain not only an assignment object but further objects representing
method invocations to the run-time available QoS management framework. In
other words, the current implementation reuses existing elements of the abstract
syntax tree to provide the new functionality.

This implementation technique has the advantage to not worry about the
Common Intermediate Language (CIL). Correct code generation is left to the
existing implementation of the compiler. This approach allows easy modifications
to the front-end of the compiler without worrying about the code generation in
detail.

The use of timed data types as overlay types - this means that the additional
type information is ignored when applying type compatibility checks - allows
the generated CIL code to be standard conform. It further enables compiled
applications to run on different .NET implementations and in addition allows
QoS-aware libraries to be reused within standard .NET or Mono programs.

If timed data types had been integrated into the Common Type System
(CTS), other programming languages could use the new types. This has the
disadvantage that a QoS-aware .NET runtime needs to be shipped with each
application instead of reusing existing installations. However, this approach was
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not chosen to provide compatibilty to existing implementations which might also
increase acceptance.

7.1 Applied Modifications

The following files are modified to implement the presented language enhance-
ments for Quality Aware Programming.

— assign.cs - This file contains all classes which are required to implement
an assignment operation and the required object initializer. The MMC#
modification is required for the constraint assignment when initializing a
time variable with a new constraint.

— cs-parser.jay - This is the parser definition file which reads the input source
code and provides the abstract syntax tree. It contains most of the modifi-
cations which have been applied.

— cs-tokenizer.cs - The tokenizer is extended to accept new keywords and
the timed assignment operation.

— delegate.cs - This file contains all classes which deal with delegates. The
implementation of timed parameters requires modification to this file.

— ecore.cs - This file contains base classes for expressions and types. It includes
an implementation of the timed data type which is implemented as an overlay
datatype which can be applied to any other data type.

— expression.cs - All expressions are implemented within this file. Time pa-
rameter arguments are implemented as well as the cast operation which is
required to ignore the timed type to provide correct type compatibility with
non-timed types.

— parameter.cs - This file is responsible for method parameters. It contains
the extensions for timed method parameters.

8 Conclusion and Future Work

This paper presents an approach of adaptive QoS-aware programming with the
help of MMC#. It integrates a few novel language extensions directly within
the common general purpose programming language C#. Furhtermore, we show
how semantic analysis can be applied partly at compile-time and partly at run-
time with the help of compiler-generated code. This analysis provides correctness
checks and optimizes constraint definitions. Last but not least, the integration
within the Mono framework is explained.

There are still many open questions which require further research. We need
to define a set of programming patterns to show how the presented programming
features should be applied in QoS-aware applications. Furthermore, a detailed
analysis of system influence on QoS monitoring needs to be done. The impact of
operating system scheduling and the use of garbage collection on QoS monitoring
needs to be reflected in detail.

Furthermore, we want to check possibilties if compile time type safety can be
extended to handle QoS negotiation within a QoS-aware multimedia framework.
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All in all, this is one step to make QoS-aware programming widely available
and to increase the number of adaptive applications by making their development
much easier.
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Zusammenfassung Um Softwareprodukte von hoher Qualitdt zu er-
stellen ist das Testen unerlédsslich. Da es sich bei Softwaretests um eine
teure Aufgabe handelt, die nur schwierig zu beherrschen ist, muss ihre or-
ganisatorische Einbettung wohliiberlegt sein. Wir haben mit regionalen
Unternehmen zusammengearbeitet, um ihre individuellen Stirken und
Schwiichen hinsichtlich der Entwicklung und insbesondere des Testens
von Software kennenzulernen. In der Folge war es uns moglich, erfolg-
reiche Vorgehensweisen (”best practices”) abzuleiten und Empfehlungen
zu formulieren. In diesem Artikel wird das Projekt und die gewéhlte
Forschungsmethodik vorgestellt. Danach werden fiinf Empfehlungen vor-
gestellt, deren Fokus auf technischen bzw. technologischen Aspekten des
Testens liegt. Es wird insbesondere auch beriicksichtigt, welchen Einfluss
Programmierpraktiken sowie -paradigmen bzw. die Wahl der Program-
miersprache haben. Fiir jede Empfehlung wird erdrtert, unter welchem
Gegebenheiten sich ihre Umsetzung anbietet.

1 Einfithrung

Das Streben nach hoher Softwarequalitéit ist keine neue Erscheinung. Es wird
bereits seit Jahrzehnten versucht, die Qualitdt mit Hilfe verschiedener Techniken
und der Entwicklung neuer Technologien zu erhchen. Dementsprechend ist der
Begriff Software Engineering [1] bereits in den 1960er Jahren gepriigt worden.
Die Softwarekrise wéhrt schon seit den 1970ern [2].

Es sind vor allem Grofiprojekte, deren scheitern Software unzuverlédssig er-
scheinen ldsst. Als Beispiel kann der NASA Mars Climate Orbiter angefiihrt
werden. Er verglithte 1999 in der Atmosphére des Planeten, nachdem metri-
sche und imperiale Einheiten ohne Konvertierung zwischen Teilsystemen aus-
getauscht wurden [3]. Dieses Problem hiitte durch umfangreiche Tests entdeckt
werden konnen. Ungliicklicherweise lassen sich zahlreiche Projekte finden, die
aufgrund fehlerhafter bzw. nicht ausreichend getesteter Software scheiterten [4].

Aber nicht gescheiterte Grofiprojekte, sondern alltégliches Versagen von Soft-
ware stellt das wirkliche Problem dar [5]. Offenbar wichst die Komplexitét von
Softwaresystemen schneller, als Mafinahmen zur Beherrschung entwickelt werden
[6]. Probleme finden sich in allen Arten von Entwicklungsprojekten. Allerdings
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scheitern Projekte natiirlich nicht generell; vielmehr entwickeln viele Unterneh-
men Software mit groem Erfolg. Wir regen daher an, aussichtsreiche Entwick-
lungsprojekte zu beobachten und erfolgreiche Vorgehensweisen abzuleiten.

In einem Projekt in Zusammenarbeit mit regionalen Unternehmen wollten
wir erfahren, was Softwareentwicklung erfolgreich macht. Nach Herausarbeitung
des Status quo haben wir dazu die gewonnenen Erkenntnisse ausgewertet und
schliefllich Handlungsempfehlungen abgeleitet. Wir haben fiir jede Empfehlun-
gen erarbeitet, unter welchen Bedingungen und mit welchen Voraussetzungen sie
umzusetzen ist. Denn die tatséchliche Umsetzung ist selbst fiir bekannte Vorge-
hensweisen nicht notwendigerweise einfach. Vielmehr ist Kontextwissen erforder-
lich, das sie fiir Unternehmen nutzbar macht. Die in diesem Artikel présentierten
Empfehlungen haben einen technischen Fokus oder beziehen sich auf bestimmte
Technologien. Handlungsempfehlungen fiir die organisatorische Einbettung des
Softwaretestens haben wir in [6] beschrieben.

Dieser Artikel ist wie folgt strukturiert. Abschnitt 2 fithrt in das Projekt ein.
Die Forschungsmethodik wird in Abschnitt 3 skizziert. Unser Ordnungsrahmen
zur Kategorisierung wird in Abschnitt 4 vorgestellt. In Abschnitt 5 diskutieren
wir fiinf technische Handlungsempfehlungen. Schliefllich ziehen wir in Abschnitt
6 ein Fazit und weisen auf zukiinftige Arbeiten hin.

2 Hintergrund

Miinster und das umgebende Miinsterland liegen in Nordrhein-Westfalen. Die
Region weist eine hohe Zahl von Unternehmen mit Bezug zur Informations-
technologie auf. Die meisten dieser Firmen sind mittelstéindisch und entwickeln
Software. Einige der gréfieren Firmen entwickeln zwar ebenfalls Software, dies er-
folgt allerdings nur zur Unterstiitzung der eigenen Geschéftsprozesse. Es handelt
sich dabei vor allem um Finanzdienstleister. Alle Unternehmen sind Mitglieder
der Industrie- und Handelskammer, die das Institut fiir Angewandte Informatik
(TAI) unterstiitzt. Das IAT ist der Westfilische Wilhelms-Universitit angeschlos-
sen und vereint die interdisziplindre Arbeit von Okonomen und Informatikern.
Der regelméfiige Austausch von Forschern des IAI und interessierten Unter-
nehmen dient dazu, typischer Probleme der Wirtschaft aufzudecken. Auf dieser
Weise erfuhr das TAI von einer generelle Unzufriedenheit mit dem Testen von
Software. Die meisten Unternehmen versuchten, die Qualitdt der entwickelten
Software zu erhohen und gleichzeitig Kosten einzusparen. Nur bedingt war ih-
nen dabei bekannt, wie diese Ziele zu erreichen waren. Zudem fehlt Unternehmen
in der Regel die Zeit, neue Technologien auszuprobieren oder Anderungen der
Prozesse zu evaluieren. Nichts desto trotz war festzustellen, dass im Miinsterland
sehr erfolgreich Software entwickelt wird. Folglich zogen wir zwei Schliisse [6]:
Keines der Unternehmen hat einen perfekten Testprozess; alle stehen vor mehr
oder weniger schweren Problemen. Jedes Unternehmen hat allerdings individu-
elle Stiarken entwickelt, die dabei helfen, gute Software zu entwickeln.
Schliellich wurde das IAI-Projekt zur Verbesserung des Softwaretestens in-
itiiert. Als Ziele wurden festgelegt, dass zunéchst der Status quo des Testens in
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der Region ermittelt werden sollte, um in der Folge erfolgreiche Vorgehensweisen
(“best practices”) zu identifizieren. Aus diesen sollten dann Handlungsempfeh-
lungen abgeleitet werden. Es wurde erwartet, dass Stdrken komplementér sind
und dementsprechend zwar einige bereits bekannte Vorgehensweisen, aber auch
viele interessante neue Ansitze gefunden werden konnten.

Die Heterogenitét der teilnehmenden Unternehmen und der Softwareentwick-
lung im Allgemeinen ist sowohl Fluch als auch Segen. So lassen sich Vorgehens-
weise finden, die als Handlungsempfehlungen von hohem Wert fiir Unternehmen
sind. Gleichzeitig erfordern die meisten Empfehlungen bestimmte Voraussetzun-
gen, damit eine Umsetzung iiberhaupt moglich wird. Aus diesem Grund haben
wir einen Ordnungsrahmen entwickelt, der Unternehmen helfen soll, die fiir sie re-
levanten Handlungsempfehlungen auszuwéhlen. Er wird in Abschnitt 4 erlautert.

Die beiden Ziele des Projekts, also die Ermittlung des Status quo und das
Ableiten von Handlungsempfehlungen, lassen sich individuell darstellen. Daher
bezieht sich dieser Artikel auf Handlungsempfehlungen, insbesondere auf solche,
die technischen Aspekte des Testens oder verwendete Technologien betreffen.

3 Forschungsmethodik

Die fiir das Projekt gewéhlte Forschungsmethodik musste zwei Ziele miteinander
verbinden. So sollte die Forschung akademischen Anspriichen geniigen, aber fiir
Unternehmen direkt verwertbare Ergebnisse liefern. Aus diesen Griinden kommt
ein gestaltungsorientierter Ansatz zum Einsatz, der in der englischsprachigen
Literatur als design science bezeichnet wird. Das typischer Vorgehen zielt darauf
ab, bisher ungelést Probleme auf neue oder einzigartige Art und Weise anzugehen
und effizienter oder effektiver zu 16sen [7]. Dabei ist klar, dass es unmoglich ist,
einen idealen Testprozess zu beschreiben oder eine ganzheitliche Beschreibung
von Testmethoden zu liefern. Vielmehr sollen Empfehlungen erarbeitet werden,
die moglichst viele typische Probleme adressieren und zu deren Lésung beitragen.

Erfolgreiche Vorgehensweisen werden sicherlich nicht gefunden, wenn Pro-
jektteilnehmern ein einfacher Fragebogen vorgelegt wird. Um die Probleme aus
Sicht der Teilnehmer beleuchten zu kénnen, haben wir semi-strukturierte Ex-
perteninterviews durchgefiithrt. Durch diesen qualitativen Ansatz, dem nur ein
grober Interview-Leitfaden zugrunde lag, erfuhren wir, wie in den Unternehmen
getestet wird. Im Verlauf der Interviews wurden dann Stidrken und Schwéchen
der einzelnen Unternehmen thematisiert und schliellich erfolgreiche Vorgehens-
weisen mit den Teilnehmern erortert.

Die von uns ermittelten Handlungsempfehlungen zielen nicht darauf ab, mit
theoretischer oder praktischer Literatur zu Softwarequalitit zu konkurrieren.
Vielmehr sollen sie den vorhandenen Kenntnisstand ergéinzen, der nicht fiir die
Losung aller in Unternehmen anzutreffenden Probleme ausreicht. In dieser Ar-
beit wird technischen Aspekten ein besonderer Fokus gegeben. Auch wenn orga-
nisatorische Fragen fiir erfolgreiches Testen gelost werden miissen, sollte darauf
geachtet werden, dass IT-Forschung versucht, neue Erkenntnisse in Bezug auf
Informationstechnologie zu gewinnen [8].
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Das grundlegende Vorgehen wihrend des Projekts stellt sich wie folgt dar.
Zunichst wurden Unternehmen, die das IAI unterstiitzen, kontaktiert und fiir
Interviews geeignete Mitarbeiter identifiziert. Dabei wurden sowohl Fiithrungs-
kréfte als auch technisch ausgebildete Angestellte ausgewéhlt. Im zweiten Schritt
folgten die Interviews. Mit kleinen Unternehmen wurde in der Regel nur ein
Termin vereinbart. Grofle Unternehmen wurden hingegen mehrfach besucht, so
dass Gespréche mit verschiedenen Mitarbeitern gefiithrt werden konnten. In den
Interviews sollte dabei geklart werden, bei wem die Testverantwortung liegt,
wann getestet wird, was dabei in die Test eingeschlossen ist (z. B. die graphische
Benutzerschnittstelle oder die Geschéftslogik), welche Methoden genutzt wurden
und wie das Testen im Allgemeinen angegangen wird. Des Weiteren haben wir
versucht, moglichst viel iiber den Einsatz von Testwerkzeugen zu erfahren.

Nach Ermittlung des Status quo wurde mit den Teilnehmern diskutiert,
auf welche generellen Probleme sie gestofien sind und welche erfolgreichen Vor-
gehensweisen im Unternehmen entwickelt wurden. In diesem Zug wurde auch
erortert, welche Verbesserungen wiinschenswert waren. Schliellich wurden po-
tentiell ableitbare Handlungsempfehlungen besprochen. Dieser letzte Teil der
Interviews wurde sehr offen gehalten, so dass zahlreiche Ideen ausgetauscht und
viele interessante Ansétze besprochen werden konnten. In der Folge wurden die
gewonnenen Erkenntnisse von uns verdichtet und anschliefend analysiert. Dar-
auf aufbauend konnte der Status quo gezeichnet und Handlungsempfehlungen
zusammengestellt werden. Dabei achteten wir insbesondere darauf, die Bedin-
gungen festzustellen, unter denen Empfehlungen einsetzbar sind.

4 Ordnungsrahmen

Um Handlungsempfehlungen fiir ein Thema, dass sehr komplex ist und zahlreiche
Abhéngigkeiten und Querverbindungen aufweist, nutzbar zu machen, bedarf es
einer leistungsstarken Kategorisierung. Wirklich niitzlich und fiir Unternehmen
interessant werden Empfehlungen erst, wenn erklart wird, wie sie zu nutzen sind
und welche Voraussetzungen fiir die Nutzung erfiillt sein miissen. Aus diesem
Grund wird der von uns entwickelte Ordnungsrahmen [6] verwendet.

Der Anspruch einer Empfehlung beschreibt, wie umfangreich organisatori-
sche Verdnderungen fiir die Umsetzung ausfallen. Grundsdtzliche Empfehlungen
sind so einfach umzusetzen, dass jedes Unternehmen sie befolgen sollte. Wenn der
Aufwand dariiber hinaus deutlich steigt, werden sie als fortgeschritten eingeord-
net. Der Zielzustand beschreibt Ideale, die nur mit grofitem Aufwand erreicht
werden konnen. Da sie hdufig die Initiierung eines Prozesses kontinuierlicher
Verbesserungen erfordern, sollten Unternehmen abwégen, ob sie dieses Ziel an-
streben wollen. Die erreichbaren Vorteile sind auf lange Sicht aber erheblich.

Ebenso wichtig ist die Projektgrifie. Kleine Projekte werden meistens von
einem einzelnen Team bearbeitet, das fiir Entwicklung und Testen zustéindig ist.
In mittleren Projekten werden diese Aufgaben in der Regel auf mindestens zwei
Teams vergeteilt. Grofle Projekte weisen eine verénderte Struktur auf und verei-
nen hiufig die Arbeitskraft hunderter Mitarbeiter. Auch kénnten weitere Abtei-
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Abbildung 1. Beispielhafte Anwendung des Ordnungsrahmens

lungen beteiligt sein. Bei der Einordnung der Projektgréfie sollte der Charakter
des Projekts betrachtet werden, weniger die tatsédchlichen Mitarbeiterzahlen.

Grob lassen sich zwei Arten von Softwareprodukten unterschieden. Individu-
alsoftware wird geméf} Vertrag fiir einzelne Kunden implementiert, die oftmals in
das Projekt eingebunden werden. Software fiir den Massenmarkt wird hingegen
fiir einen grofleren Kundenkreis entwickelt und iiber einen ldngeren Zeitraum
angeboten. Folglich spielen hier Regressionstests eine grofie Rolle. Viele — aber
nicht alle — Empfehlungen sind fiir beide Arten von Software niitzlich.

Eine weitere Kategorisierung ist anhand der Zahl der Releases moglich. Es
wird zwischen einem, einigen und regelmdj$igen Releases unterschieden. Letzte-
res bedeutet, dass ein Produkt iiber Monate oder Jahre aktualisiert wird.

Die letzte Determinante teilt das Testen in Stufen. Der Literatur folgend [9]
werden Komponenten-, Integrations-, System- und Abnahmetest unterschieden.

Wie in Abb. 1 dargestellt, bilden Anspruch und Stufe eine Matrix. Ein
Hékchen zeigt dabei an, dass eine Handlungsempfehlung fiir die entsprechende
Kombination Bedeutung hat. Wird es in Klammern dargestellt, ist die Bedeu-
tung nebenrangig bzw. eine Implementierung fiir diese Kombination optional.
Die anderen drei Determinanten sind als Balken dargestellt. Eine dunkelgraue
Schraffur weist darauf hin, dass die Empfehlung unter dieser Bedingung gilt.
Ein Farbverlauf deutet auf eine eingeschrinkte Relevanz hin. In Abb. 1 ist die
beispielhafte Verwendung des Ordnungsrahmens dargestellt:

— Die Handlungsempfehlung bezieht sich auf den Integrations-, System- und
Abnahmetest. Sie hat sowohl einen grundsitzlichen als auch einen fortge-
schrittenen Anspruch. Die Empfehlung sollte also umgesetzt werden, aber
nicht notwendigerweise direkt im vollen Umfang.

— Das Hikchen beim Komponententest ist in Klammern dargestellt. Er profi-
tiert zwar von einer Umsetzung, aber in geringerem Mafle als andere Phasen.

— Die Handlungsempfehlung bezieht sich vor allem auf kleine und mittelgrofie
Projekte. Der Ubergang der Firbung bedeutet, dass die Relevanz fiir solche
Projekte noch gegeben ist, die kleinen Projekten &hnlich sind.

— Ferner bezieht sie sich ausschliefilich auf Massenmarkt-Software. Theoretisch
konnte sich hier fiir die individuelle Entwicklung ein Farbverlauf finden. Das
hiefle, sie wiirde ebenfalls profitieren, wenn auch in nicht so hohem Mafe.
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— Die entwickelte Software sollte zumindest in einigen Releases erscheinen,
oder dauerhaft aktualisiert werden.

Fiir eine endgiiltige Umsetzungsentscheidung benttigen Unternehmen natiir-
lich weitere Informationen. Der dargestellte Ordnungsrahmen kann aber helfen,
einen Uberblick zu bekommen und wichtige Voraussetzungen abzuschétzen.

5 Technische Empfehlungen

5.1 Moderne Entwicklungsumgebung

Die erste Handlungsempfehlung ist sicherlich wenig iiberraschend. Wir regen die
Nutzung moderner Entwicklungsumgebungen an, insbesondere einer integrierten
Entwicklungsumgebung (IDE) die anpassbar ist und sich iiber Plug-ins erweitern
lasst. Die sich daraus ergebenden Vorteile sind sehr vielféiltig. Die Nutzung bietet
sich vor allem an, weil Software zur Entwicklung ohnehin genutzt wird und viele
IDEs oder zumindest Plug-ins fiir sie frei erhéltlich sind.

Der Einsatz einer IDE dient nicht nur dem Testen, kann aber signifikant zur
Steigerung der Softwarequalitit beitragen. Dariiber hinaus unterstiitzt es Ent-
wickler bei alltdglichen Aufgaben. Dies hat zur Konsequenz, dass sich weniger
Programmierfehler durch Nachléssigkeiten einschleichen. Tester werden durch
solche Fehler dann nicht aufgehalten, sondern kénnen sich auf das Finden schwer-
wiegender Probleme konzentrieren. Diese Empfehlung dient folglich dem Testen,
auch wenn sich nicht alle Vorteile direkt darauf beziehen.

Fiir Entwickler in kleinen Firmen ist es iiblich, moderne IDEs zu nutzen. Un-
serer Erfahrung nach nutzen Unternehmen sie nicht notwendigerweise. Sobald
die Wahl der Entwicklungssoftware nicht mehr in den Hénden der Entwickler
liegt, sondern es Richtlinien oder sogar Vorschriften gibt, kommt Software zum
Einsatz, die hinter den aktuellen M6glichkeiten bleibt. Dies ist insbesondere dann
zu beobachten, wenn PCs zentral installiert werden. Die Entwickler tauschen in
einem solchen Fall nur selten die Programme aus und sind in vielen Féllen dazu
noch nicht einmal in der Lage, etwa aufgrund Abhéngigkeiten in der Systemland-
schaft. Die von einigen Projektteilnehmern geschilderte Lage erinnerte uns an
die 1980er Jahre. Entwickelt wurde ohne Syntazhervorhebung (syntax highligh-
ting) und die Entwicklungsumgebung bot kaum unterstiitzende Funktionalitét.
Die Dokumentation war nicht zugénglich. Vielmehr benutzen Entwickler direkt
das Internet oder griffen auch fiir einfachste Fragen auf Biicher zuriick. Am un-
glinstigsten stellte sich allerdings das Fehlern eines Debuggers dar. Debuggen
erfolgte mithilfe von print()-Anweisungen, die zur mehr oder weniger zufilligen
Ausgabe von Quelltextfragmenten fithren.

Da wir sahen, wie viel produktiver mit einer modern IDE entwickelt werden
und wie sehr dies die Softwarequalitit erhéhen kann, empfehlen wir deren Nut-
zung dringend. Diese Empfehlung gilt fiir alle Unternehmen. Sie ist insbesondere
fiir Komponententests hilfreich (vgl. Abb. 2). Diese Empfehlung gilt sogar dann,
wenn die vorhandene Entwicklungsumgebung nicht erweitert oder durch Plug-
ins ergdnzt werden kann und ein Upgrade nétig wird. Eclipse etwa, die wohl
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Abbildung 2. Einordnung der ersten Handlungsempfehlung

am weitesten verbreitete und gleichzeitig eine der leistungsstiarksten IDEs, un-
terstiitzt Java, C/C++ und — iiber Erweiterungen — viele andere Sprachen. Zur
umfangreichen Funktionalitét kommt die Moglichkeit der Funktionsausbaus. Es
steht eine vierstellige Zahl Plug-ins zur Verfiigung (vgl. z. B. [10]).

Um die Leistungsfihigkeit der verwendeten Entwicklungsumgebung einschét-
zen zu kénnen, empfiehlt sich ein Vergleich mit fithrenden IDEs. Die von einigen
Projektteilnehmern eingesetzten Produkte blieben weit hinter dem zuriick, was
Eclipse oder Microsoft Visual Studio (um den Marktfiihrer fiir die .NET-Ent-
wicklung zu nennen) bereits vor Jahren leisteten.

Zur iiblichen Funktionalitit gehoren die farbliche Hervorhebung des Quell-
textes [11] und automatisierte Empfehlungen wéhrend der Eingabe (code com-
pletion). Des Weiteren lésst sich die Dokumentation direkt einblenden um etwa
die Verwendung von veralteten Methoden (deprecated) zu verhindern. Auch l4sst
sich Code direkt auf Fehler iiberpriifen. Die partielle Kompilierung zeigt Hin-
weise, ohne den Compiler explizit aufzurufen. Software mit Syntaxfehlern kann
so erst gar nicht kompiliert und vom Entwickler als fertig betrachtet werden.

Auch wenn die semantische Korrektheit unméglich automatisch garantiert
werden kann, lassen sich typische Fehler beispielsweise durch Warnungen ver-
meiden. Eclipse kann Java-Warnungen einblenden und betroffenen Code gelb
unterschléngeln. Eine Variable etwa, die den Wert null annehmen kann aber
ohne Priifung verwendet wird, wiirde markiert werden. Somit kann Code, der
NullPointerExceptions provoziert, korrigiert werden — ebenso wie viele weite-
re, potentielle Probleme. Entwickler gewthnen sich daran schnell, selbst wenn
Warnungen zunéchst listig erscheinen. Uberfliissige Warnungen kénnen zudem
deaktiviert werden, z. B. durch Annotationen [12].

Als niichste Ausbaustufe bietet sich die Uberpriifung so genannter code ru-
les an. Kein IDE bietet diese Funktionalitiat direkt, sie kann aber iiber Plug-ins
nachgeriistet werden. Wahrend Warnungen vom Compiler stammen, verarbei-
ten diese Werkzeuge den Code selbst. Sie sind nicht nur sehr leistungsfihig,
sondern auch anpassbar und somit fiir die Einfithrung von unternehmensweiten
Programmierkonventionen geeignet. Solche Standard sind sehr empfehlenswert,
auch wenn sich Entwickler nicht bevormundet fiithlen sollten. Denn zahlreiche
Probleme entstehen dadurch, dass mehrere Programmierer am selben Code ar-
beiten und ihn falsch interpretieren. Unternechmensweite Konventionen beugen
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dem vor. Die entsprechenden Werkzeuge kénnen zudem die Einhaltung der emp-
fohlenen Programmierstandards der Hersteller (z. B. [13]) und der Literatur
(z. B. [14]) sicherstellen.

In hohem Mafle empfehlen wir auch die Nutzung der Debugging-Funktionen
moderner IDEs. Trace Debugger kénnen den Status einer Programms zu einem
beliebigen Zeitpunkt visualisieren. Zeiger konnen verfolgt und Variablen unmit-
telbar verindert werden. Ferner ist die Ausfithrung Schritt-fiir-Schritt moglich.
Dartiber hinaus lassen sich Kontroll- und Datenflussgraphen anzeigen. Zusam-
men mit der Kenntnis moderner Debugging-Techniken [15] ist der Debugger
einer modernen IDE ein sehr vielseitiges und leistungsfihiges Werkzeug.

Zusammenfassend raten wir dringend die Nutzung einer modernen IDE an,
selbst wenn dies zur Bedingung hat, alte Bibliotheken, Vorgehensweisen, Para-
digmen und sogar Programmiersprachen aufzugeben. Im Rahmen dieses Pro-
zesses sollten bindende Vorgaben fiir die Formatierung von Quelltext sowie Be-
nennungskonventionen festgelegt werden. Die optimale Nutzung einer IDE kann
zudem gut durch ein Studium praxisbezogener Literatur wie [12,16,17,18] un-
terstiitzt werden. Hier existiert eine Vielzahl zum Teil sehr guter Titel.

5.2 Nutzung moderner Paradigmen und Frameworks

Softwaresysteme werden immer umfang- und funktionsreicher und damit kom-
plexer. Als Moglichkeit zur Beherrschung bietet sich ein héherer Abstraktions-
und Modularisierungsgrad an, der durch moderne Programmierparadigmen und
Rahmenwerke (Frameworks) erreicht werden kann. Deren Einsatz wird allen Un-
ternehmen empfohlen. Echte Vorteile ergeben sich nur fiir den Abnahmetests und
fiir kleinste Projekte nicht, ansonsten ist durchgehend mit positiven Effekten zu
rechnen (vgl. Abb. 3).

Klassisch wurde Software ohne Modularisierung entwickelt. Auch wenn dies
heutzutage nicht mehr iiblich ist, findet sich hiufig eine starke und starre Ver-
zahnung verschiedener Schichten. Sinnvoll hingegen wire eine klare Trennung
bei der eine Kommunikation nur iiber definierte Schnittstellen erfolgt. Diese
kommt insbesondere Integrations- und Systemtests entgegen. Kénnen sich Tes-
ter tatsdchlich darauf verlassen, dass Module nur iiber ihre Schnittstellen ange-
sprochen werden, reichen Tests mit Kenntnis des Modulcodes in der Komponen-
tentestphase. Schnittstellenlose Durchgriffe auf Daten hingegen erschweren das
Testen wesentlich. Eine Abstraktion einzelner Funktionen ihm Rahmen der Mo-
dularisierung erleichtert auch die Rolleneinteilung: Spezialisierte Tester konnen
gemf ihrer fachlichen Stérken eingesetzt werden.

Um dienstorientierte Systeme zu testen, wie sie im Rahmen dienstorientierte
Architekturen (SOA) zunehmend hiufig anzutreffen sind, ist es nétig, Geschéfts-
und Darstellungslogik zu trennen. Dienste sollten stets so spezifiziert werden,
dass sie von beliebigen Aufrufern genutzt werden kénnen. Idealerweise sollten sie
dariiber hinaus zustandslos sein oder vom Status abstrahieren. Fiir einen Daten
liefernden Dienst sollte es unbedeutend sein, ob diese von derselben Anwendung
fiir ihre Geschiéftslogik, von der Darstellungslogik zwecks Ausgabe, oder von
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Abbildung 3. Einordnung der zweiten Handlungsempfehlung

einem Drittsystem abgefragt werden — sofern der Zugriff autorisiert ist. Nur
dementsprechend definierte und nutzbare Dienste lassen sich effektiv Testen.

Eine fehlende Dienstorientierung lief§ sich fast immer feststellen, wenn &ltere
Programmiersprachen zum Einsatz kamen, mit denen eine Kapselung schwierig
ist. Aber auch bei modernen Programmiersprachen werden Frameworks benotigt.
Denn ohne diese erfolgt héufig keine klare Schichtentrennung, selbst wenn die
Sprache dies bieten wiirde. Die Nutzung moderner Programmiersprachen und
-paradigmen wird dringend angeraten. Fiir Altsysteme (legacy) sollte gepriift
werden, inwiefern eine Modularisierung und Dienstorientierung mdoglich ist. In
der Regel ist es — zumindest iiber Erweiterungen — auch fiir Programmierspra-
chen wie COBOL oder Fortran moglich, Dienste anzubieten. In Frage kime auch
ein Wrapper, der Dienste anbietet und das Altsystem maskiert.

Die grofle Zahl der angebotenen Literatur zur professionellen Programmie-
rung verdeutlicht, dass auch erfahrene Programmierer die verwendete Sprache
hdufig weder effektiv noch effizient nutzen. Insbesondere scheint es weit ver-
breitet, alte Herangehensweise beizubehalten, selbst wenn diese durch bessere
Moglichkeiten ersetzt wurden. Ein Auffrischen der Kenntnisse kann bei grundle-
genden Techniken wie Entwurfsmustern [19,20,21] anfangen. Danach bietet sich
Spezialliteratur zur effektiven Programmierung wie [12,16,22] an. Um gut testba-
ren Code zu schreiben ist es noch nicht einmal nétig, einen kompletten Wechsel
auf einen testgetriebenen Entwicklungsprozess [23,24,25] zu vollzichen. Proble-
matisch sind auch komplexe Programmiertechniken, die der Leistungssteigerung
von Programmcode dienen sollen. Sicherlich ist es sinnvoll, diese im Rahmen
eines Informatik-Studiums zu vermitteln. Auch steht aufler Frage, dass es Be-
reiche gibt, in denen hardwarenah programmiert und in der jeder Kniff zur
Leistungssteigerung realisiert werden sollte. Fiir allgemeine Projekte gilt dies
nicht. Moderne Compiler sorgen fiir Optimierungen, die Bit-Shifts und ausge-
kliigelte arithmetische Operationen, die kaum lesbaren Code zur Folge haben,
unnotig machen. Dariiber hinaus werden geringe Effizienzgewinne schnell durch
eine mangelnde Wart- und Testbarkeit wieder aufgehoben.

Zur Testbarkeit tragen auch moderne Frameworks bei. Thre Stérke liegt ins-
besondere in der Abstraktion bzw. der vereinheitlichten Entwicklung. Dariiber
hinaus stellen sie hdufig benotigte Funktionalititen bereit. Deren Umsetzung
ist bei verbreiteten Frameworks oftmals von hoher Qualitdt. Meistens ist eine
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umfangreiche Dokumentation verfiigbar. Laut Aussagen der Projektteilnehmer
konnen Frameworks zur Entwicklung verteilter mehrschichtiger Applikationen
wie Enterprise Java Beans (EJB) oder Spring das Testen wesentlich vereinfa-
chen. Die Einarbeitung erfordert selbst bei leichtgewichtigen Frameworks ein
Umdenken bei Entwicklern. Gerade dies kann aber dazu beitragen, unvorteil-
hafte Programmierpraktiken auf den Priifstand zu stellen. Die Nutzung moder-
ner Frameworks wird daher sehr empfohlen. Die Einfiihrung sollte konsequent
vollzogen und bei Notwendigkeit von Schulungen begleitet werden. Eine undis-
ziplinierte, halbherzige oder gar falsche Verwendung der durch Frameworks zu
Softwaresystemen ergénzten Komponenten kann zu massiven Problemen fiihren.

5.3 Enge Zusammenarbeit der Entwickler

Aufgrund der hohen Komplexitdt heutiger Softwareprojekte ist es nicht mehr
zeitgemifl, Entwickler unabhéingig voneinander Module implementieren zu lassen
und diese dann in einer Integrationsphase zusammenzufiihren. Vielmehr hat sich
im Projekt gezeigt, dass eine enge Zusammenarbeit sehr hilfreich sein kann.
Diese kann sich als Paarprogrammierung im Rahmen der agilen Entwicklung
[26] darstellen, muss aber nicht unbedingt so weitgehend sein. Generell festhalten
lésst sich, dass die niedrigere Effizienz durch eine hohere Personalbindung und
mehr Austausch unter den Entwicklern durch eine hohere Code-Qualitdt und
hohere Produktivitdt iiberkompensiert werden. Die Empfehlung, auf eine enge
Zusammenarbeit hinzuwirken, gilt fiir alle Unternehmen. Vorteile zeigen sich vor
allem fiir den Komponenten- und Integrationstests. Ein Start ist sehr einfach
moglich, wobei sich umfangreiche Ausbauméglichkeiten ergeben (vgl. Abb. 4).

Die enge Zusammenarbeit verfolgt eine Reihe von Zielen. Durch die gemein-
same Arbeit fallen Fehler schneller auf; besonders komplizierte Module kénnen
sogar in Paarprogrammierung implementiert werden. Die Einhaltung von Stan-
dards féllt einfacher (siehe auch Abschnitt 5.1). Wissen wird von Entwickler zu
Entwickler weitergegeben und ergénzt die Dokumentation; idealerweise findet
auch ein Erfahrungsaustausch statt.

Als besonders erfolgversprechend wurde uns von der gegenseitigen Begutach-
tung der Entwickler berichtet. Module werden nach wie vor in Einzelarbeit er-
stellt, vor Abschluss aber durch einen oder zwei weitere Mitarbeiter begutachtet.
Es bietet sich dabei an, gefundene Fehler direkt zu beheben. Diese Arbeitsweise
unter “Vier-Augen” ist nicht nur effektiv, sondern fordert auch den Austausch
unter den Entwicklern. Selbst wenn Mitarbeiter ausfallen, findet sich fiir jedes
Modul jemand, der es n&her kennt. Ahnlich wie fiir die bisher vorgestellten Er-
fahrungen dient die gemeinsame Begutachtung nicht direkt dem Testen. Sie sorgt
aber dafiir, dass sich Tester auf das Finden schwerwiegender Fehler konzentrieren
konnen, weil viele typische Probleme vor Beginn des Tests gelost worden sind.
Wichtig fiir die Begutachtung ist, sie als unterstiitzende und von Entwicklern be-
griiBte MaBinahme zu implementieren. Fiihren gefundene Fehler zu Sanktionen
oder wird sie zur Leistungsmessung missbraucht, wird sie demotivierend wirken.
Die Begutachtung von Quelltext wird auch als Review bezeichnet und ist seit
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Abbildung 4. Einordnung der dritten Handlungsempfehlung

langerem bekannt [27]. Weitere Informationen finden sich im IEEE Standard fiir
“software reviews” [28] sowie in praktischer Literatur wie [29,30,31].

Wichtig fiir die erfolgreiches Zusammenarbeit ist, dass die Verantwortlichkei-
ten klar geregelt sind. Die Zuordnung von Entwicklern und Begutachtern etwa
muss mit Bedacht gewihlt werden, denn es lassen sich sowohl Argumente fiir
hiufige Wechsel der Zuordnung wie fiir die Etablierung eingespielter Teams fin-
den. Auch muss in diesem Zusammenhang festgelegt werden, welche Module
iiberhaupt begutachtet werden.

5.4 Abstimmung von Testsystemen und Produktivsystemen

Die Nutzung moderner Programmiersprachen und Paradigmen fiir die Entwick-
lung komplexer verteilter Applikationen bietet nicht nur Vorteile. Werden An-
wendungen auf Arbeitsplatzrechnern entwickelt aber auf Server oder Grofirech-
ner gespielt, kann es zu Kompatibilitdts- oder Skalierungsproblemen kommen.
Urspriinglich wurden Programme nur fiir ein Zielsystem entwickelt. Um auf
anderen Plattformen zu laufen, war eine Anpassung notig. Heutzutage sind
Entwicklungs- und Zielplattform fiir gewShnlich unterschiedlich. Auch lduft Soft-
ware nicht mehr nativ auf der Hardware. Hypervisor, Applikationsserver und
weitere Komponenten bilden zusétzliche Schichten, was weitreichende Vorteile
hat. Als Folge sind Zielsysteme aber héufig leistungsfahiger und auch anders
mit Software ausgestattet. In einfachen Fillen gilt dies nur fiir das Betriebssys-
tem. Weitere Komponenten wie Bibliotheken, Datenbankmanagementsysteme
(DBMS) oder auch Applikationsserver unterscheiden sich aber ebenfalls hiufig.
Typische Kompatibilitdtsprobleme lassen sich gut mit einem Beispiel mo-
tivieren. Java EE-Applikationen werden von Applikationsservern bereitgestellt.
Auf Grofirechnern und Servern kommen dabei Systeme wie IBM WebSphere zum
Einsatz. Da sie auf “normalen” PCs erst gar nicht laufen, werden dort leicht-
gewichtige Alternativen wie Apache Tomcat verwendet. Auch wenn dies keine
Probleme bereiten sollte, zeigt die praktische Erfahrung, dass offenbar durch
unterschiedliche Interpretation von Spezifikationen, abweichende Versionen, kon-
fliktére Bibliotheken und dhnliches Inkompatibilitdten an der Tagesordnung sind.
Wir empfehlen daher die Abstimmung von Entwicklung- und Testsystemen
mit der produktiven Umgebung. Abstimmung meint ein durchdachtes Vorgehen
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Abbildung 5. Einordnung der vierten Handlungsempfehlung

bei der Auswahl von Hard- und Software. Sie muss 6konomisch vertretbar bleiben
— die Anschaffung eines Grofirechners zum Testen wird in der Regel unméglich
sein, selbst wenn die Zielplattform ein solcher ist. In der Regel finden sich aber
sinnvolle Losungen. Die Abstimmung der Systeme wird ab mittelgrofien Projek-
ten empfohlen, die in einige Releases miinden. Vorteile zeigen sich vor allem in
der individuellen Softwareentwicklung und den frithen Testphasen. (vgl. Abb. 5).

Aufgrund der Erfahrungen im Projekt halten wir auch hoheren Aufwand fiir
die Abstimmung fiir gerechtfertigt. Wahrend sich Test- und Produktivsystem
mit fortschreiten der Tests ohnehin anndhern sollten, bietet es sich an, Kom-
patibilitétsprobleme so frith wie moglich zu 16sen. Im obigen Beispiel kann eine
“abgespeckte” WebSphere-Version fiir PCs genutzt werden. Tomcat als Testsys-
tem sollte dann verwendet werden, wenn Tomcat auch auf dem Server lauft.

Anstatt ein DBMS auf dem Entwicklungssystem zu betreiben, kann fast im-
mer das auf dem Server installierte genutzt werden. Zum Schutz der Daten wird
eine neue Datenbank erstellt und vom restlichen Datenbestand entkoppelt. Heu-
tige Server und vor allem Mainframes bieten zudem ausgekliigelte Virtualisie-
rungsmoglichkeiten. Den produktiven Systemen identische Instanzen lassen sich
einfach starten, um dann unter realistischen Bedingungen zu testen. Zu achten
ist dabei allerdings auf die Ressourcennutzung, so dass Probleme wihrend des
Tests keine negativen Auswirkungen auf den Produktivbetrieb haben.

Auch umfangreiches Testen deckt hiufig nicht alle Probleme auf. Dies gilt
insbesondere fiir schlecht reproduzierbare Fehler, die in der Speichernutzung
oder der parallelen Ausfithrung begriindet liegen. Sie miissen sich auf Testsys-
temen nicht zeigen. Auch lidsst eine akzeptable Leistung auf dem Testsystem
keine Riickschliisse auf die Leistungsfahigkeit auf der Zielplattform zu. Schlief3-
lich miissen komplexe Abhéingigkeiten und wachsende Datenbesténde ins Kalkiil
gezogen werden. Tests sollten aus diesen Griinden unbedingt auf der Zielplatt-
form erfolgen. Defekte in parallelen Algorithmen — etwa drohende Wettlaufsitua-
tion (race conditions) — zeigen sich moglicherweise erst auf der leistungsfihigen
Zielhardware oder aufgrund eines aggressiveren “Timings” der Zielsoftware.

Trotz aller Werbung fiir realistische Tests raten wir dringend, nicht ohne Vor-
bereitung auf produktiven Systemen zu testen. Produktive Daten diirfen nicht
verdndert werden. Die Gefihrdung produktiver Daten oder ein “Ausbremsen”
dieser Systeme wiirde alle Vorteile des realistischen Testens zunichte machen.
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Abbildung 6. Einordnung der fiinften Handlungsempfehlung
5.5 Integration der Werkzeuge

Der Einsatz von Testwerkzeugen ist mittlerweile iiblich. Wahrend die Nutzung
von Unternehmen zu Unternehmen und in den unterschiedlichen Testphasen
schwankt, konnten wir generell beobachten, dass Werkzeuge kaum integriert wer-
den. Gerade das ist aber empfehlenswert.

Die meisten Testwerkzeuge sind eigenstéindige Applikationen. Nur einige in-
tegrierten sich als Plug-ins in IDEs. Allgemeine Formate oder Schnittstellen exis-
tieren kaum. Nur groflere Anwendungen wie etwa die Produkte von IBM Rational
bieten eine Austauschmoglichkeit von Daten. Diese bleibt meistens auf Produkte
derselben Reihe beschriankt. Die Integration ihrer Werkzeuge wurde von vielen
Projektteilnehmern angestrebt. Wie empfehlen sie ab mittelgroflen Projekten
mit einigen Releases. Der Aufwand fiir die Integration is beachtlich. Auch wenn
letztlich Vorteile fiir alle Phasen des Testens realisiert werden kénnen, zeigen
sich diese zunéchst fiir Integrations- und Systemtests (vgl. Abb. 6).

Die Integration ist auf verschiedenen Ebenen erstrebenswert. Im ersten Schritt
bietet es sich an, Systeme fiir die Dokumentation mit denen zur Testausfithrung
zu verbinden. Undokumentierte Tests sind wenig wert und eine automatische
Synchronisation der Ergebnisse mit der Dokumentation entlastet Tester we-
sentlich. Eine gut strukturierte Dokumentation [32] kann so einfacher erreicht
werden. Die wachsende Datenbank kann anschlieflend fiir Auswertungen ge-
nutzt werden. Werte wie Laufzeiten oder Erfolgsraten sind fiir Testmanager sehr
niitzlich. Fiir regelméflig aktualisierte Software kann dann als néchstes der Bug
Tracker eingebunden werden, so dass gemeldete Fehler mit bekannten Defekten
und vorhandenen Testféllen abgeglichen werden kénnen.

Die Verbindung von Systemen zur Testausfiihrung unterstiitzt Regressions-
tests. Testfiille aus fritheren Stufen lassen sich einfach wiederholen. Die Anbin-
dung des Testfallverwaltungsystems macht wiederholte Tests, die manuell nicht
denkbar wiren, wirtschaftlich. Natiirlich ist eine solche Anbindung kompliziert
und die Schritte bis zu einer automatisieren Regression miithsam. Nichts desto
trotz halten wir die Regression fiir erstrebenswert. Durch ein Vorgehen in klei-
nen Schritten zur Verbesserung ist die Integration der Werkzeuge méglich, ohne
das dies hohe Kosten oder Arbeitsaufwinde verursacht.
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Leider existieren keine Losungen fiir eine umfangreiche Werkzeugintegration.
Entsprechende Zusétze miissen selbst entwickelt werden, wobei Neuanschaffun-
gen hinsichtlich ihrer Integrationsfihigkeit gepriift werden sollten. Schon kleine
Werkzeuge, etwa fiir die Umwandlung von Daten, kénnen viel manuelle Arbeit
ersparen. Ein Beispiel ist ein Programm, das Ergebnisse aus der Testdokumen-
tation extrahiert, aggregiert und Statistiken daraus erstellt. Es ldsst sich schnell
implementieren und kontinuierlich ausbauen. Dementsprechend sind vor allem
Werkzeuge mit verfiigharen Quelltexten fiir die Integration geeignet. Sie lassen
sich schnell den eigenen Wiinschen anpassen und mit Schnittstellen versehen.

Die volle Integration bietet zahlreiche Vorteile. So konnte ein Test Control-
ling eingerichtet werden, das einen Uberblick iiber den Testprozess verschafft
und Kennzahlen berechnet [6]. Als Vision ergibt sich die Integration eines Sys-
tems, das Testfallverwaltung, Entwicklung- und Projektplanung, Testterminie-
rung, Mitarbeiterzuweisung, Zeiterfassung, Aufgabenverwaltung und Controlling
umfasst, sowie eventuell sogar ein Management Cockpit.

6 Fazit und zukiinftige Arbeit

Wir haben in diesem Artikel die Ergebnisse eines Projektes vorgestellt, in dem
wir zusammen mit regionalen Unternehmen Handlungsempfehlungen fiir die
Softwareentwicklung und insbesondere das Testen erarbeitet haben. Dazu haben
wir den Projekthintergrund beschrieben, einen Ordnungsrahmen zur Kategori-
sierung vorgestellt und fiinf Empfehlungen mit technischem Fokus beschrieben.

Moderne IDEs unterstiitzen die Entwicklung wesentlich. Sie ermoglichen ein
Testen, dass schwerwiegende Fehler sucht, anstatt sich mit Nachlédssigkeiten im
Code beschiftigen zu miissen. Die Nutzung moderner Paradigmen und Frame-
works trigt dazu bei, strukturierter zu entwickeln und die Komplexitit von
Software zu beherrschen. Arbeiten Entwickler eng zusammen fordert dies den
Wissensaustausch und dient ebenso dem Testen. Die Abstimmung von Test-
und Produktivsystemen beugt Problemen durch Inkompatibilititen vor. Eine
Integration der Testwerkzeuge ist sehr aufwindig, kann aber die Leistung und
Effizienz von Tests stark erhohen.

Das diesem Artikel zugrunde liegende Projekt ist noch nicht beendet. Viel-
mehr sollen die Ergebnisse in Zukunft mit den Teilnehmern gemeinsam betrach-
tet und diskutiert werden. Idealerweise kénnte eine quantitative Studie ange-
schlossen werden, die der Validation der Handlungsempfehlungen dient.
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1 Introduction

The most prominent languages for describing hyperdocuments are based on the
Extensible Markup Language (XML'). This family of languages is normed by
committees, initiated by the W3C?, and became the quasi-standard in the World
Wide Web. These xml-based languages are more the result of long discussion
processes, influenced by industry, government and praticioneers, then of a rigoros
language design. Maybe over time this standards may change, but a radical new
design of hyperdocument description languages is not in sight and would be
very time-intensive and expensive. So we need techniques, dealing with this,
from the perspective of language design not optimal standard, that enables us
to understand these standards better and tools that help developers to produce
correct documents, that fulfill the users’ needs.

A lot of theoretical research in this area comes originally from database theory.
An xml-based document there is seen as a file of a semi-structured database,
which is described by the according schema. So mainly structural aspects play
a role. When seen as a hyperdocument also formatting aspects are crucial.
Abstracted from details (c.f. Fig.
Schema 1) a browser takes three differ-
ent input files, a schema, a docu-
ment and a stylesheet, each of
them in a particular language.
The browser parses the schema
with an internally defined parser
for the schema language and gen-
erates a parser for documents
that are valid w.r.t. this schema.
Then it reads the document it-
self and transfers it into an internal representation, called formatting object tree.
In the next step the stylesheet is parsed with an internal predefined parser and
transformed into functions, that modifies the formatting object tree into a re-
fined formatting object tree. Finally this tree is interpreted by an area model,
which is rendered by a layout engine (cf Fig. 2).

So in principle a browser is similar to an interpreter, parameterized with a gram-
mar. An interpreter for a context-free grammar G can be defined by the according
abstract syntax X'(G) and a parser for L(G) and interpreted by a X(G)-algebra,
which represents the target language. The common representation for both are
the abstract syntax trees of G. Abstract syntax trees may not be the best form

Document Browser Site

Stylesheet

Fig. 1. Simplified XML-Document Processing

! nttp://wuw.w3. org/XML

2 World Wide Web Consortium, www.w3.org
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XSL Formatting
Area
O/% Objectify i Refinement b, Generation
XML Formatting Refined Formatting Area Tree
Source Tree Objsct Tres Object Tree

Fig. 2. XSL Formatting

to read for a human beeing, but it is the only unambigous form. So they can be
used to represent and store xml-based hyperdocuments unambigously.

2 Preliminaries

A common method to define the concrete syntax of a formal language is via a
grammar (c.f. [4]) that generates the language and which is often denoted in
(extended) Backus-Naur-Form (BNF). Let now L(G) be the language generated
by the context-free grammar (CFG) G. Then the abstract syntax can be captured
by a many-sorted signature X = (S, F) (c.t. [2]), which consists of a set S of
sorts and a S* x S-sorted set I of function symbols. Instead of f € F ),
we write f : e — s € F. If e = ¢, then f is called a constant. In detail, if
G = (N,T,P,S) is a CFG, then the signature X(G) = (N,CO) with CO =
{ep: Xix...xX, —X|F:p=(X — wiXjws... wyXpwpy1) € Pw; €
T%,1 <i<n+1,X; € N,1 < j < n}is called the abstract syntaz of G.
A particular word of L(G) is then represented by an abstract syntax tree. Let
Y(G) be the abstract syntax of G, then ASTx(g) = Unen ASTx(q), , where
foralle € N*,s € N,f : e — s € Y(G) and t € ASTx ), there holds
f(t) € ASTx(q),, is the set of all abstract syntax trees of G.

Each abstract syntax X' can be assigned

a semantic via a X-structure, a tuple Def |

(A,OP), where V : s € N there ex- Z(G) ASTZ(G)

ists exactly one non-empty A; € A, v X

V: (co: s) € CO there exists exactly Def [evaluateH parse }‘
one element co® € A, and V : (co : Def v 4

e — s) € CO there exists exactly one G > L(G)
function co? : A, — A; € OP. Where

possible without confusion, it is ab-
breviated as A. Mathematically, this
structure is a X-algebra. One canon-
ical algebra that exists for each X is the X-ground-term algebra, where each

Fig. 3. Concrete and abstract syntax
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constructor is interpreted symbolically. It can be shown that this is ASTy and
it is initial in the class of all Y-algebras. This means there exists an N-sorted
Y-homomorphism eval? : ASTs, — A for each Y-algebra A. An s-sorted map-
ping h between X-structures A and B is called a X-homomorphism, if for all
function symbols f : w — s € X there holds hy o f4 = f& o h,,. So each other
semantic of the abstract syntax can be defined with a morphism from ASTy,
called evaluator. If ASTs ) are the abstract syntax trees for a context-free
grammar G, it can be shown that L(G) is just one of these non-initial seman-
tics of X(G). Now for all X € N, let L(G)x denote the subset of L(G) that
only contains sentences that are reachable from X, and L(G) = Uxcy L(G)x-
So L(G) is an N-sorted set that can be extended into a X(G)-algebra. To do
that, define for each ¢, € 2(G), ci'? : L(G)x, x ... x L(G)x, — L(G)x
as ey (X1 [wi/X1), ..., Xn[wn/X0]) Zder X1 Xplwi/X1 .. wn/X,]. Eval-
uator and parser are dual. A parser is a morphism between the two X(G)-
structuresL(G) and AST’; ). But obviously there is no unique evaluator from
ASTy ) to L(G), whereas the parser is unambigous.

A more interesting feature is, that each semantic can be defined by a morphism
and so a compiler in a target language can also be defined via a morphism
or by defining an X(G)-structure and then showing that a morphism exists
between ASTx (e and the new defined structure. So we have the possibility
to give one abstract syntax tree different interpretations by only changing the
X (G)-structure.

3 Algebraic Framework

An xml-based hyperdocument consists, beyond its name and some technical in-
formation, of three parts: the schema, the stylesheet and the structural document
description. Each of this parts is in general described by a different language.

Schema: The schema S is the generating device for the language of the hyper-
document, similar to a CFG G is a generating device for a context-free language
L(G). Schemas generate only special cases of context-free languages, namely
regular tree languages (c.f. [6], [5]), a subclass for which easily can be defined a
balanced version (c.f. [1]). This balanced version is called markup language and
denoted by M L(S). Regular tree grammars conists only of guarded rules, which
makes the abstraction quite easy, because we have a canonical name for each
constructor. So in principle each markup language could be also defined by a
CFG. The problem is, that a schema not only contains information, that can
be captured by a CFG, e.g. in a schema can be defined how often an element
can occur. For simple special cases that it occurs zero or one times, exact once
or infinitly often we can find a context-free represenation, but characterizing a
range in between is not possible, at least not with reasonable work. Also the fact,
that an attribute is required and even more that it has a default value, can not
captured by a CFG. So simply converting a schema into a CFG and then build-
ing a parser and interpreter for it will not work. In practice the schema is usually
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described by a Document Type Definition (DTD), an XML-Schema (c.f. [9]) or
a RelaxNG-pattern (c.f. [7]). All these languages can be described by CFGs and
so they also have an abstract syntax. So, the solution is to construct the ab-
stract syntax for the schema language and build a schema parser. The abstract
syntax then can be interpreted by three different X'(S)-algebras. The first one is
the M L(S)-algebra, which interprets ASTs g as the concrete markup language
for the author of a document. The second one is the (M L(S))-algebra, which
interprets the schema as the abstract syntax for the markup language. The third
one is the document parser algebra, which interprets AST’x(gy as a parser for
documents in markup language, including all the constraints that cannot ex-
pressed by the language itself. The parser must not only reject non well-formed
documents, but also documents, which not fulfill the additional constraints given
by the schema.

Stylesheet: The stylesheet is the formatter for a hyperdocument. It defines path-
expressions to locate a particular place in the document tree and actions, which
modify the selected part of the tree. A document tree is an unranked, sibling-
ordered, labeled tree with has two different kinds of leaves, called content nodes
and attribute nodes. This document trees are not the abstract syntax trees,
but another interpretation of ASTs(arr(s)). In practice a stylesheet is usually
described by CSS (c.f. [8]) or XSLT?, both context free languages, which can
be captured by an abstract syntax. CSS stylesheets can only modify values of
attributes of the document tree, but not the document tree itself. XSLT is a
tree-transformation language that can change also the structure of the tree.
For both languages a parser can be constructed that reads the concrete word
of the stylesheet language L(Style) into an abstract syntax tree of ASTL(seyie)-
So when a hyperdocument is represented by an element doc € ASTs(arr(s)),
then a stylesheet must be interpreted by paths on doc and the action by tree-
transformations at the located place.

Document: The document is described by a word of the markup language
ML(S) and transformed via the parser algebra into an abstract syntax tree
ASTs(ar(s))- The resulting abstract syntax tree is not necessarily complete in
the sense, that all attributes occur and have values and not minimal in the sense
that attributes can occur more then once. Moreover this AST is not formatted,
because the stylesheet is not yet applied. In practice most hyperdocuments are
described by (X)HTML or sublanguages of that.

The interpretation of a doc € AST's (a1 (s)) must have default interpretations for
missing attribute values, which may be influenced by information in the schema,
e.g. given default values. If an attribute occur more then once the interpretation
must always interpret only the last occurence.

Browser: The browser (c.f. Fig. 4) starts with parsing the schema s € S, where
S is the schema language, with an internal parser into an abstract syntax tree

3 http://www.w3.org/TR/xslt
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Fig. 4. Complete Browser

schema € ASTs. In fact the abstract syntax trees here are not relevant, we are
only interested in the signature X'(S) and in three special algebras. Firstly the
markup language algebra, which interprets the signature as the according bal-
anced regular tree language. Secondly the algebra, which interprets the signature
as the abstract syntax. Thirdly the algebra, which interprets the signature as a
validating parser for the markup language. The first one is needed for the author
of the document, the second and third one is needed for the browser. All three
algebras can be generated automatically, because they are constructed always
by the same mechanisms. Then the document d € M L(S) itself is parsed by the
parser algebra into doc € ASTs(ar1(s))- In this case we need the abstract syntax
tree, because the parsed tree is not interpreted directly. Before we can add a
semantic, we must parse the stylesheets. Here again the abstract syntax trees
play no role, because we are only interested in one particular interpretation of
the signature, namely that one, which interprets a stylesheet by a function on
ASTx(amr(s))- Then the abstract syntax tree of the document is modified by the
functions resulting from the stylesheet. This modified tree is then interpreted
by a document algebra, we call site for short. For each document there can be
different such algebras, depending on e.g. the later output media, the used layout
engines or the reader’s needs. Most browsers nowadays are graphical browsers,
so the document itself is usually interpreted in a graphical way. But different
browsers have slightly different interpretations, which leads to different output.
For some special purposes, we need textual interpretation.

Editor: Usually hypertext editors work the way, that the author direct edits
the markup language representation of the document. For pure textual editors
this is not problematic, but for graphical editors it leads to vast problems, well
known from WYSIWYG approaches. When a graphically designed document is
directly stored in the markup language it is not necessarily interpreted the same
way by another editor or browser (c.f. Fig. 5). For one graphical representation
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Fig. 5. Editor

it can exists more then one textual representation in a particular interpretation.
In a even slightly different interpretation this may not be the same. If it is stored
by the abstract syntax tree this problem is reduced. If the X (M L(S))-algebra is
also stored this is unambigous.

Adaptable Hyperdocuments: Adaptable hyperdocuments (c.f. [3]) can be char-
acterized by abstract syntax trees with variables. Usually abstract syntax trees
are always ground terms, meaning terms without variables. If the interpreta-
tion of ASTs(pp(s)y) is known, an abstract syntax tree with variables denotes
a subset of ASTx(nr1(s))- The second thing we have to know is a user profile,
describing in terms of the X' (M L(S))-algebra, which elements this algebra are
allowed. Now the adaptable hypertext system must search for an assignment of
the variables, so that the interpretion of the according variable-free abstraxt syn-
tax tree fits the constraints of the algebra. It might be necessary that the original
markup language M L(S) must be enriched with new syntactical constructs for
representing hyperdocuments with variabels, so called semi-documents.

4 Implementation

Here it is only given a short example using the GPS Exchange Format for ex-
changing geodata. This is not a typical markup language for hyperdocuments,
but it has a comparatively short and understandable schema definition* and
nearly all features can be demonstrated with this language too. The implemen-
taion examples are coded with Haskell®

All elements and types of the schema are represented in the abstract syntax as
constructors. The attributes, which belongs to a complex type are represented
as constructors of the according attribute sort. Constraints like minOccurs or

4 http://www.topografix.com/gpx/1/1/gpx.xsd

® http://www.haskell.org

213



KPS 2009 Maria Taferl

maxOccurs have default value 1, so it means e.g. that metadata should be appear
either exact one time or not at all. Basic types like are assumed to
have a predifined interpretation.

This following complex type from the schema S,

<xsd:element name="gpx" type="gpxType"/>}
<xsd:complexType name="gpxType">
<xsd:sequence>
<xsd:element name="metadata" type="metadataType" minOccurs="0"/>
<xsd:element name="wpt" type="wptType"

minOccurs="0" maxOccurs="unbounded"/>
<xsd:element name="rte" type="rteType"

minOccurs="0" maxOccurs="unbounded"/>
<xsd:element name="trk" type="trkType"

minOccurs="0" maxOccurs="unbounded"/>
</xsd:sequence>
<xsd:attribute name="version" type="xsd:string"

use="required" fixed="MiniGPX"/>

<xsd:attribute name="creator" type="xsd:string" use="required"/>
</xsd:complexType>

then can be represented by a signature X'(S) = (N,OP):

OP = { root_ :: gpxType_av X gpxType — gpx
gpxType_ :: metadataAlt X wptList X rtelist x trkList — gpxType
gpx-MiniGPX :: — gpxType_av
gpx_creator :: — gpxType_av
_:_:: gpxType_av X gpxType_avList — gpxType_avList
[| :: — gpxType_avList

This can be implemented straightforward in Haskell the following way:

data GpxSIG gpx gpxType gpxType_av ... =
GpxSIG {root_mt :: [gpxType_av] -> gpx,

root_ :: [gpxType_av] -> gpxType -> gpx,

gpxType_ :: (Maybe metadata) -> [wpt] -> [rte]l -> [trk] -> gpxType,
gpx_MiniGPX :: gpxType_av,

gpx_creator :: XSD_string -> gpxType_av, ...}

The algebra, which interprets a document as an abstract syntax tree of ASTxnr1(s))
looks like this in the Haskell implementation:

gpxALG :: GpxSIG Gpx GpxType GpxType_av ...
gpxALG = GpxSIG Root_Mt Root_ GpxType_ Gpx_MiniGPX Gpx_creator ...
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data Gpx = Root_Mt [GpxType_av] | Root_ [GpxType_av] GpxType
data GpxType = GpxType_’ (Maybe Metadata’) [Wpt] [Rte] [Trk]
data GpxType_av = Gpx_MiniGPX | Gpx_creator XSD_string

And a second algebra, which interprets a document as a object of the Scalable
Vector Graphics (SVGY) can look like this:

svgALG = GpxSIG gpx_ gpxType_ gpxType_av_ metadata_ metadataType_ wpt_ wptType_
rte_ rteType_ trk_ trkType_ ... =
where root_mt _ = "<svg />"
root_ avlist gpxType = "<svg xmlns=\"http://www.w3.org/2000/svg\"
xmlns:svg=\"http://www.w3.0rg/2000/svg\"
xmlns:xlink=\"http://www.w3.org/1999/x1ink\">"
++ gpxType ++ "</svg>"
gpxType_ metadata wpt rte trk = "<g>" ++ (conc wpt)
++ (conc rte) ++ (conc trk) ++ "</g>"
gpx_MiniGPX = "MiniGPX"
gpx_creator ¢ = ¢

Then a monadic parser not only parses the document, but also transforms it
directly into a given interpretation.

parseGpx :: GpxSIG gpx gpxType gpxType_av metadata metadataType wpt
wptType wptType_av rte rteType trk trkType name time
bounds boundsType_av ele sym number rtept trkseg trksegType trkpt
-> MParser Char gpx
parseGpx alg = do result <- (parseE ‘parM‘ parseC); return result
where parseE = do avlist <- (opencloseAV "gpx" (parseGpxType_av alg));
return (root_mt alg avlist)
parseC = do avlist <- (openAV "gpx" (parseGpxType_av alg))
content <- (parseGpxType alg)
close "gpx"
return (root_ alg avlist content)

parseGpxType :: ... —-> MParser Char gpxType
parseGpxType alg = do resultl <- qmM’ (parseMetadata alg)
result2 <- starM (parseWpt alg)
result3 <- starM (parseRte alg)
result4 <- starM (parseTrk alg)
return (gpxType_ alg resultl result2 result3 result4)

parseGpxType_av :: ... -> MParser Char gpxType_av

5 http://www.w3.org/Graphics/SVG/
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parseGpxType_av alg = parlL [parseGpx_MiniGPX alg, parseGpx_creator alg]
where parseGpx_MiniGPX alg = do isTag "version"
isChar ’=’
result <- parseDQ
return (gpx_MiniGPX alg)
parseGpx_creator alg = do isTag "creator"
isChar ’=’
result <- parseDQ
return (gpx_creator alg result)

If parseGPX is called with gpxALG and applied on a document from L(M L(S)),

<gpx version="MiniGPX" creator="JOSM GPX export">
<metadata>
<bounds minlat="51.4813624" minlon="7.385542"
maxlat="51.5019492" maxlon="7.4255655"/>
</metadata>
<trk>
<name>H-Bahn</name>
<trkseg>
<trkpt lat="51.4921644" lon="7.4166625">
<time>2008-03-28T17:02:06Z</time>
</trkpt>
<trkpt lat="51.4922462" lon="7.4167966">
<time>2008-03-31T22:29:55Z</time>
</trkpt>
<trkpt lat="51.492271" lon="7.4168691">
<time>2008-11-27T12:47:33Z</time>
</trkpt>
</trkseg>
</trk>
</gpx>

then the result is an abstract syntax tree from ASTs (s, (s))-

Root_ [Gpx_MiniGPX,Gpx_creator "JOSM GPX export"]
(GpxType_
(Just (Metadata_ (MetadataType_
Nothing
Nothing
(Just (Bounds_mt [Bounds_minlat 51.48136,Bounds_minlon 7.385542,
Bounds_maxlat 51.50195,Bounds_maxlon 7.4255657]1)))))
(]
(]
[Trk_ (TrkType_ (Just (Name_ "H-Bahn"))
[Trkseg_ (TrksegType_ [
Trkpt_ [WptType_lat 51.492165,WptType_lon 7.4166627]
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(WptType_ Nothing (Just (Time_ "2008-03-28T17:02:06Z")) Nothing Nothing),
Trkpt_ [WptType_lat 51.492245,WptType_lon 7.4167967]

(WptType_ Nothing (Just (Time_ "2008-03-31T22:29:55Z")) Nothing Nothing),
Trkpt_ [WptType_lat 51.49227,WptType_lon 7.416869]

(WptType_ Nothing (Just (Time_ "2008-11-27T12:47:33Z")) Nothing Nothing)]1)1)1))

If it is called with svgALG, the the result is a SVG-term:

<svg>

<g>
<line fill="none" stroke="#000000" stroke-width="2" x1="51.492165"
x2="51.492245" y1="7.4166627" y2="7.4167967"/>
<line fill="none" stroke="#000000" stroke-width="2" x1="51.492245"
x2="51.49227" y1="7.4167967" y2="7.416869"/>

</g>

</svg>

5 Conclusion

The presented algebraic approach gives a precise and clear model to understand
xml-based hyperdocuments and hyperdocument processing. It shows new tech-
niques for developing and implementing browsers and editors, as both can be
seen as constructing compilers. Known techniques and results from this area can
be adapted. The abstract syntax trees can be used to store xml-based hyper-
documents unambiguously, a great advantage to document trees. For the core
topics a Haskell implementation shows the usability of the model.
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Maintaining XML Data Integrity in Programs —
An Abstract Datatype Approach

Patrick Michel

Technische Universitat Kaiserslautern

XML technology can be supported in high level programming languages in many
different ways. APIs like DOM and SAX offer support for data in the generic
XML format. Data binding approaches like JAXB and language extensions like
XJ offer support for the combination of XML with XML schemata. Utilizing
the type system of languages to guarantee validity of XML data is one way to
improve language support.

There is almost no support, however, for the combination of XML with more
powerful schema languages like Schematron. Such languages allow the definition
of arbitrary boolean expressions on the shape and more important the content
of XML data. Tools supporting Schematron are able to check all these integrity
constraints for any given document, but offer no support for the correct ma-
nipulation of such documents. Schematron also does not define any method of
manipulation, but allows to define valid sets of documents only.

We propose to view XML documents with such complex constraints as ab-
stract datatype, with an interface of schema-specific procedures. Such an inter-
face integrates well with object-oriented languages like Java and encapsulates
the alien aspects of tree-shaped data. By automatically guarding these proce-
dures with minimal preconditions, the lasting correctness and validity of an XML
document can be guaranteed.

The procedures are implemented in a language accessible to Java program-
mers and domain experts, incorporating abstractions of the XML domain. It is
powerful enough to define basic atomic manipulations that can leave valid doc-
uments in a valid state. An automated analysis is able to derive minimal pre-
conditions that check if a procedure is applicable to a valid document. Failure
of these preconditions can be dealt with by the Java programmer, for example,
by changing parameters or calling other procedures.

Together with typical data binding approaches, which allow the type cor-
rect and convenient navigation and reading on documents, our approach offers
comprehensive support for XML data with complex integrity constraints within
languages like Java.
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Lambdas und Schleifen in monotonen
Logikprogrammen

Ulrich Neumerkel

Technische Universitat Wien

Lambda-Abstraktionen und Schleifenkonstrukte sind in der Logikprogrammierung
bisher kaum aufgenommen worden. Diese Zuriickhaltung hiangt unmittelbar mit
den algebraischen Eigenschaften der verwendeten Konstrukte zusammen. Die
bisher vorgeschlagenen Ansétze verletzen grundlegende Eigenschaften wie die der
Monotonie, wodurch nicht nur eine deklarative Betrachtungsweise verunmoglicht
wird und diagnostische Verfahren stark eingeschrénkt werden, sondern auch ef-
fiziente Implementierungen behindert werden.

Mit der vorgestellten Umsetzung von Lambda-Ausdriicken werden die meis-
ten Méangel unmittelbar vermieden. Es ertffnen sich nun neue Méglichkeiten
monotone Schleifenkonstrukte einzubinden.
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Functional Program Verification in Theorema.
Soundness and Completeness

Nikolaj Popov, Tudor Jebelean*

Research Institute for Symbolic Computation,
Johannes Kepler University, Linz, Austria
{popov, jebelean}@risc.uni-linz.ac.at

Abstract. We present a method for verifying recursive functional pro-
grams. We define a Verification Condition Generator (VCG) which covers
the most frequent types of recursive programs. These programs may op-
erate on arbitrary domains. Soundness and Completeness of the VCG are
proven on the meta level, and this provides a warranty that any system
based on our results will be sound.

1 Introduction

We present an experimental prototype environment for defining and verifying
recursive functional programs, which is part of the Theorema system. In con-
trast to classical books on program verification [6],[4],[10] which expose methods
for verifying correct programs, we put special emphasize on verifying incorrect
programs. The user may easily interact with the system in order to correct the
program definition or the specification.

There are various tools for proving program correctness automatically or
semiautomatically, (see, e.g., [12],[1],[2]), and this is where our contribution falls
into. As a distinctive feature of our prototype is the hint on “what is wrong” in
case of a verification failure.

This work is performed in the frame of the Theorema system [3], a mathe-
matical computer assistant which aims at supporting all phases of mathematical
activity: construction and exploration of mathematical theories, definition of al-
gorithms for problem solving, as well as experimentation and rigorous verification
of them. Theorema provides both functional as well as imperative programming
constructs. Moreover, the logical verification conditions which are produced by
the methods presented here can be passed to the automatic provers of the sys-
tem in order to be checked for validity. The system includes a collection of
general as well as specific provers for various interesting domains (e. g. inte-
gers, sets, reals, tuples, etc.). More details about Theorema could be found at
www.theorema.org.

* This research was partly supported by BMBWK (Austrian Ministry of Education,
Science, and Culture) and Upper Austrian Government Project “Technologietrans-
feraktivitaten”.
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2 Programming, Specification and Verification

As usual, correctness is transformed into a set of first-order predicate logic for-
mulae — verification conditions. As a distinctive feature of our method, these
formulae are not only sufficient, but also necessary for the correctness [7]. We
demonstrate our method on a relatively simple example, however, it show how
correctness may be proven fully automatically. In fact, even if a small part of the
specification is missing — in the literature this is often a case — the correctness
cannot be proven. Furthermore, a relevant counterexample may be constructed
automatically.

We consider the total correctness problem expressed as follows: given the
program which computes the function F'in a domain D and given its specification
by a precondition on the input Ir[x] and a postcondition on the input and the
output Op[xz,y], generate the verification conditions VC, ... , VC, which are
sufficient for the program to satisfy the specification. The function F' satisfies
the specification, if: for any input x satisfying Ir, F' terminates on x, (we write
F[z] |) and the condition Op[z, F[x]] holds:

(Vo : Ip[z]) (Flz] | A Oplz, Flz])). (1)

A Verification Condition Generator (VCG) is a device—normally implemented
by a program—which takes a program, actually its source code, and the specifi-
cation, and produces verification conditions. These verification conditions do not
contain any part of the program text, and are expressed in a different language,
namely they are logical formulae.

Any VCG should come together with its Soundness statement, that is: for a
given program F', defined on a domain D, with a specification Ir and Op if the
verification conditions VCy, ... , VC, hold in the theory Th[D] of the domain
D, then the program F' satisfies its specification Ir and Op.

Moreover, we are also interested in the following question: What if some of
the verification conditions do not hold? May we conclude that the program is
not correct? In fact, the program may still be correct. However, if the VCG
is complete, then one can be sure that the program is not correct. A VCG
is complete, if whenever the program satisfies its specification, the produced
verification conditions hold.

The notion of Completeness of a VCG is important for the following two
reasons: theoretically, it is the dual of Soundness and practically, it helps de-
bugging. Any counterexample for the failing verification condition would carry
over to a counterexample for the program and the specification, and thus give a
hint on “what is wrong”. Indeed, most books about program verification present
methods for verifying correct programs. However, in practical situations, it is
the failure which occurs more often until the program and the specification are
completely debugged.
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3 Coherence and Verification Conditions
Before performing the “real” verification, we first make sure that our programs
are coherent. It is not that programs which are not coherent are necessarily
not correct, however, in order to construct a system of programs preserving
modularity, we need to use only coherent programs.

3.1 Coherent Programs

In this subsection we state the principles we use for writing coherent programs
with the aim of building up a non-contradictory system of verified programs.
Although, these principles are not our invention (similar ideas appear in [8]), we
state them here because we want to emphasize on and later formalize them.

Building up correct programs: Firstly, we want to ensure that our system
of coherent programs would contain only correct (verified) programs. This we
achieve, by:

— start from basic (trustful) functions e.g. addition, multiplication, etc.;

— define each new function in terms of already known (defined previously)
functions by giving its source text, the specification (input and output predi-
cates) and prove their total correctness with respect to the specification.

This simple inductively defined principle would guarantee that no wrong
program may enter our system. The next we want to ensure is the easy exchange
(mobility) of our program implementations. This principle is usually referred as:

Modularity: Once we define the new function and prove its correctness, we
“forbid” using any knowledge concerning the concrete function definition. The
only knowledge we may use is the specification. This gives the possibility of easy
replacement of existing functions. For example we have a powering function P,
with the following program definition (implementation):

Plz,n] = If n =0 then 1 else Plz,n — 1] xx

The specification of P is:
The domain D = R2, precondition Ip[z,n] <= n € N and a postcondition
Oplz,n, Plz,n]] <= Plz,n]=z".

Additionally, we have proven the correctness of P. Later, after using the pow-
ering function P for defining other functions, we decide to replace its definition
(implementation) by another one, however, keeping the same specification. In
this situation, the only thing we should do (besides preserving the name) is to
prove that the new definition (implementation) of P meets the old specification.

Furthermore, we need to ensure that when defining a new program, all the
calls made to the existing (already defined) programs obey the input restrictions
of that programs — we call this:

Appropriate values for the auxiliary functions. The following example will
give an intuition on what we are doing. Let the program for computing F' be:

Flz] = If Q[z] then H][z] else G[z],
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with the specification of F' (Ir and Op) and specifications of the auxiliary func-
tions H (I and Og), G (I¢ and O¢). The two verification conditions, ensuring
that the calls to the auxiliary functions have appropriate values are:

(Vo : Ipla]) (Qlx] = Iulz])
(Ve : Ip[z]) (-Q[z] = Ialz]).

3.2 Recursive Programs and Generation of Verification Conditions

As is well-known, there is no universal VCG. Thus, in our research, we con-
centrate on constructing a VCG which is appropriate only for a certain kind of
recursive programs — those which are defined by multiple choice if-then-else with
zero, one, or more recursive calls on each branch (but without nested recursion).
They are defined as those F:

Flz] = If Qp[x] then S|z] (2)

elseif Q[z] then Ci[z, F[Ry[z]]]
elseif Qs[z] then Csx, F[Ry[z]]]

else Q,[z] then C, [z, F[R,[z]]].

where @; are predicates and S, C;, R; are auxiliary functions (S[z] is a “simple”
function (the bottom of the recursion), C;[z, y] are “combinator” functions, and
R;[x] are “reduction” functions). We assume that the functions S, C;, and R;
satisfy their specifications given by Is[z], Os|xz,y], Ic,[z,y], Oc,[x,y, 2], Ir,[z],
Og,[z,y]. Additionally, assume that the @; predicates are non-contradictory,
that is Q;+1 = ~Q; and Q,, = Qo A--- AN =Q,—1, which we do only in order to
simplify the presentation.

Note that functions with multiple arguments also fall into this scheme, be-
cause the arguments x,y, z could be vectors (tuples).

Type (or domain) information does not appear explicitly in this formulation,
however it may be included in the input conditions.

Considering Coherent Recursive programs, we give here the appropriate def-
inition:

Let S, C;, and R; be functions which satisfy their specifications. Then the
program (2) is coherent if the following conditions hold:

(Var : Irfa]) (Qola] = Isla)) (3)
(Ve : Iple]) (Qule] = Ip[Rulal) (4)
(v : Ipla]) (Qule] = Ip[Rula) (5)
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(Vo : Ipla]) (Qulz] = Ig,[x]) (6)

(Vo : Ip[z]) (@nlz] = Ig,[2]) (7)

(Va2 Ip[2])(Qi[z] A Op[Ri[z], FlRi[z]]] = lo, [z, FRi[z]]) (8)

(Vo : Ip[a])(@n[2] A Op[Rn[z], F[R,[2]]] = lo, [z, F[Ra[z]]).  (9)

It is not that a program which is not coherent is necessarily not correct.
However, non-coherent programs are somehow inconsistent, namely proving their
correctness would involve knowledge about their auxiliary functions which is out
of the official scope. Thus, if we allow them in our system of verified programs,
the modularity would be lost.

After performing the coherence check, we go to the verification. The upcom-
ing theorem gives the necessary and sufficient conditions for a program to be
correct. These conditions are taken as the Verification Conditions.

Theorem 1. Let S, C;, and R; be functions which satisfy their specifications.
Let also the program (2) be coherent. Then, (2) satisfies the specification given
by Ir and O if and only if the following verification conditions hold:

(Vo : Ip[z]) (Qolz] = Orlz, Slz])) (10)

(Vo : Ip[2])(Qi[e] A Op[Ri[z], F[R1[2]]] = Oplz, Cilz, F[Ri[2])]])) (1)

(Vo : Ipla])(@n[2] A OF[Rn[z], F[R,[2]]] = Orlz, Cula, F[R,[2]]]]) - (12)

(Vo : Ip[x]) (F'[z] = 0) (13)
where F' is defined as:

F'lz] = If Qo[z] then 0 (14)

elseif Qi[z] then F'[R;[x]]
elseif Q2[z] then F'[Ry[x]]

else Q,[z] then F'[R,[z]].
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Based on this statement we construct a VCG, which takes as an input pro-
gram (2) annotated with its specification Ir and Op, and generates the verifi-
cation conditions (10), (11), (12) and (13). Moreover, the theorem gives, in fact,
two statements, namely:

— Soundness: If (10), (11), (12) and (13) hold, then the program (2) is correct,
and

— Completeness: If (2) is correct, then (10), (11), (12) and (13) hold.

A precise proof of the theorem, based on the fixpoint theory of programs [11],
is presented in [7], and completed in [9].

3.3 Proving the Verification Conditions

As we have already said, the coherence check is done at the beginning of the
verification process—it is also realized by proving the validity of the respective
conditions: (3), (4), (5), (6), (7), (8) and (9). Partial correctness is guarantied
by (10), (11), (12), and termination—(13).

Proving any of the three kinds of verification conditions has its own difficulty,
however, our experience shows that proving coherence is relatively easy, prov-
ing partial correctness is more difficult and proving the termination verification
condition (it is only one condition) is in general the most difficult one. The lat-
ter one is expressed by using a simplified version(14) of the initial program (2),
and the condition itself expresses a property of that simplified version (13). The
proof typically needs an induction prover and the induction step may sometimes
be difficult to find. Fortunately, due to the specific structure, the proof may
be omitted, because different recursive programs may have the same simplified
Version.

Proofs of the verification conditions may be done by using a Theorema prover
(see, e.g., [3],[5]) or by delivering the proof problem itself to another specialized
tool. For serving the termination proofs, actually for omitting the proof redun-
dancy, we are now creating libraries containing simplified versions together with
their input conditions, whose termination is proven. The proof of the termina-
tion may now be skipped if the simplified version is already in the library and
this membership check is much easier than an induction proof — it only involves
matching against simplified versions.

4 Example and Discussion

In order to make clear our experiments, we consider again a powering func-
tion P, however we provide this time a different implementation, namely binary
powering:

Plz,n]= If n=0then 1
elseif Even[n| then Pz * z,n/2]
else z * Plz xz,(n —1)/2].
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This program in the context of the theory of real numbers, and in the fol-
lowing formulae, all variables are implicitly assumed to be real. Additional type
information (e. g. » € N) may be explicitly included in some formulae.

The specification is:

(Vz,n:n € N) Plz,n] = z". (15)

The (automatically generated) conditions for coherence are:

(Vz,n:neN) (n=0 =T) (16)

(Vz,n :n € N) (n # 0AEvenn] = Even[n]) (17)

(Vz,n:n € N) (n # 0 A —Even[n] = Odd[n]) (18)

(Vz,n,m :n € N)(n # 0 A Even[n] Am = (z % z)"/? = T) (19)
(Vz,n,m :n € N)(n #0A-Even[n] Am = (z xz)"~V/2 = T) (20)

One sees that the formulae (16), (19) and (20) are trivially valid, because we
have the logical constant T at the right side of an implication. The origin of
these T come from the preconditions of the 1 constant-function-one and the x
multiplication.

The formulae (17) and (18) are easy consequences of the elementary theory of
reals and naturals. For the further check of correctness the generated conditions

are:
Vz,n:neN)(n=0 =1=2z") (21)
(Vz,n:n € N) (n #0AEvenn] =n/2eN) (22)
(Vz,n,m:n e N)(n#0AEvenn] Am = (zx2)"? = m=2z") (23)
(Vz,n:n €N) (n#0A-Evenn] = (n—1)/2€N) (24)
(Vz,n,m:n e N)(n#0A-Even[n] Am = (zx2)" /2 = zxm=2a") (25)
(Vz,n:n €N) P'lz,n] =0, (26)

where

P'lz,n] = If n =0 then 0
elseif Even[n]| then P'[x x z,n/2]
else P'[z xz,(n —1)/2].
The proofs of these verification conditions are straightforward.
Now comes the question: What if the program is not correctly written? Thus,

we introduce now a bug. The program P is now almost the same as the previous
one, but in the base case (when n = 0) the return value is 0.

Plz,n] = If n =0 then 0
elseif Even[n| then Pz * z,n/2]
else z * Plz xz,(n —1)/2].
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Now, for this buggy version of P we may see that all the respective verifica-
tion conditions remain the same—and thus the program is correct—except one,
namely, (21) is now:

(Vz,n:neN) (n=0 =0=2") (27)

which itself reduces to:
0=1

(because we consider a theory where 0° = 1).

Therefore, according to the completeness of the method, we conclude that
the program P does not satisfy its specification. Moreover, the failed proof gives
a hint for “debuging”: we need to change the return value in the case n = 0 to
1.

Furthermore, in order to demonstrate how a bug might be located, we con-
struct one more “buggy” example where in the “Even” branch of the program
we have P[z,n/2] instead of Pz * z,n/2]:

Plz,n] = If n =0 then 1
elseif Even[n] then P[z,n/2]
else zx Plzxz,(n—1)/2].

Now, we may see again that all the respective verification conditions remain
the same as in the original one, except one, namely, (23) is now:

(Vz,n:n eN) (Ve,n,m:n e N)(n#0AEven[n] Am = (2)"? = m=a")
(28)
which itself reduces to:

2

m=z"? =m=a"

From here, we see that the “Even” branch of the program is problematic and
one should satisfy the implication. The most natural candidate would be:

m=(z%)"? = m=2a"

which finally leads to the correct version of P.

5 Conclusions

The approach to program verification presented here is a result of an experimen-
tal work with the aim of practical verification of recursive programs. Although
the examples presented here appear to be relatively simple, they already demon-
strate the usefulness of our approach in the general case. We aim at extending
these experiments to industrial-scale examples, which are in fact not more com-
plex from the mathematical point of view. Furthermore we aim at improving
the education of future software engineers by exposing them to successful exam-
ples of using formal methods (and in particular automated reasoning) for the
verification and the debugging of concrete programs.
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Towards a Static Profiler

Adrian Prantl

Technische Universitidt Wien

The profiler is an important tool to identify performance bottlenecks in pro-
grams. A traditional profiler works by compiling a specially instrumented version
of the target program that collects performance data over a series of program
executions with typical input data. The collected data is then interpreted and
presented to the user as tables and execution graphs.

Since it is up to the user to supply the program with a representative set of
input data during the profiling run, it is often left to chance that performance
critical paths are triggered during profiling. While this is acceptable for a user
interested in the average performance of the program, it is not purposeful for in-
vestigating the program’s worst-case behaviour; a property especially important
to developers of real-time and embedded systems.

In this talk we present the ingredients for a static profiler which visualizes an
unfolded interprocedural control flow graph by using the results from multiple
static analyzers that identify feasible paths and provide upper bounds for loop
constructs. The resulting graph is guaranteed to always include the worst-case
behaviour of the program.

Our prototype implementation was built using SATIrE program analysis
framework as frontend and can analyze C programs. The graph calculation and
flow analysis was implemented in Prolog using the Termite library.

References

SATIrE: http://www.complang.tuwien.ac.at/satire/
Termite: http://www.complang.tuwien.ac.at/adrian/termite/
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How to Specify the Flow of Data Accessibility:
An OO Way of Concurrent Programming
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Abstract. Program structures appropriate for concurrency are often in
conflict with object-oriented principles. Especially average programmers
need high-level language constructs for concurrency with good integra-
tion into the object-oriented paradigm. A key concept in this respect is
better static knowledge of the data flow. We propose to explicitly specify
the flow of data accessibility in a program. This information is sufficient
for a compiler to automatically spawn threads and add synchronization
as necessary. Programmers regard the specifications just as assertions.

1 Introduction

It is not easy to express concurrency in a programming language mainly because
concurrent units access shared data. We need synchronization to avoid data races
and observe data dependences. Thereby we serialize parts of the execution in a
statically rather unpredictable way. By spawning concurrent threads we cause
the execution to be controlled to a large extent by the data flow — or more
precisely the flow of accessibility to shared data — instead of the control flow.
Most programs clearly express the control flow, but the flow of data accessibility
is rather hidden. That is an important difficulty in concurrent programming.

In the present work we propose a technique to make the flow of data accessi-
bility more visible in an object-oriented language. We want to explicitly express
for each method in each object interface

— which shared data are accessible in the method,
— the kind of possible accesses to these data:
e exclusive read-and-write accesses
e or consistent read-only accesses (without concurrent write in between)
e or shared accesses that need synchronization,
— and constraints on values the variables are supposed to hold before method
invocation and after return (representing data dependences).

Such information is to a large extent sufficient for a compiler to

— decide where to spawn concurrent threads to ensure a continuous data flow,
— decide where to synchronize threads to avoid data races and comply with
data dependences (as enforced by wait and notify in Java),
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— check mutual compatibility of sequential and concurrent program parts,
— and check important properties required for continuous operation.

Programmers can profit from this approach in several ways:

— They write neither code for spawning threads nor for synchronization and
still have control over concurrency and can express data dependences.

— The additional information in interfaces conforms to Design by Contract [6] —
a concept familiar to object-oriented programmers. Specifications concerning
concurrency no longer contradict object-oriented design principles.

— Subtyping considers concurrency according to the substitution principle [5].

We show our approach by examples in Sect. 2, discuss assertion checking in
Sect. 3, present rather formal techniques in Sect. 4, address inherent problems
in Sect. 5, refer to related work in Sect. 6, and give our conclusions in Sect. 7.

2 How it Works

We demonstrate basics of our approach with an example in a Java-like language:

class Buffer {
public void put(int i) [!full() -> lempty()] { eltop++] = i; }
public int get() [lempty() -> 'full()] { return e[--topl; }
public boolean empty() [true] { return (top == 0); }
public boolean full() [true] { return (top == e.length()); }
public Buffer(int s) [-> !full()] { e = new int[s]; }
private int e[], top = 0O;

}

Square brackets on methods represent access constraints. We can read expres-
sions in square brackets as assertions (pre- and post-conditions). Accordingly,
put is invokable only when the buffer is not full and afterwards it is not empty,
and get only when the buffer is not empty and afterwards it is not full. The
arrow between pre- and post-condition indicates state changes of the buffer; an
execution of get requires exclusive read-and-write access to this. Executions of
empty and full need only read-only access as indicated by the availability of
an assertion (true) and the absence of -> in the access constraint. A method
without any assertion must not access instance variables. The constructor auto-
matically has read-and-write access and ensures a new buffer not to be full.

Access constraints can also be specified for formal parameters and method
results. However, there are no post-conditions (expressions to the right of ->)
in access constraints of method results; only conditions to the left of -> can
occur there. Access constraints on local variables, instance variables and class
variables are inferred by the compiler. It would be difficult to specify them
explicitly because each occurrence of a variable needs its own assertions.

We regard assertions in square brackets to be tokens as used to represent
type-states. Tokens are limited resources, and a compiler can statically guaran-
tee that actions depending on tokens are carried out at run time only if these

232



KPS 2009

Maria Taferl

tokens are available. For example, the compiler can guarantee that put is in-
voked only in a buffer of type Buffer [!full ()->] without any run-time checks.
The associated access constraint implies exclusive access to a non-full buffer.
Moreover, tokens can move from one method to another as needed in the com-
putation in a statically predetermined way. In access constraints of methods and
formal parameters, tokens to the left of -> move from the caller to the callee on
invocation, and those to the right from the callee to the caller. If a token occurs
only on one side, then it flows only in one direction.

Buffers are useful only if several clients access them concurrently and clients
compete for exclusive access. We need a further kind of tokens — cooperative
tokens — to express competing access as shown in the following code snippet:

void produce(Buffer[[!full() -> 'empty()] ->] p)

{ while(true) { ...; p.putC...); ... 2}
void consume (Buffer[[!empty() -> !full()] ->] <)
{ while(true) { ...; i =c.get(; ... }

There is no exclusive access to the formal parameters p and ¢ in produce and
consume. Instead, produce has to repeatedly acquire a temporary lock on p when
p is not full to get exclusive access, and then perform actions on p that cause
p not to be empty before releasing the lock. An invocation of put on p changes
the state as required. The syntax of the corresponding token (pre-condition on
p) is the same as the access constraint of put. This token moves from the caller
to produce and remains there because the token occurs only to the left of ->.

A method like produce would be rather useless without another method
like consume and vice versa. We express this relationship in tokens: If there is
a token [!'full() -> !empty()] in a thread, then there must be at least one
further token [lempty() -> !full()] in another concurrent thread. In general,
for each token [f; -> fo] there must be tokens [fo-> f31,..., [fn—1->f,] and
[fn=>f11, eventually all in different threads; the pairwise different assertions
fi,..., fn must be arrangeable in a cycle. Furthermore, the availability of a
cooperative token [f; > f;1 is an obligation to repeatedly invoke methods with
corresponding access constraints. Otherwise the computation gets stuck with
high probability.

The next example shows how the compiler can introduce concurrency:

void produce_consume() {
Buffer b = new Buffer(2); // Buffer[!full()->]

b.put(1); // Buffer['empty()->]

int i = b.get(); // Buffer[!full()->]

produce (b) ; // Buffer[[!full() -> l'empty()],
// [lempty() —> !full()]]

consume (b) ; // Buffer[[!full() -> 'empty()]]

produce(b) ; // Buffer

}

! The token would move back on return if there was no arrow in the access constraint

or the token occurred on both sides of the arrow.
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The comments show the types of b (including inferred access constraints) after
executing the statements on the same lines. First, we construct a new instance
of Buffer and get the token ensured by the constructor. Because of this token
we can invoke put on b and get another token that allows us to invoke get.
These statements are executed sequentially without any need of synchroniza-
tion because all required tokens are available. However, the cooperative token
required on the argument of produce is not directly available. As discussed
in Sect. 4 we can replace an access constraint [!full()->] or [!empty()->]
with [[1full(O)->'empty ()], [!full()->tempty ()], [lempty()->!full(O]].
We need the token required by produce twice because produce is invoked twice.
For the first invocation of produce and the invocation of consume the compiler
has to spawn new threads because these tokens must end up in different threads.
To be exact, a new thread is necessary only if the invoked method requires just a
single cooperative token on the same parameter; otherwise the invoked method
is responsible for spawning the required threads. Each invocation uses up a token
until nothing is left.

As shown in this example, thread creation follows a simple algorithm based
essentially on the availability of tokens. We expect programmers to be able to
understand the algorithm although it is usually advisable to concentrate on the
flow of data accessibility instead of the thread structure.

3 Checking Assertions

By regarding assertions as tokens we introduce a token flow that can easily be
followed by a compiler. Properties expressed in tokens (except of cooperative
tokens) cannot accidentally change because there is no other thread or unknown
alias that could modify the object state. However, we have to clarify if a property
holds in the first place when introducing a new token or changing a property as
in put and get: After executing the method body we have to dynamically check
if the property holds ('empty() in put and !'full() in get as well as in the
constructor). When invoking a method we have to perform a check only in the
course of acquiring a lock for a cooperative token.

Dynamic assertion checks can be avoided by using static information acces-
sible by the compiler. We propose a set of static properties and argue that most
data dependences needed for synchronization are easily expressible with them.
The most important static properties are of the forms v:7,v:cand v:ec. .c where
v is a variable, 7 a type, and c and ¢’ are constant values. They are satisfied if v
holds a value of type 7, value ¢, and any value in the range from c to ¢/, respec-
tively. After assigning a value of type 7 or a constant value to v the compiler has
all needed information; otherwise it will issue an error message. An important
advantage of static properties are well-defined relationships between them. For
example, we have the following implications: v:3 = v:2..4 = v:1..8 = v:int.
Of course, we can move a token v:3 to a method that requires a token v:2. .4.
In contrast, we cannot use a token empty() where a token !full() is required
because the compiler does not know about such relationships.
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Static properties of the forms v+i and v-i can be used only as post-conditions
together with pre-conditions of the form v:j..j" where 4,7, j’ are integer con-
stants. They specify that the value of v will be incremented or decremented
correspondingly. The next variant of our example shows how we can make use
of such static properties:

class Buffer8 {
public void put(int i) [top:0..7 -> top+1] { eltop++] = i; }
public int get() [top:1..8 -> top-1] { return e[--topl; 2
public Buffer8() [-> top:0] { e = new int[8]; }
private int e[], top = 0O;

}

This variant is shorter because we state dependences more directly in terms of
variable values. The static determination of the buffer size allows us to compile
the following statement sequence:

Buffer8 b = new Buffer8(); // Buffer8[top:0->]
b.put(1); b.put(2); b.put(3) // Buffer8[top:3->]

The compiler knows that top is 3 after three invocations of put just from the
specifications in the class interface. A corresponding statement sequence would
not compile for Buffer (instead of Buffer8) for several reasons:

— There is no static information about the buffer size. Value 3 can be inappro-
priate for top.

— Unlike top+1 a post-condition !empty() as well as top:1..8 does not tell
us if and how a method invocation modifies top.

— There are no invocations of get in the code snippet. If there were three
invocations of get, the compiler could generate concurrent threads so that
the buffer size does not matter. No concurrency is necessary for Buffer8.

A non-cooperative token specifies two aspects — accessibility (exclusive or
consistent read-only) and a property. Accessibility is the more important aspect
because with exclusive as well as consistent read-only access we can quite often
dynamically determine the property as in the following example:

Buffer[empty()->] emptyTest(Buffer[true ->] b)
{ if (b.empty()) { return b; }; return null; }

The parameter b has an exclusive pre-condition true and no post-condition at
all. If possible, emptyTest returns this parameter with an exclusive assertion
empty (); otherwise it returns null which can be associated with any assertion
in the same way as it can be used instead of an instance of any reference type.
For each side-effect-free condition in an if-statement depending only on a single
parameter (or a single variable or this) the compiler can assume the condition
to be a valid property of this parameter (or variable or this) within the body
of if. Hence, b has the needed property in the return statement. As special
cases, a condition v instanceof 7 implies the property v:7, v==c implies v:c,
and v>=c && v <=’ implies v:c. .c. In this context it is not useful to distinguish
between static and dynamic properties.
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Fig. 1. Equivalence of Tokens Sequences

a=b a<b b<e¢ a<c b<d
a<b a<c a,b<cd

=g =g f=7 gd=g check(g) check(g)
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f<e fr<e f>f1<e

Fig. 2. Subsumption of Tokens Sequences

4 Relations on Tokens and Types

Non-cooperative tokens occurring in access constraints with arrows are exclusive
tokens, those in access constraints without arrows are read-only tokens. In this
section we discuss tokens without their context available. To distinguish between
these token kinds we mark read-only tokens with *. For properties f and g, f*
denotes a read-only token, f an exclusive token, and [f->¢] a cooperative token.

A token sequence is a possibly empty comma-separated list of tokens of the
same kind, this is a sequence of exclusive tokens, a sequence of read-only tokens,
or a sequence of cooperative tokens. An access constraint is a square bracket
containing either a sequence of non-exclusive tokens or two sequences of tokens
that are not read-only (separated by an arrow). Equivalence of token sequences
is defined in Fig. 1 where f, g denote properties, a, b, ¢, d token sequences, and ¢
the empty sequence.

Fig. 2 defines a subsumption relation on token sequences. If a < b holds,
then we can replace token sequence a with token sequence b where a is available
and b is required. Most tokens can be removed, that is, replaced by €. However,
tokens of the form [f->¢g] with f # ¢ (f does not imply g or f is not known to
imply g) must not be removed because such tokens have to be repeatedly used for
continuous operation. Many rules in Fig. 2 depend on conditions like implications
between properties. The compiler has to guarantee that these conditions are
satisfied at run time when applying these rules. For the condition check(g) the
compiler has to ensure that ¢ is satisfied, for example, by an if-statement.
There is a rule allowing the compiler to replace a single cooperative token by
two different cooperative tokens. This rule helps us to ensure that properties in
cooperative tokens always build cycles. Another rule can reduce the number of
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properties in a cycle if no synchronization depends on the withdrawn property
/' as expressed by clean(f’).

The rules in the last line of Fig. 2 relate tokens of different kinds. Since all
tokens in a token sequence must be of the same kind, they must be replaced
simultaneously. The compiler has to introduce a new proxy for synchronization
(locking) at the position where exclusive tokens are replaced by cooperative to-
kens. In this proxy the compiler sets exclusive locks when replacing a correspond-
ing cooperative token with an exclusive token and shared read-only locks when
replacing a cooperative token with a read-only token. Rules marked with (}) or
(1) are applicable only for a limited amount of time when invoking methods with
access constraints corresponding to the tokens at the right-hand-side of <. On
return the tokens at the left-hand-sides of < become valid again. Rules marked
with (1) allow the compiler to invoke several such methods simultaneously.

We regard access constraints as annotations of types, no matter whether they
are expressed explicitly (for formal parameters and result types) or inferred by
the compiler (for local variables, instance variables and class variables). As a
consequence, access constraints play an important role in (behavioral) subtyping:

o<1t a<b o<1 a<b o<1 a<c d<b
olal < 7[b] ola->] < 7[b] ola->b] < Tlc->d]

Subtyping of types with such annotations resembles subtyping with assertions
where a subtype can have weaker pre-conditions (requiring less restrictive to-
kens) and stronger post-conditions (ensuring more restrictive tokens) than su-
pertypes [5]. Of course, types promising exclusive access to their instances can
be used where only read-only access is needed, but not the other way around.

As usual, types of actual parameters must be subtypes of formal parameter
types. In the proposed approach, access constraints associated with these types
determine to a large extent when to spawn threads and apply synchronization.
Most access constraints associated with actual parameters are inferred by the
compiler based on the rules in Fig. 2. Essentially, the compiler

— determines all tokens needed by a variable in method invocations (specified
in the method signature) as well as tokens becoming available thereby,

— relates tokens becoming available by one invocation with those needed in the
next invocation,

— and finally checks for each assignment if all tokens needed by the left-hand-
side can be supplied by the right-hand-side.

The rules have to be applied in the last two steps, and as a side-effect of rule ap-
plications the compiler possibly has to add code for generating new synchroniza-
tion proxies, locking, etc. However, the rules are not deterministic: The compiler
has some freedom in spawning threads as the following example shows:

void test(Buffer[!full() -> !'full()] b)
{ b.put(1); b.get;

It is easy to invoke put and get sequentially. However, it is also possible to
spawn separate threads for put and get by transforming tokens as follows:
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Buffer[!full()->] (b = new Proxy on b)
< Buffer [[!full(O->!full()]]
< Buffer[[!full()->!empty ()], [lempty()->!full()]]
(invoke put and get, then ensure clean(!b.empty()))
< Buffer[[!full()->!full()]1]
(ensure clean(!b.full()) and remove Proxy from b)
< Buffer[!full()->]

The concurrent solution suffers from a large overhead caused by creating and
removing a synchronization proxy, acquiring locks, and dynamically ensuring
that synchronization no longer depends on !b.full() and !b.empty(). In each
case, put and get will be executed sequentially.

To avoid such overhead we require from the compiler to introduce coop-
erative tokens only if there is no solution using non-cooperative tokens. This
simple strategy causes the inference of access constraints to become determin-
istic. Nonetheless, for independent method invocations the rules do not provide
enough information to decide between concurrent and sequential execution:

void test2(Buffer[!full()->'!empty()] b,
Buffer[!empty()->!full (D] c)
{ b.put(1); c.get;

The two invocations can safely be executed in parallel without any synchroniza-
tion because they cannot access the same variables. However, it is not clear if
parallelism can compensate for the overhead of thread creation in this case.

5 Some Nasty Details

Token-based techniques like the one we use in our approach usually suffer from
a number of difficulties. In this section we address the most important ones.

Recursion. Many token-based techniques do not support recursion because we
consider methods like put to be atomic actions executed in isolation from other
methods. An invocation of put within put could occur in an inconsistent state
and thereby compromise isolation. Programmers usually prefer recursion over
isolation. Therefore, the approach proposed in this paper supports recursion in
the sequential as well as concurrent case. Technically speaking, by synchroniza-
tion we can convert a cooperative token into an exclusive one that can be used
without further synchronization, for example, in a recursive invocation. It is also
possible to have several concurrent recursive invocations by introducing a fur-
ther synchronization proxy and replacing the exclusive token with cooperative
tokens. There can simultaneously exist any number of synchronization proxies on
the same object, all but at most one of them with an exclusive lock. By the use
of assertions as tokens we still can ensure the required isolation. Pre-conditions
have to be satisfied also for recursive invocations.
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Token Loss. Especially in exceptional cases we easily lose tokens. For example,
we lose a token moved into a method if the method terminates with an unex-
pected exception. We can dynamically reconstruct the property expressed by the
assertion of a token, but we cannot reconstruct the accessibility information by
hand because usually we do not know anything about other threads that may
have got the token from the exceptionally terminated method. Being careless
we can lose tokens even in the normal control flow — for example, tokens in ac-
cess constraints of instance variables belonging to objects ready to be garbage
collected or simply being untraceable.

Token loss is caused by many factors to be addressed differently. First of all
we have to organize the software so that we do not lose still needed tokens in
the normal control flow. For example, we put object references together with
corresponding tokens into a repository where users can easily find them together
on demand; see the notes on arrays and collections. Expected exceptions can
carry object references together with tokens. For unexpected exceptions thrown
by the run-time system we have no satisfactory solution, but several approaches:

— The exception handling mechanism creates a repository containing all object
references (together with their tokens) available as local variables where
the exception occurred. The exception handler is responsible for exploring
this repository and making use of needed tokens. This approach causes an
overhead for throwing as well as handling exceptions, and tokens associated
with instance variables at the time when the exception occurred will probably
be untraceable by the exception handler.

— When a method terminates with an exception, the exception handling mech-
anism automatically returns all accessibility information provided by the
caller on invocation (but all corresponding assertions will simply be true
for exclusive tokens). If values have been assigned to variables annotated
with tokens to be returned, the exception handling mechanism has to write
null to these variables, and if threads have been spawned and locks acquired
because of such tokens, then the threads must be terminated and the locks
reset. This approach allows for simple implementations of exception han-
dlers, but it is probably difficult to understand which variables will be set
to null.

— Similar as above, the exception handling mechanism returns accessibility
information, but only for tokens provided by the caller and to be returned
to the caller according to the normal control flow. In this approach, the
exception handling mechanism has to set only those variables to null that
would contain another value or would not be annotated with this token at
normal termination of the method. However, some tokens can be lost.

Stopping Continuous Operation. The support of continuously operating systems
through cooperative tokens is a main feature of the proposed approach as the
produce_consume example shows [13]. As long as there is a producer there must
also be a consumer and vice versa. Once the continuous operation has been
started, the token needed by the consumer cannot come together with the token
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needed by the consumer, and hence no rule in Fig. 2 is applicable to combine
these tokens again. In the normal case we cannot stop the producer indepen-
dently from the consumer. To stop the producer (or any continuous operation
in general) in exceptional cases we introduce a stop mode. After entering stop
mode (by invoking a specific method) it is no longer possible to get a lock on
the corresponding synchronization proxy. All threads waiting for a lock will get
an exception instead. There is no way back from stop mode.

Arrays and Collections. Each occurrence of a variable has its own access con-
straint computed by the compiler. For arrays and other collections of items the
access constraint can differ for each item. Since the compiler does not know
array indexes in general, it is impossible to statically compute different access
constraints for different indexes. Similar problems arise for other collections of
items. There are two ways to solve these problems:

— Each item in the collection is associated with the same access constraint.
This approach works quite well if always the same operation is applied to all
items in a collection. Otherwise we have to assume that a token is removed
from each item if it is removed from one item, and we lose tokens added to
only one item (but not all items).

— Each item in a collection is associated with its own access constraint, and
these access constraints are managed dynamically. This approach is more
flexible and powerful, but access constraints are no longer a purely static
concept and tokens are run-time entities. Explicit dynamic checks of the
availability of tokens can be helpful (where brackets on a denote an array,
those on Buffer access constraints):

Buffer a[] = ...;
if (al[i] instanceof Buffer[!empty()->1) { ali]l.get(O; }

There is an appropriate combination of both approaches: The compiler stati-
cally computes tokens available for all items, and the run-time system stores
additional tokens of some items in the collection. Tokens computed by the com-
piler are directly usable while explicit dynamic checks are necessary before using
additional tokens. As a generalization it is useful to associate additional tokens
to all variables with a corresponding declaration. The additional tokens are ac-
cessible through type checks with instanceof and through type casts.

6 Related and Future Work

The proposed approach has similarities with the SCOOP model of concur-
rency [7]. Both, the SCOOP model and our model, use assertions and disclose
information on variables for synchronization. However, the way how and the time
when such information becomes available to clients is different: In the SCOOP
model every client can get access to corresponding variables at run time while in
our model much information is statically available and usually only few clients
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can access the variables at run time. Tokens give additional information that
allows the compiler to automatically spawn and synchronize concurrent threads.

There are many approaches to ensure unique access [3], most of them by
avoiding aliases. The token-based approach used in the present work has been
developed from a process type model [9-11] for active objects — essentially an
object-oriented variant of linear types [4]. This concept restricts the way how to
access objects without preventing aliasing [12,13].

Synchronization based on tokens has a long tradition: Petri Nets have been
explored for nearly half of a century as a basis of synchronization [8]. In general,
expressing states by abstract tokens has clear (both practical and theoretical)
advantages over expressing them more concretely by values in instance variables:
Tokens are much easier tractable than concrete states especially when used in a
static analysis. Many proposals use tokens to express abstract object states [1,
2,14]. In our approach we combine abstract tokens with concrete variable values
to get more flexibility.

Many programming languages consider concurrency to be orthogonal to the
object model. By the use of object accessibility and assertions as tokens we ex-
ploit inherent relationships between objects as a basis for concurrency and syn-
chronization. Concurrency is subordinate to object-oriented factorization. Other
than in the concurrency model in Java, a thread that acquires a lock in our
approach is in no way privileged compared to other threads because only the
availability of tokens counts, not the thread identity. This property is an impor-
tant step towards modularity of synchronization. A further step is the support
of recursion while still executing methods atomically and in isolation. Since the
compiler deals with concurrency on a class by class basis, concurrency is almost
completely modular. However, there remains a small non-modular rest: To pre-
vent deadlocks the compiler needs global information [13]. In this respect our
approach does not differ from many other approaches.

The present work is in an early stage. Currently there is no implementation,
and no practical evaluation of this approach has been carried out so far. In future
work we want to address (among others) the following topics:

— The compiler has some freedom to decide between sequential and concurrent
execution. We need appropriate heuristics to make a beneficial decision.

— Our proposal provides a foundation for assured continuous operation [13].
More work is needed to strengthen the guarantees given by the compiler.
Deadlock prevention in at least some cases is one of the goals.

— We need more advanced concepts and more experience to deal with time as
well as with exceptional cases (like exception handling and stop mode) in a
practical setting.

7 Conclusions
We have explored a way to express the flow of data accessibility in object in-

terfaces so that a compiler can use this information to execute methods in con-
current threads and provide synchronization between them. Based on this in-
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formation the compiler can always determine if it is necessary or unfeasible to
spawn concurrent threads; for independent computations further information is
necessary to decide if it is advantageous to do so. Programmers specify the flow
of data accessibility essentially in the form of assertions that are considered to
be tokens. As a consequence, object-oriented design principles dominate the pro-
gram structure, not concurrency. The approach supports subtyping and ensures
to some extent continuous operation of the system.
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Towards a Parallel Search for Solutions of
Non-deterministic Computations

Fabian Reck and Sebastian Fischer

Department of Computer Science
Christian- Albrechts-University of Kiel
D-24118 Kiel
{fre,sebf}@informatik.uni-kiel.de

Non-determinism is one of the distinctive built-in features of logic and func-
tional logic programming languages such as Prolog and Curry. In other program-
ming languages non-determinism can be modeled using apropriate abstractions.
In Haskell this is usually done by means of non-determinism monads. Since
the different results of a non-deterministic computation do not depend on each
other it should be possible to compute them in parallel. In this paper we explore
different possibilities to execute non-deterministic Haskell programs in paral-
lel. Together with our latest attempts to compile Curry programs to monadic
Haskell we already achieve preliminary but encouraging results.

We present three different implementation of a parallel execution of non-
deterministic monadic Haskell programs:

1. dividing the computation into a fixed number of sub-computations and assign
each of them to a different thread,

2. using a Bag-of-Tasks approach to distribute small tasks to a fixed number
of threads, and

3. using the par-combinator that is implemented in the GHC to give hints to
the Haskell runtime system about which parts of the computation can be
done in parallel.

A detailed description of these approaches together with a discussion of their
properties and selected benchmarks is published in the proceedings of the 39th
annual conference of German Gesellschaft fiir Informatik [1].
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Rekursionspriézise Intervallanalysen

Dirk Richter (richterd@informatik.uni-halle.de)
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Zusammenfassung Intervallanalysen bestimmen zu einem gegebenen
Programm konservative oder nicht-konservative Wertebereiche von Va-
riablen. Desto genauer diese Wertebereiche bestimmt werden koénnen,
desto préziser sind die darauf basierenden Analysen wie z.B. die Lauf-
zeitschitzung von Programmen bzw. fithren zu weniger Fehlalarmen wie
z.B. bei der Priifung auf Feldzugriffe auflerhalb zuldssiger Indizees (Ar-
rayOutOfBounds). Bei unbeschréinkter Rekursion und unbeschréanktem
Speicher (Heap/Halde) ist das Problem der Bestimmung von Werteberei-
chen maximaler Genauigkeit (auch als exakte Wertebereiche bezeichnet)
unentscheidbar. Im Folgenden wird gezeigt, wie bei unbeschrénkter
Rekursion und beschrénktem Speicher derartige exakte Wertebereiche
in polynomieller Zeit (bzgl. ModellgréBe) bestimmt werden konnen.

Schliisselworte: exakte Wertebereichsanalyse, Intervallmenge, SPDS

1 Einleitung

Da viele Programmanalysen i.A. unentscheidbar fiir die meisten Hochsprachen
sind, muss fiir die Analyse von der Semantik eines Programms abstrahiert wer-
den. So ist es moglich, bestimmte Eigenschaften iiber das Verhalten eines Pro-
gramms statisch zu bestimmen. Durch diese Abstraktion entstehen naturgeméif
Ungenauigkeiten in den Analyseergebnissen. Ungenaue Analyseergebnisse fiihren
aber in der Praxis zu ungenaueren Aussagen z.B. iiber die erwartete Laufzeit von
Programmen oder zu unnétig grofien Chip-Designs. Man ist daher bestebt, diese
Ungenauigkeiten in den Analyseergebnissen zu minimieren. Eine Moglichkeit da-
zu bietet die korrekte Abbildung von Methodenaufrufen und Rekursion auf sog.
symbolische Kellersysteme (SPDS). Die Beschriinkung auf eine maximale Anzahl
an Methodenaufrufen ist dann nicht nétig und vermeidet eine exponentielle Mo-
dellvergroerung z.B. durch Inlining. Die hier betrachteten SPDS unterstiitzen
neben einem Laufzeitkeller, Beriicksichtigung von Rekursion, Prozedurparame-
tern, lokalen und globalen Variablen allerdings keine Referenz-Paramter beim
Methodenaufruf, da sie andernfalls turingméchtig wéiren und somit viele Analy-
sen wegen dem Halteproblem unentscheidbar werden wiirden [1].

Programme (in unseren Experimenten Java) werden in einem ersten Schritt
in solche SPDS (Rekursionsmodell) iiberfiihrt (siehe Abbildung 1), welche prézi-
se das rekursive Verhalten des Programms beschreiben. Fiir diese Rekursions-
modelle kénnen, wie in Abschnitt 4 gezeigt, exakte Wertebereiche berechnet
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Abbildung 1. Vorgehen beim Bestimmen der Wertebereiche von Variablen

Ha |

HalVre

JMope

SPDS

exakte Wertebereiche

Interpretation

werden. Je nach Art der Modellgenerierung lassen diese exakten Wertebereiche
im Modell Riickschliisse auf die Wertebereiche des urspriinglichen Programms
zu (Abschnitt 5). Da die Bestimmung exakter Wertebereiche (nicht nur komple-
xitétstheoretisch) aufwindig ist, sind méglichst kleine Modelle fiir die Durchfiihr-
barkeit entscheidend. Derartige Verkleinerung von SPDS ist Gegenstand friither-
er Veroffentlichungen [2-5]. In diesen Veréffentlichungen wurde unser Werkzeug
HalSPSI (Halle’s Symbolic Pushdown System Improver) beschrieben, welches
als Source-To-Source-Compiler gegebene SPDS fiir die Zwecke einer effizienteren
Modellpriifung verbessert bzw. die Modellpriifung iiberhaupt erst ermdoglicht.
Gleichsam verbessert dieses Werkzeug die Anwendung von rekursionsprizisen
Intervallanalysen (siche Abschnitt 8).

Informationen iiber das Modellverhalten kénnen z.B. durch im Program-
miersprachenumfeld géngige Programmanalysen gewonnen werden. In den hier
betrachteten Féllen werden fiir jede Variable an jeder Marke bzw. symbolischen
Konfiguration® verschiedene Eigenschaften berechnet. Bei einer sog. Intervall-
analyse werden z.B. obere und untere Schranken fiir die zur Laufzeit realisierba-
ren Variablenwerte bestimmt (siche Abschnitt 3). Dies gelingt etwa durch eine
Fixpunktberechnung mittels Transferfunktionen [6,7] oder durch Modellierung
und Losen eines linaren Programms [8]. Im Folgendem soll eine weitere Moglich-
keit (implementiert in unserem Tool Halle’s Variable Range Extractor HalVre,
sieche Abbildung 1) zur Bestimmung solcher Variablenwerte vorgestellt und mit
einem eher traditionell auf Fixpunktberechnung basierendem Verfahren vergli-
chen werden. So ist es unter Beriicksichtigung von beliebigen Methodenaufrufen
und Rekursion statisch moglich, Wertebereiche von Variablen vorherzusagen.

In [2] und [3] wurde gezeigt, dass verschiedene Modellanalysen im Gegen-
satz zur Anwendung bei herkdmmlichen Programmiersprachen entscheidbar
werden fiir SPDS (siehe auch [1]), was prinzipiell die Existenz sog. exakter Mo-
dellanalyseverfahren fiir SPDS nachweist. Dabei heifit eine Modellanalyse dann
exakt, wenn das Analyseergebnis weder eine Uber- noch eine Unterapproxi-
mation darstellt, also prézise das Verhalten des Modells berticksichtigt. So fiithrt
die Verkniipfung von einer Konstantenpropagation und Konstantenfaltung sowie
Copy-Propagation [9] zu einer nicht exakten (konservativen) Aquivalenzanalyse
[5]. Bei dieser kann es Variablen geben, die zwar gleich oder gar konstant sind,

! im Sinn von Programmiersprachen auch als ein Programmpunkt auffassbar
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Listing 1.1. Java Beispiel zur Berechnung der Fakultét

int fac(int n) {
if (n<=l) return 1;
return nxfac(n—1);

dies aber nicht durch die Analyse entdeckt wird. Eine solche Analyse heifit kon-
servativ, falls zudem jede durch die Analyse vorhergesagte Aquivalenz auch in
jeder Simulation bzw. Ausfithrung auftritt. Eine exakte Aquivalenzanalyse fiir
SPDS ist in [5] beschrieben. Aquivalenzanalysen und Intervallanalysen haben
gemeinsam, dass sie beide in der Lage sind, konstante Variablen zu erkennen
(siehe Abschnitt 3 und Listing 1.3). Werden beide Analysen exakt durchgefiihrt,
so erkennen sie natiirlich auch genau die gleichen Konstanten.

2 Rekursionsmodelle

M = (S, —, L) heifit Kripkestruktur, falls S und A (nicht notwendigerweise
endliche) Mengen sind, —C S x S und L, : S — 24. Zur Beschreibung von (un-
endlich) grofilen Kripkestrukturen kénnen Kellersysteme (Pushdown Systems)
verwendet werden. P = (P, I, ) heifit Kellersystem, falls P eine Menge von
Zusténden, I" eine endliche Menge (Kelleralphabet) und <—C (P xI") x (P x I'*)
eine Menge von Transitionen ist. Informell ist ein Kellersystem ein Kellerautomat
ohne Eingabe. Solche Kellersysteme beschreiben einen sehr grofien sog. Zustands-
raum, was zu dem aus der Modellpriifung bekannten Problem der Zustands-
raumexplosion fithrt. Da Kellersysteme ihrerseit per Definition iiber Zusténde
verfiigen, bezeichnen wir diesen Zustandsraum als Konfigurationenraum, wobei
(p,v) Konfiguration heifit, falls p € P und v € I'*. Eine Konfiguration (p,v)
heiflt erreichbar, falls es beginnend aus einer der Initialkonfigurationen eine
Folge von Transitionen nach (p,v) gibt (ein Berechnungspfad, oder kurz Pfad).
(p, a) heifit Kopf der Konfiguration (p, aw), falls a € I' und w € I'*. Bei der Be-
rechnung der rekursionsprizisen Intervallanalyse wird der Umstand ausgenutzt,
dass die Menge der Kopfe endlich ist, auch wenn der Konfigurationenraum un-
endlich sein kann. Auf Konfigurationen wird die Transitionsrelation — erweitert
71 —C (PxI'*)x (Px ') mit (p,aw) — (q,bw) :& (p,a) — (g,b). Mit = wird
die reflexive und transitive Hiille von — bezeichnet. Bei einem Symbolischen
Kellersystem (SPDS) werden die Transitionen nur indirekt (symbolisch) mit-
tels Relationen beschrieben, was die Angabe des vollstdandigen Kellersystems
vereinfacht [10]. Im Folgenden wird ein solches symbolisches Kellersystem als
Rekursionsmodell bezeichnet, wenn es aus einer hoheren Programmierspra-
che wie Java oder C mit unbeschrankten Methodenaufrufen gewonnen wurde.
Wie in den Listings 1.1 und 1.2 zu sehen, kénnen SPDS mit Hilfe der Mo-
dellsprache Remopla [11] sehr kompakt beschrieben werden. Dabei wurden 16
Bit (angehéingt an eine Variablendeklaration) zur Modellierung von Ganzzahlen
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Listing 1.2. Mit JMoped transformiertes Remopla Beispiel von Listing 1.1
1 | module int fac(int v0(16))
2
3| int s0(16);
4 | int s1(16);
5| int s2(16);
6 fac_I: s0=v0, sl=s0, s2=sl;
7 fac_I1: s0=1, sl=s0, s2=sl;
8 fac_I12: if
9 s1>s0 —> goto fac_ 17, s0=s2;
10 else —> s0=s2;
11 fi;
12 fac_I5: s0=1, s1=s0, s2=sl;
13 fac_I6: return s0;
14 fac_I7: s0=v0, sl=s0, s2=sl;
15 fac_I8: s0=v0, sl=s0, s2=sl;
16 fac_I9: s0=1, sl=s0, s2=sl;
17 fac_I110: if
18 s1>=s0 —> s0=s1—-s0, sl=s2;
19 else —> s0=(65536—(s0—s1)%65536)%65536, sl=s2;
20 fi;
21 | fac_I11: sO=fac_I(s0);
22 | fac_I14: s0=(s1%s0)%65536, sl=s2;
23 fac_I15: return s0;
24 | }

(Integern) verwendet, um das Verhalten des Java Programms nachzubilden. Re-
mopla ist zwar syntaktisch dhnlich zu Promela (Eingabesprache fiir den SPIN
Modellpriifer), unterstiitzt aber keine parallelen Prozesse, dafiir synchron paral-
lele Konfigurationeniibergéinge und exakte Rekursion. Exakte Rekursion bedeu-
tet hier, dass die in einem Programm enthaltenen Methodenaufrufe durch das
Modell weder unter- noch iiberapproximiert werden, sondern analog dem Lauf-
zeitsystem moderner Programmiersprachen in einem Keller verwaltet werden.

Neben lokalen Variablen loc, und Parametern pars, C loc, eines Moduls ¢
(auch Prozedur genannt) kénnen in Remopla auch globale Variablen globs sowie
Arrays deklariert werden. Die lokalen Variablen und Methodenparameter werden
in SPDS als Bitvektoren iiber dem Kelleralphabet zusammen mit der Aufruf-
hierarchie im Keller représentiert. Globale Variablen (in Java Klassenvariablen),
die Halde (Heap) sowie Ausnahmen (Exceptions) werden mit Hilfe der Zustéinde
eines Kellersystems beschrieben?.

Formal kann Remopla wie folgt zusammengefasst werden. Seien Vars, :=
globs U locy, EXPRyqrs, arithmetische Ausdriicke iiber diesen Variablen und

2 Ziel fritherer Arbeiten [2-5] war es, das dazu nétige Kelleralphabet und die benotig-
ten Kellerzustédnde bereits symbolisch a priori zu verringern.
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@9 : Vars,; — N eine Variablenbelegung, welche aus dem Kopf einer Konfigurati-
on bestimmt wird, sowie [e]p« die Auswertung eines Ausdrucks e € EX PRyars,

mittels der Variablenbelegung 7. Dann sind die wichtigsten Remopla-Anweisungen:

— X1 = €1, Xz = €,..., X, = €,; mit x; € Vars, und e; € EXPRygps,
ein synchron paralleler Konfigurationeniibergang, welcher jeder Variablen x;
den ausgewerteten Ausdruck [e;]ga zuweist.

— p(e1, ez,..., e,); mit ¢; € EXPRyg,, ein Modulaufruf an das Modul p
mit Call-By-Value Semantik.

— return e; mit e € EXPRyg,s, ein Modulende mit Riickgabewert le] -

— goto L; ein unbedingter Sprung an die Marke L.

—if:: by — > 895t by — > 895 ... it b, — > s,; fi; eine bedingte Anweisung
mit b; € EXPRyars, und [b;]s. € {0,1}, die eine zufillig ausgewihlte
Anweisung s mit [br]es = 1 ausfiihrt.

Kommentare gelten bis zum Zeilenende und werden mit dem Symbol # einge-
leitet. Fiir Details zur Konstruktion von Remopla-Modellen aus C- und Java-
Programmen sei auf [12-14, 2] verwiesen.

3 Konservative Wertebereichsanalyse fiir SPDS

In userem Werkzeug HalSPSI wurde eine sog. konservative Wertebereichsanaly-
se durch Kombination von Range Propagation und Range Analysis [15] basierend
auf einer Fixpunktberechnung umgesetzt. Sie ist interprozedural® sowie flusssen-
sitivt?. Konservativ bedeutet hier, dass nicht fiir jeden durch HalSPSI vorger-
gesagter Wert einer Variablen es einen Simulationslauf des SPDS geben muss.
Wird aber ein gewisser Wert einer Variablen bei einem Simulationslauf angenom-
men®, so ist dieser in dem konservativen Analyseergebnis enthalten. Techniken
wie Aufweitung ( Widening) und Einengung (Narrowing) [16, 7] kénnen zur Kon-
vergenzverbesserung der Fixpunktberechnung eingesetzt werden und tragen zu
einer Verstédrkung der Ungenauigkeit der Analyse bei. Da ihr Einsatz fir SPDS
nicht zwingend erforderlich ist (siehe Abschnitt 7), wurde aus Prézisionsgriinden
in HalSPSI darauf verzichtet. Ziel von Intervallanalysen ist die Bestimmung von
oberen und unteren Schranken fiir die zur Laufzeit realisierbaren Wertebereiche.
In der in HalSPSI implementierten Wertebereichsanalyse wird nicht nur eine
solche obere und untere Schranke je Variable bestimmt, sondern vielmehr der
ganze potentielle Werteraum (alle moglichen konkreten Variablenbelegungen)
durch eine Vielzahl von Intervallen je Variable und Programmpunkt abgebildet.
Eine obere und untere Schranke kann daraus abgeleitet werden.

Durch diese Eigenschaften wird eine Prézisionssteigerung der Analyse ge-
geniiber konventioneller Intervallanalysen erzielt, welche lediglich eine obere und

untere Schranke beachten.

3 Im Gegensatz zu intraprozeduralen Analysen (nur innerhalb von Prozeduren) werden
hier Analyseergebnisse iiber Prozedurgrenzen transportiert.

4 Im Gegensatz zu flussinsensitiven Analysen wird hier die zeitliche Abfolge von An-
weisungen beriicksichtigt.

® Dieser wird im Folgendem auch kurz als realisierbar bezeichnet.
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Abbildung 2. Beispiele zur Operatorinterpretation bei Intervallmengen

{(3,1000)} << {(1)} = {(6), (8), (10), (12), ..., (2000)}

{(3,1000)} * {(3,1000)} = {(9), (12), (15, 16), (18), ..., (1000000)}
{(1000)} / {(3,70)} = {(142), (144), (147), (149), ... ,(3333)}
{(1000)} >> {(0,10)) = {(0,1), (3), (7), (15), ..., (1000)}

{1oo1)} % {(10,100)} = {(0, 2), (&) ,(7) ,(9), ... (77), (8L}

Listing 1.3. Mit Konstantenfaltung/-Propagation nicht erkennbare Konstante y

L: y = x/2;

if
(x = 0) > x = 1; goto L;
else —> break;

fi

Im Folgenden schreiben wir @[ € {(a1,b1), (az,b2),..., (ag,br)}, wenn die
Analyse bestimmt hat, dass die Variable  an der Konfiguration [ in einem
der Intervalle [a;, b;] liegt. Wir bezeichnen {(a1,b1), (a2, b2),. .., (ak,bx)} als In-
tervallmenge und schreiben statt (a,b) auch (a), falls @ = b. Um arithme-
tische Operationen moglichst prézise abstrakt zu interpretieren, miissen die-
se auf derartige Intervallmengen verallgemeinert werden. Bei den Operationen
*(Multiplikation), /(Division), %(Division mit Rest), << (Shift links) als
auch >> (Shift rechts) konnen die Intervalle ggf. in einzelne Werte ,zerfal-
len“, wie die Beispiele aus Abbildung 2 zeigen. Insbesodere das zweite Beispiel
erzeugt bereits iiber 173000 Intervalle. Dies ist vermutlich einer der Griinde, wes-
wegen in Intervallanalysen in der Litertur gern von solchen Rechenoperationen
abstrahiert wird [17]. HalSPSI hingegen (wie auch HalVre) interpretiert diese
Operationen vollsténdig, da dies in der Praxis selten vorkommende Artefakte
sind und sich zudem die Anzahl der Intervalle auf die in der Tabelle 1 angege-
bene Anzahl beschéinken. Vielmehr steigt statt dessen die gewonnene Prézision.

Tabelle 1. Maximale Anzahl an Intervalle verschiedener Bit-Groflen

Integer-Bitbreite||2(3]4|5(6 7| 8 | 9 |10| 14 | 16
Max. Intervalle ||2]4|8|16|32(64|128|256|512(8192|32768

Wie Listing 1.3 zeigt, konnen durch Intervallanalysen auch Konstanten iden-
tifiziert werden, welche mit anderen einfacheren Methoden nicht erkannt werden.
Die Variable y hat im Listing 1.3 stets den Wert 0, was bereits durch eine ein-
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fache Intervallanalyse erkannt wird, nicht jedoch durch Konstantenfaltung oder
-Propagation.

Durch Kontextsensitivitdt wie z.B. durch Context-Cloning [18] (Vorsicht:
Modellvergréfierung) oder Beriicksichtigung von Call-Strings [19,20] kann die
Préazision der konservativen Wertebereichsanalye beziiglich der Rekursion wei-
ter verbessert werden. Vollstdndige Kontextsensitivitidt jedoch ohne Modellver-
grofferung kann durch exakte Wertebereichsanalysen erreicht werden, weshalb
im Folgenden eine solche beschrieben werden soll.

4 Exakte Wertebereichsanalyse fiir SPDS

Im Folgenden wird kurz beschrieben, wie unser Werkzeug HalVre exakte Inter-
vallmengen fiir SPDS bestimmt.

Lemma 1. (Entscheidbarkeit der Intervallanalyse)
Seien a,b € R. Dann ist fir SPDS entscheidbar, ob fiir eine Variable © an
einer erreichbaren Konfiguration p stets gilt: a < x < b.

Proof. Reduktion auf Erreichbarkeitsproblem® (analog Aquivalenzanalyse in [3]).

Theorem 1. (Entscheidbarkeit der Wertebereichsanalyse)
Seien a;,b; € R miti € {1,2,...,n}. Dann ist fir SPDS entscheidbar, ob fiir
eine Variable x an einer erreichbaren Konfiguration p stets gilt: 3i : a; < x < b;.

Proof. trivial nach Lemma 1.

Auf Grund dieser Entscheidbarkeitsaussage existiert eine kleinste Intervall-
menge, welche in diesem Sinne die wenigsten Variablenwerte iiberdeckt, dennoch
konservativ ist und von jeder exakten Wertebereichsanalyse berechnet wird. So
sind exakte Intervallanalysen wie auch exakte Wertebereichsanalysen stets au-
tomatisch interprozedural, kontextsensitiv, flusssensitiv und pfadsensitiv etc..

Theorem 2. (Komplexitit exakter Wertebereichsanalysen)
Fine exakte Wertebereichsanalyse fir ein SPDS ist komplexitdttheoretisch min-

destens so schwer wie die Erreichbarkeitspriifung von Konfigurationen”.

Proof. Informal: sie 16st die Erreichbarkeitsfrage fiir alle Marken des SPDS. O

In [10] wird beschrieben, wie zu einem gegebenen SPDS P symbolisch ein
endlicher Automat Post*(P) konstruiert werden kann, welcher die Menge aller
erreichbaren Konfigurationen aus gegebenen Initialkonfigurationen akzeptiert.
Mittels Post*(P) kann zu jeder SPDS Marke ¢ eine charakteristische Funktion
f2:{0,1}* — {0,1} fiir die exakten Variablenbelegungen fiir lokale und globale

5 Die Frage, ob es im SPDS einen Pfad (Transitionenfolge) von einer der Anfangskon-

figurationen zu einer gegebenen Konfiguration, Kopf oder Marke gibt.
" Modellpriifung
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Listing 1.4. Definierte Variablen a; mit Dimensionen d; und Bitbreiten k;

int al[dl](kl);
int a2[d2](k2);

int am[dm](km);

Variablen® bestimmt werden durch Beschréinkung der Transitionen aus Post*(P)
auf Kopfe (Schritt 1). Aus diesen Képfen kénnen dann in einem zweiten Schritt
die entsprechenden Wertebereiche der Variablen ermittelt werden.

Zur Veranschaulichung seien nun in einer Methode P an der Marke ¢ die
lokalen und globalen Variablen a; (einschlieBlich Parameter) wie in Listing 1.4
gegeben mit Dimensionen d; (a; ist ein Array gdw. d; > 1) und Bitbreiten k;:

Dannist mit ; g1 € {0,1} firi € {1,2,...m},d € {1,2,...d;},k € {1,2,.. . k;}

fiC z10, 11,2, T11,3, e T11k
T1,2,1, T1,2,2, Z1,2,3, B T1,2,k 5
T1,dy,15 T1,dy,25 T1,dy,35 L) T1,dy k15
21,1, x21,2, x21,3, ceey T21,ko s
x22.1, T2,2,2, x2,2 3, B X2.2 ko s
%2,dy.15 T2.d,.2, 2,dy,37 s T2 dy ks s (1)
Tm—1,dm-1,1> Tm—1,dm—1,2> Tm—1,dm—1,3> -+ s Tm—1,dm_1,km—1>
Tm,1,15 Tm,1,25 Tm,1,3, ey Tm,1,kp >
Tm, 2,1, Tm,2,2, Tm,2,3, ceey Tm,2, ko »
xm7dm71’ xm7d7n;2’ xm;dmr737 Tty xmydrru}%n) = 1

gdw. es eine realisierbare Wertbelegung @ an der Marke ¢ gibt, so dass Vi €
{1,2,...,m},Vd€ {O,Q,...,di — 1} :

ki
P(a;[d]) = Z ziap - 250 (2)
=1

@ beschreibt somit einen realisierbaren Kopf und f? genau die Menge aller
realisierbaren Kopfe an der Marke ¢. Um nun aus f?¢ entsprechende Intervall-
mengen zu extrahieren, wird ein Zusammenhang mit sog. Kofaktoren ausgenutzt.
Dabei heifit eine Funktion f,, := f(z1,...2i—1,1,%it1,...2n) positiver Kofak-
tor und f,; = f(z1,..®;—1,0, 211, ...x,) negativer Kofaktor von f. Man
bezeichnet fo := (fq)p als iterierten Kofaktor. Wir schreiben fla = o] fiir den

8 einschlieBlich Arrayvariablen mit entsprechender Vielfachheit und Verbunden
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Kofaktor f,, falls @« = 1 bzw. f,/, falls « = 0. Die ON-Menge von f ist eine
Teilmenge des Definitionsbereichs {0,1}" von f und besteht aus den Elementen
a € {0,1}", fir die gilt f(«a) = 1. Weitere Details finden sich in [21, 22].

Lemma 2. (Exzakte Wertbelegungsmenge einer Variable)

Fir die charakteristische Funktion der Menge aller ralisierbaren Wertebelegun-
gen foildha . L0, 1Y% — {0,1} einer® Variable a;[d] an Marke q, gilt: f419:9(z1, xy,
RPN .Z'kl) =1 gdw. fq[$i1d71 = .%1”1'1;,(1’2 = .1'2} RPN [1‘1‘7(17]% = xkv] 75 (D

Proof. Ergibt sich aus den Definitionen. O

Nun muss die Funktion %4 gar nicht explizit berechnet werden, wenn die
Intervallmengen nicht als z.B. ROBDD!? benétigt werden. Insbesondere auch
dann nicht, wenn lediglich eine untere und obere Schranke fiir Variablen zu be-
stimmen ist. Statt dessen geniigt im Falle der Repréasentation von f¢ als ROBDD
die Priifung von f?[z; 41 = z1][®ia2 = T2]...[Tidk = Tk;] auf Leerheit (also
bei ROBDDs der Test auf 0). Es muss lediglich die Intervallmenge (ON-Menge)
von f%!4:4 bestimmt werden, welche aber auch direkt aus f¢ extrahiert werden
kann. Ein zusétzlicher Schritt zur Bestimmung der Intervallmengen aus f%(4.4
und auch die explizite Berechnung von %[44 ist damit nicht nétig.

Theorem 3. (Polynomielle Laufzeit exakter Wertebereichsanalysen)
Die Bestimmung exakter Wertebereiche in Form von Intervallmengen eines Kel-
lersystems (P, A, <) bendétigt polynomielle Zeit in der Grifle dieses Kellersys-
tems.

Proof. Die Berechnung des Post*-Automaten zu einem gegebenen Kellersystem
(P, A, —) benétigt die Zeit O(|P||A|(] — | + |4])) (siehe [23]). Der Post*-
Automat enthélt nach Konstruktion Transitionen von jedem Initialzustand s
zur Marke ¢, welche sdmtliche realisierbaren Pfade des Modells zusammenfas-
sen. Zur Bestimmung der charakteristischen Funktionen f9 sind daher lediglich
die Zielkopfe dieser Transitionen zu extrahieren, was fiir alle Marken zusammen
insgesamt amortisiert O(Grofe des Post*-Automaten als ROBDD) Zeit benétigt.
Je Variable ist es dann im ROBDD von f? nétig, die ON-Menge (reprisentiert
als Tntervallmenge) von f%(4:4 zu bestimmen, was leicht modifiziert'! nach [21,
22] polynomiell in der ROBDD-Grofle von f¢ geht. Also benétigt das Verfahren
insgesamt eine Zeit: polynomiell in der ModellgroBe. O

Sind lediglich untere und obere Schranken fiir SPDS-Variablen zu bestimmen,
so kann auch die Bestimmung der ON-Menge von f%l9:4 entfallen. In diesem
Fall geniigt ein einziger Tiefensuchlauf im ROBDD von f? aus, um aus der
ON-Menge von f%l4:4 die kleinste und gréBte Variablenbelegung o und § zu
bestimmen, so dass gilt (< bezeichne dabei die lexikographische Ordnung):

frlfata) = prfa@) = 1AVC (S =) s a<C<8). (3)

wie in Listing 1.4 definierten
10 reduziert geordnetes biniires Entscheidungsdiagramm [21,22]
1 Die ON-Menge fiir einen Teil der Variablen des Definitionsbereichs kann #hnlich
berechnet werden, wie die ON-Menge selbst.
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5 Riickinterpretation in die Hochsprache

Wie in Listing 1.2 am Beispiel des {ibergebenen Parameters n zu sehen, kor-
relieren bei der Modellgenerierung mittels JMoped Modellvariablen direkt mit
Programmvariablen. Lokale und Paramtervariablen werden bei JMoped konven-
tionsgeméf in den Remopla-Modellen mit v0, v1, ... bezeichnet, wobei zuerst fiir
alle Paramtervariablen Namen vergeben werden. Die Reihenfolge der Definitio-
nen entspricht der im Quellprogramm. Bei Anwendung von Optimierungen durch
HalSPSI kann diese Ordnung allerdings verloren gehen. Mittels zusétzlicher
Namensverldngerung bei der Modellgenerierung ist eine problemlose Zuordnung
der exakten Wertebereiche aus den SPDS zu den Variablen des Quellprogramms
moglich. Dies gilt aber wiederum auch nur dann, wenn diese Variablen nicht
durch HalSPSI wegoptimiert wurden'2. Zu den v0, v1, . .. kommen Hilfvariablen
s0, s1, ... hinzu, welche den lokalen Operanden-Stack einer Methode in Java si-
mulieren. Da dieser Operanden-Stack a priori bereits im Bytecode in seiner Tiefe
beschrinkt ist, wird zur Simulation des Operanden-Stacks kein realer Stack des
Kellersystems benétigt. Die Wertebereiche der Variablen s0, s1, . .. sind insofern
also fiir eine Riickinterpretation uninteressant. Die Wertebereiche der restlichen
Variablen sind aber nur dann auch exakt fiir das Quellprogramm, wenn das ge-
nerierte Modell das Programmverhalten zu 100% beschreibt. Fiir das Beispiel in
Listing 1.2 trifft dies nur zu, wenn n und der Riickgabewert der Funktion fac in
Listing 1.1 stets nichtnegativ und kleiner als 65536 sind. Neben vielen weiteren
Beispielen, kénnen ganze Klassen oder grofie Teile von Programmiersprachen
direkt durch SPDS ausgedriickt werden. So wurde in [1] eine Teilsprache von
ISO C direkt als SPDS formuliert. Letztendlich muss es aber fiir turingméchti-
ge Programmiersprachen stets Beispiele geben, welche durch die Modellierung
als SPDS Prézision in ihrer Semantik verlieren. In diesen Fillen muss bei der
Modellgenerierung auf den Erhalt der Konservativitit geachtet werden. Auch
JMoped muss z.B. dazu derartig in der Modellgenerierung angepasst werden,
dass z.B. statt auftretender Speicheriiberlaufe im Modell auf Grund eines zu
klein modellierten Heaps die SPDS-Pfade mit z.B. undefinierten Datenwerten
fortgesetzt werden. So entstehen zwar groflere exakte Intervallmengen fiir die
Modelle, die dann aber als immer noch konservativ auch fiir das Quellprogramm
verwendet werden konnen.

6 Experimente

Als Grundlage fiir die Experimente dienten 191 von 240 Remopla-Modellen, zu
denen exakte Wertebereiche berechnet werden konnten. Die Modelle wurden
mittels JMoped aus Java Beispielen gewonnen, welche zum grofiten Teil zu den
Benchmark-Instanzen der Werkzeuge JMoped bzw. Moped gehoren. Zur Modell-
generierung wurden jeweils unterschiedliche Bitbreiten (bis zu 8 Bit) zur Model-
lierung von Ganzzahlen (Integer) verwendet. Aufgabe war es, zu diesen Modellen

12 Anderungen durch Optimierungen sind dann riickverfolgbar zu halten.
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einmal mit der konservativen und einmal mit der exakten Wertebereichsanaly-
se Intervallmengen zu bestimmen. Durchgefithrt wurden die Experimente mit
einem AMD 64 X2 4200+ mit 2 GB Hauptspeicher unter Linux (Kernel 2.6.27).

Die Laufzeiten der konservativen und exakten Wertebereichsanalyse unter-
scheiden sich um einige GroBenordnungen. Die Berechnung der exakten Intervall-
mengen bendtigte (wie auch theoretisch nachgewiesen in Theorem 2) oft mehr
Zeit als eine Modellpriifung, wihrend das konservative Verfahren sehr viel kleine-
re Laufzeiten stets im Sekundenbereich liefert und auch deutlich gréfiere Modelle
zu analysieren vermag.

Abbildung 3. Approximationsfehler des Wertebereichs der konservativen Analyse
8 e ——————

Bitbreite fir Integer
W WWWWwWwsLrE2,EADMAMDMMOoOOooouo o O O NSNSNSN ©©O®©

1 1,41 2 2,82 3,98 5,62 7,94 11,22 15,85 22,39 31,62 44,67 63,1

Wertbereichsvergréferung in %

Durch die konservative Wertebereichsanalyse werden in den Beispielen im
Durchschnitt die Intervallmengen um 11.65% groBer'®. Diese VergroBerung ent-
spricht dem Approximationsfehler, welcher in Abbildung 3 fiir die einzelnen Mo-
delle (ab 3 Bit) zu sehen ist. Desto gréfier die Bitbreite fiir Integer modelliert

13 Im Durchschnitt betrégt die Prizision der konservativen Analyse also 88,35%.
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wurde, desto seltener konnten wegen Speicheriiberldufen exakte Intervallmen-
gen bestimmt werden. In 6% der Fille (vorranging kleine Bitbreiten) konnten
die Intervallmengen bereits durch die konservative Wertebereichsanalyse exakt
vorhergesagt werden (12 von 191 Félle). Wie in Abbildung 3 auch zu erkennen,
steigt bei Erhohung der modellierten Bitbreite in einem Modell der Approxima-
tionsfehler nur leicht an. Dies 148t auf einen relativ stabil bleibenden Approxima-
tionsfehler bei grofler werdenen Modellen schliefen. Der Approximationsfehler
andert sich nicht signifikant, falls man lediglich die untere und obere Intervall-
grenze (Minimal- und Maximalwert aus den Intervallmengen) zur Berechnung
des Approximationsfehlers verwendet.

Insgesamt zeigt sich, dass mit rekursionsprizisen Analysen zur Bestimmung
von Intervallmengen die Qualitidt des Analyseergebnises in vielen Féllen nur noch
relativ wenig verbessert werden kann (man beachte die logarithmische Skala der
X-Achse in Abbildung 3).

7 Verwandte Arbeiten

Ein Problem géngiger Intervallanalysen ist die Fehlabstraktion der Semantik der
Ringarithmetik mittels unbeschrankter Datentypen, welches sich gerade bei klei-
neren Bitbreiten, wie sie bei der Modellpriifung eingesetzt werden, zum Tragen
kommt. So missachten z.B. Intervallanalysen, wenn sie mittels linearen Program-
men Variablen-Grenzen bestimmen, Ringarithmetik [8]. Sind aber im Modell un-
beschrénkte Ganzzahlen erlaubt, so kann fiir Fixpunktalgorithmen keine Kon-
vergenz mehr garantiert werden [7]. Mittels Aufweitung (widening) und Einen-
gung (narrowing) [16,7] oder Beschrinkung der Fixpunktiterationen [24] kann
Konvergenz nur noch mit einhergehendem Qualitétsverlust erreicht werden. So
erlangt man aber nur noch eine ungenaue sichere Uberapproximation der Analy-
seergebnisse [25]. Die hier betrachteten SPDS verfiigen iiber beschrinkte Ganz-
zahlen, womit Konvergenz auch ohne Aufweitung und Einengung mdglich ist.
Nach [26] werden zudem z.B. Aufweitungs-Operatoren auch von Hand erstellt
und miissen bei unzureichender Genauigkeit immer wieder neu angepasst wer-
den. Daher verwendet HalSPSI einen Fixpunktansatz (wie auch Delzanno [6])
fiir die konservative Intervallanalyse mit prizisen Ergebnissen ohne Aufweitung
bzw. Einengung, welche es zudem gegeniiber von Ungleichungssystemen (z.B. Po-
lyeder'# [26]) ermoglicht, mehrere Intervalle je Variable gleichzeitig in Form von
Intervallmengen zu behandeln und nicht nur eine untere und eine obere Schranke
liefert [24]. Auch unterliegt der Ansatz keinen Monotonie-Einschrinkungen wie
in [25] oder Einschrinkungen auf eine geringe Anzahl spezieller Operationen.
Bodik, Gupta und Sarkar [27] beriicksichtigen z.B. nur Zuweisung einer Kon-
stante und Addition einer Konstante. Vielmehr wird die Ausdrucksauswertung
hier ohne Einschrénkungen der Operanden oder Operationen wie Multiplikation,
Division und Modulo (Restbestimmung) interpretiert. Eingesetzt werden Inter-
vallanalysen u.A. bei der Elimination {iberfliissiger Priifungen von Feldzugriffen
(Array Bound Checks) [24]. Cousot, Halbwachs und Schwarz (et al.) nutzen dazu

4 engl. polyhedra
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Abstrakte Interpretation mit statischer Datenfluss-Analyse [6], um iiberfliissige
Priifungen von Feldzugriffen zu identifizieren.

Insgesamt ist aber die maximal mogliche Bestimmung von Wertebereichen
von Variablen in all diesen Publikationen nicht das Hauptziel. Unsere Ansétze
sind zudem weitgehend unabhéngig von der Quellsprache und kénnen im Gegen-
satz zu Hochsprachen exakt durchgefithrt werden [3]. Dies fiihrt zu sehr prézisen
Analysen fiir die Ausgangssprache, welche nicht auf endliche Modelle beschréinkt
sind und beliebige Rekursion beriicksichtigen.

8 Zusammenfassung und Ausblick

Es wurde eine Methode vorgestellt, die in Experimenten durch Speicherbegren-
zung in Java-Prgrammen sehr genaue Wertebereiche der Variablen bestimmt.
Die Java-Programme wurden dazu zunéchst in ein Rekursionsmodell iiberfiihrt,
welches prizise das rekursive Verhalten des Programms beschreibt. Fiir diese Re-
kursionsmodelle konnten exakte Wertebereiche berechnet werden. Je nach Art
der Modellgenerierung lassen diese Wertebereiche im Modell Riickschliisse auf
die Wertebereiche des urspriinglichen Java-Programms zu. Da die Bestimmung
exakter Wertebereiche (nicht nur komplexitétstheoretisch) aufwindig ist, sind
moglichst kleine Modelle fiir die Durchfiihrbarkeit entscheidend. Die Modellge-
nerierung mittels JMoped ermdoglicht die Modellierung ganzzahliger Datentypen
mit nur wenigen Bits und beschrénkt somit automatisch den adressierbaren Spei-
cher, in welchem sich die zur Laufzeit erzeugten Objekte befinden, was bereits in
80% (191 von 240) der untersuchten Fille geniigte. Eine Modell-Verkleinerung
bzw. -Verbesserung fiihrt in diesen Féllen dann nur noch zu einer Beschleuni-
gung der rekursionsprézisen Intervallanalyse. Wie auch in den Experimenten zu
erkennen war, konnen mit konservativen Analysen, welche um Gréflenordnun-
gen schneller sind als exakte Verfahren'®, bereits 88% Priizision erreicht werden.
Dennoch kénnen nicht nur approximative, sondern auch exakte Methoden ge-
nutzt werden, um préziser das Verhalten und Eigenschaften von SPDS und damit
von C, Java oder anderen Programmen vorherzusagen. Zur Beschleunigung der
exakten Wertebereichsanalyse konnen zusétzlich Reduktionsverfahren unseres
Werkzeugs HalSPSI eingesetzt werden, wie z.B. die Wertebereichsreduktion,
Stotterreduktion oder Slicing [2-5]. So kénnen dann noch gréfiere Modelle ana-
lysiert und Intervallmengen der Modelle schneller berechnet werden.

Genauer zu betrachten bleibt eine beziiglich Wertebereichsanalyse nachweis-
lich konservative Modellgenerierung aus hoheren Programmiersprachen (und
nicht nur Java wie in Abschnitt 5). Fiir z.B. eingebette Systeme, welche u.U.
nur einen Teil von ISO C verwenden (wie in [1] erldutert), degeneriert eine sol-
che Modellgenerierung im Idealfall zur Identitéit. Ein Nachweis zum Erhalt von
Konservativitdt kann dann entfallen.

15 Obwohl die vorgestellte exakte Wertebereichsanalyse nur polynomielle Laufzeit
benotigt.
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A New Look on Data Parallelism:
Space vs. Time

Sven-Bodo Scholz
University of Hertfordshire

A New Look on Data Parallelism: Space vs. Time

Data Parallelism often is used synonymously with ”forallloops or " mapfunc-
tions. This leads to a perception of Data Parallelism as being a niche approach,
mainly suitable for autoparallelisation attempts in the context of scientific codes
written in Fortran or similar languages. In this talk we try to present a new
look at Data Paralellism which suggests that Data Parallelism as programming
model has far wider applicability. Furthermore, it seems that it is inherently
better suited than many other approaches when it comes to generating code for
various different modern multicore architectures.
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Statische Erkennung von semantischen
Feature-Interaktionen

Wolfgang Scholz

Universitat Passau

Interaktionen zwischen verschiedenen Programmteilen erschweren die Entwick-
lung komplexer Softwaresysteme. Feature-orientierte Softwareentwicklung hat
das Ziel, Programmfeatures in verschiedenen Kombinationen zu einem korrekten
Programm zusammenzufiigen, und bietet damit aussichtsreiche Moglichkeiten
fiir die modulare Programmentwicklung. Die Erkennung und Behebung von un-
gewollten Feature-Interaktionen wird bisher manuell vorgenommen und ist ein
aufwéndiger Prozess, da er detailliertes Wissen iiber die Implementierung al-
ler involvierten Features erfordert. Um die Effektivitét von Feature-orientierter
Programmierung zu erhohen ist es daher notwendig, Werkzeuge zur Verfiigung
zu stellen, die in der Lage sind, semantische Feature-Interaktionen aufzudecken.

Ziel des Projekts ist es, auf der Basis des Eclipse-Plugins Feature/DE [1] und
der Verifikationsplattform Why [2] ein Programmierwerkzeug zu entwickeln, mit
dem es moglich ist, eine bestimmte Klasse von semantischen Feature-Interak-
tionen in Java-Software-Produktlinien statisch bei der Kompilation zu erkennen.
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ARAL: a Language for Information Exchange
between Program Analysis Tools

Markus Schordan
Fachhochschule Technikum Wien

The analysis results annotation language (ARAL) is designed to be a general for-
mat that allows the exchange of analysis information between program analysis
tools either in a separate file or through program annotations. It is suitable for
representing flow-sensitive and context-sensitive information and aims at sup-
porting a wide range of analyses with focus on data-flow analysis and abstract
interpretation in general. For example, the language is general enough to repre-
sent any analysis information that is computed by AbsInt’s Program Analyzer
Generator (PAG). Beside exchange of analysis information, the purpose of the
language also is the support of testing analyzers and allowing to manually add
annotations, as is important for worst-case execution time analysis. The devel-
opment of ARAL is motivated by the need of making analysis results persistent
for enabling whole-program analysis of very-large software, and the goal of in-
formation exchange between program analysis tools in the ALL-TIMES project.
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Robots, Software, Mayhem?
Towards a Design Methodology for Robotic
Software Systems

Dietmar Schreiner

Technische Universitat Wien

The development of autonomous robotic systems has experienced a remarkable
boost within the last years. Away from stationary manufacturing units, cur-
rent robotic systems have grown up into autonomous, mobile systems that not
only interact with real world environments, but also fulfill mission critical tasks
in collaboration with human individuals on a reliable basis. Therefore, todays
robotic systems can be described as highly reactive, inherent parallel, distributed
real-time systems. Our work aims at an improved software development method-
ology, that on the one hand allows high level development of certifiable robotic
software, but on the other hand is capable of synthesizing optimized low-level
code for robust concurrent real-time environments.
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A Formalisation of the OSEK Concurrency
Model

Martin Schwarz

Technische Universitat Miinchen

The OSEK specification was created to increase portability of applications writ-
ten for embedded systems with interrupt-driven concurrency. Despite of the com-
plex control-flow due to scheduling and interrupts, programs to be executed on
an OSEK-compliant system are meant to exhibit an essentially sequential be-
haviour. Our goal is to make this explicit and exploit it for transferring tech-
niques for the analysis of sequential programs to OSEK programs. Building on
that, we define a notion of races for interrupt-driven programs and provide a
precise algorithm for detecting all races.

The OSEK specification defines a unified operating system (OSEK OS),
which executes the tasks and interrupts of OSEK programs in a well-defined
manner and provides a set of library functions for resource management and
scheduling. The basic scheduling policy of OSEK OS is to work through the
activated tasks in priority order. Once started, a task will run to termination
unless a task of higher priority is activated and pre-empts it, i.e. no time-slicing
is used. This property allows the translation of OSEK programs to a sequential,
stack-based execution model.

For synchronisation the Priority Ceiling Protocol (PCP) is used. The key idea
of the PCP is to raise the priority of a task which has acquired a resource to the
highest priority of all tasks declared to use that resource. This policy ensures
dead-lock freedom and minimises priority inversion, where a high-priority task
waits for a lower-priority task to release a resource.
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Lazy Continuations for Java Virtual Machines

Lukas Stadler

Johannes Kepler Universitat Linz

Continuations, or “the rest of the computation”, are a concept that is most
often used in the context of functional and dynamic programming languages.
Implementations of such languages that work on top of the Java virtual machine
(JVM) have traditionally been complicated by the lack of continuations because
they must be simulated.

This talk will present our implementation of continuations in the Java virtual
machine with a lazy or on-demand approach. Our system imposes zero run-time
overhead as long as no activations need to be saved and restored and performs
well when continuations are used. Although our implementation can be used from
Java code directly, it is mainly intended to facilitate the creation of frameworks
that allow other functional or dynamic languages to be executed on a Java virtual
machine.

Along with some preliminary performance numbers this talk will also feature
a discussion on how the concept of continuations fits into the Java world and
which problems and needs it addresses.
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Communication-based Development of Systems
Using Standard Programming Languages
(Extended Abstract)

Annette Stiimpel

Institute of Software Technology and Programming Languages
University of Liibeck, Liibeck, Germany
stuempel@isp.uni-luebeck.de
http://wuw.isp.uni-luebeck.de

1 Proposal

Implementations often do not show much resemblance to the initial specifica-
tions describing the communication between the system components. In order
to reduce this discrepancy and to strengthen the impact of communication-
based specifications, we promote a communication-oriented style of program-
ming, which is possible in some standard programming languages.

2 Motivation

Modern software systems are usually structured into communicating subsystems
and components, see Fig. 1. A user of the system can often observe only the com-
munication between the components and the environment. The internal design,
such as the state and the algorithms inside the components, remains hidden.

e
T

Fig. 1. System composed of communicating components

A

A specification of a system first describes the black box view, which con-
centrates on the observable behaviour. The communication of the system com-
ponents with each other and with their environment characterizes this external
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view. Modelling whole conversations is also essential for the specification of (web)
services ([1,4]).

For the communication-based specification software developers employ graph-
ical models such as message sequence charts [6] or UML sequence diagrams [7]
or even less formal notations. Stream processing [2, 9] constitutes a formal model
for communication-based specifications. Stream functions describe the input /
output behaviour of components and can be composed to larger systems.

Although the communication-based view is the essential part of the specifi-
cation which the programmer as well as the user understand, the implemen-
tation often does not reflect that specification. There is a gap between the
communication-based specification and the implementation because the imple-
mentation is often not constructed from the communication-based specification.

With some programming languages, even some standard ones, it is possi-
ble to mould the communication-based specification into a specification which
clearly reflects the underlying communication-based specification. We show how
to achieve this with a lazy functional language, Haskell, and an object oriented
language with threads, Java.

The communication-oriented implementations can be obtained from commu-
nication-based specifications in the setting of stream processing. In an initial
step, these input /output specifications are enriched with states by a design
decision and formal transformations [3]. The resulting state transition machine
with input and output establishes the relationship between the previous input
history of a component and its current state. Depending on the current state
and the current input message the state transition machine records the outputs
caused by the input and the successor state.

3 Haskell

The functional language Haskell supports communication-based programming
with its lazy lists.

For a straightforward implementation of a network of components in Haskell,
each component is implemented by a function operating on lists. We introduce
a name for each communication channel.

We obtain the composite network as mutually recursive equations: For each
component an equation determines the tuple of output streams referred to by
their names resulting from applying the component’s function to the tuple of
input streams also referred to by their names.

Lazy lists are well suited for modelling the operational progress of the system
with lists representing the contents of the communication channels. A lazy list is
a list whose elements are already evaluated in an initial part. At a certain point
the remaining list is unknown. It is even unknown whether there are further
elements in the list at all. This concept corresponds exactly to a stream, which
records the sequence of messages transmitted on a channel until a certain point
of time: the initial part has already been observed but it is not clear whether
further messages will appear, let alone their content.
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For example, the empty stream () corresponds to the empty lazy list L. The
stream (2,6,3,1) corresponds to the lazy list 2 : 6 : 3 : 1 : L. Note that
there is no direct syntax for lazy lists in the programming language Haskell.

The laziness of the stream lists has to be taken carefully into account for the
implementation of the components by functions over lists. Simple transforma-
tions on specifications may not transfer from the stream notation to the Haskell
notation. Haskell functions which refer to larger parts of the input stream may
block the whole network. Haskell functions which refer only to the first element
of their input streams do not block the network. A state transition table of a
state transition machine validates this shape of specification.

If the components’ communication-based specifications are already provided
in the form of a state transition machine, the network can straightforwardly be
implemented in Haskell using lazy lists.

4 Java

Java provides threads for communication-based programming. A straightforward
approach implements the components and the channels as concurrent threads.
Each channel thread records the messages sent via the channel and not yet read
by the recipient in a FiFo-queue, and each component thread continually reads
messages from its connected input channels and writes messages to its connected
output channels.

The STREAMS tool developed at the University of Liibeck [5] supports the
simulation of systems in Java using this approach. The STREAMS simulator
is a graphical tool which visualizes the stepwise execution of systems. The tool
provides an editor for building systems from the implemented components and
connecting output ports of components with input ports with the same type.
Furthermore, the tool provides a simulation mode in which the user can man-
ually select the component for the next execution step or the user can select
between various concurrent simulation modes in which the components can ex-
ecute several steps concurrently.

The tool provides implementations for channels and superclasses for the com-
ponents. The state transition machines can be coded in a quite straightforward
way. Each component must contain a method implementing the single transition
steps. This method may use the following important methods for accessing its
input and output channels:

— checking whether an input channel is empty
inspecting the first element of an input channel
— removing the first element of an input channel
— writing an element to an output channel

Each component is equipped with a standard graphical representation. Enhanced
graphical representations can be obtained by overwriting some simple methods.

In this way we get implementations in Java which clearly reflect the commu-
nication-based specifications. In large parts these implementations can even be
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generated automatically from state transition tables of state transition machines
(8].

5 Conclusion

Communication-based specifications play an essential role in the development
of systems built from communicating components. Such systems can only oper-
ate successfully if each component always provides exactly the desired service.
Programs which are systematically constructed from these specifications are sup-
posed to be developed more efficiently and to deserve more confidence in their
correctness than programs which do not reflect the specified communication.

Besides languages which are designed for the communication-based imple-
mentation, such as Erlang, there are also some standard programming languages
which can be used for a communication-oriented programming style. Haskell with
its lazy lists and Java with its threads are good examples.
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Abstract. We present a new approach to program testing which enaldgsoh
grammer to specify test suites in terms of a versatile quamguage. Our query
language subsumes standard coverage criteria rangingsiropie basic block
coverage all the way to predicate complete coverage andpieutbndition cov-
erage, but also facilitates on-the-fly requests for tegesigpecific to the code
structure, to external requirements, or to ad hoc needm@uris program un-
derstanding/exploration. The query language is suppdryed model checking
backend which employs the CBMC framework. Our main algarithcontribu-
tion is a method calledterative constraint strengtheningrhich enables us to
solve a query for an arbitrary coverage criterion by a sirglk to the model
checker and a novel form of incremental SAT solving: Whenéve SAT solver
finds a solution, our algorithm compares this solution agiaime coverage crite-
rion, and strengthens the clause database with addititmades which exclude
redundant new solutions. We demonstrate the scalabiliguoBpproach and its
ability to compute compact test suites with experimentsliving device drivers,
automotive controllers, and open source projects.

1 Introduction

In industrial software engineering, program testing is émain the pivotal debug-
ging and validation technology. While randomized and deddesting are important
to achieve global assurance about software quality, ancelrmased testing helps to
verify the conformance of the program with a high-level sfieation, there is practi-
cal need for a source code oriented white box testing metbggavhich assists the
programmer in the software engineering cycle. Such a metbggl should provide
seamless support for code-driven testing, i.e., explomatf code under development,
and requirement-driven testing for systematic qualityesm.

To address this need, we introduce a query language whicbioesieasy naviga-
tion in real life C code with the ability to formulate complegverage criteria. Provid-
ing straightforward queries for standard coverage catexiir language FQL (F&LL
guery language) aims to strike the right balance betweeresgweness and simplicity.
In FQL, aprogram queryasks for a test suite following the general form

> i n prefix cover goals passi ng scope
where the optiongbrefixdirects the query to a specific program part, e.g., a souece fil
or a functiongoalsdescribes the coverage criterion to be fulfilled by the tegesand

* Published at VMCAI 2009 (Query-Driven Program Testing)pfarted by DFG grant FOR-
TAS — Formal Timing Analysis Suite for Real Time Programs ($45/1-1).
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an optionalscoperestricts test cases to pass through certain program patsFor
example, the query

> i n /bla.cicmp/ cover @blocks passi ng @call(err)

calls for a test suite which covers all blocks in functiomp of file bla.c , such that
in all test cases, a call @r insidecmp is performed. Other important and classical
coverage criteria such gwedicate coveragecondition coveragedecision coverage
modified condition/decision coverggeedicate complete coveradi] etc. can also be
expressed by natural queries in our language.

The added value of our language lies in the ability to defieegtinery scope and the
guery goals in a quite flexible manner. Suppose for instamatin Listing 1 we want
to cover (1) all calls temp and (2) all decisions insidanp. This amounts to a coverage
criterion which combines basic block coverage for (1) andglen coverage for (2).
There are two different possibilities for this combinatieither we want to cover the
union of all call positions and all decisions, and write thery

> in /blac/ cover @callcmp), cmp/@decisions

or we want to cover all possibmbination®f calls tocmp and subsequent decisions
insidecmp, i.e., the Cartesian product of the individual test goals:

> in /blac/ cover @call(cmp)->cmp/@decisions

To ensure that, for each call site, each of the decisionsiched before the body oinp
is left, we write

> in /blac/  cover @call(cmp)-[@func(cmp)\@exit]> cmp/@decisions

Solutions to these queries are test suites. In case of gidtithese can be most
easily described as sets of triples with input values fontimeablesx, y, z. For the first
query, the singleton test sui{é1,0,1)} covers all blocks and decisions in Listing 1;
for the second and third case, possible solutions{ét¢0,1),(2,0,1),(1,0,2)} and
{(1,0,0),(0,1,0),(0,0,1)} respectively. Note that the first test suite does not satisfy
the second and third queries and the second suite does &by $she last query; the
third solution, however, satisfies all three queries.

In Section 2 we build the mathematical foundation to forrteitasting requirements
as queries. In particular, we show how to state a query ag @4&)) of automata over
predicates. In this pair, thebservation automaton Aorresponds to thecopeto be
explored, and théest goal automaton @pecifies thgoalsto be covered. In Section 3,
we provide an overview of our query language FQL and show hwtratnslate FQL
queries into such a pai, Q). Thus, the language reduces to a simple mathematical
core in which we are able to formulate all relevant coverageréa in a uniform way.

The second major contribution of this paper is an efficiemrgengine which in-
tegrates our theoretical framework, code instrumentatimunded model checking,
and SAT enumeration into a tool of high efficiency. Our quengiae employs and
adopts the software model checking framework of Kroenir@&MC [2]. Given a
query(A,Q), our tool performs the following conceptual steps, cf. Fegi:

1 Expressions starting with “@”, such @blocks , typically denote sets of program locations,
see Section 3.1 for a detailed explanation.
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Listing 1. C source code of example u 1% =%nput();

bla.c with program counters 2 12z =input();
rint emp(nt x, int y) { s Mxy=1cmp(x, y);
2 int lvalue = 0; u  Byz =15cmp(y, 2);
s if 2(x >y)3value = 1; 15 8z =1emp(x, 2);
+  else if 4(x <y)°value =—1; 6 0f 2Oy ==188& Pyz==1
s Sreturn value; 7 && 2xz1=1)
6} 1sBERROR:Z3err();
19 Z4return O;
sint main(nt argc, charx argv[]) { 20}
9 int X, y, z, Xy, yz, xz;
10 8 =Tinput(); @
(1) We instrument the source code with monitors Observation | Test goal
derived from the observation automatarand the test at fo cjlat fo <
goal automator® in such a way that the states of thF Automaton injection |
monitors reflects the automata states. T
(2) We use the code base of CBMC to obtain a SAT CBMC |
instancep whose solutions correspond to the program I

pathsttin the scope given bj. The instrumentation of [ oo = engthening |

step (1) guarantees that for each solution, we can eastly I

determine which goals & are covered. J
(3) We use the SAT solver to enumerate test cases-as

solutions to the SAT instance until we satisfy the cov- ‘

erage criterion defined by the query. Tikerative con- @

straint strengtheningechnique (ICS) used in this step

is discussed below. Fig. 1. Query processing
(4) To remove redundant test cases, we perform a test suitienimation. In our

current implementation, we only do a simple post-procegsinfuture work, we plan

to implement more aggressive minimization strategieseNoat the ICS enumeration

in (3) involves nondeterministic choices which may givediege to accelerate the al-

gorithm with suitable heuristics.

Test suite minimization |

Iterative Constraint Strengthening. A naive implementation of step (3) above would
either use SAT enumeration to compute an enormous numbestofdses until the test
goals are reached, or it would call the SAT solver for eacthryygeal anew. Initer-
ative constraint strengthening (ICSye circumvent both problems by modifying the
clause database of the SAT solver on-the-fly. Whenever tHessver halts to output
a solution, we compare the test case obtained from thisisnlagainst the test goals.
Then we add new clauses to the clause database in such a wéyetin@xt solution is
guaranteed to satisfy at least one hitherto uncovered ¢edt kp this way, we exploit
incremental SAT solving to quickly enumerate a test suitdigh quality: Since we
only add new clauses to the clause database, the SAT soblaleito reuse information
learned in prior invocations. A similar strategy is usediioupwise constraint strength-
ening (GCS)a further refinement of ICS. In GCS, we address coveragerierisuch
as multiple condition coverage or predicate complete agewhich have a nominally
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exponential number of test goals by partitioning these gyoeb a small number of
groups characterized by a common compound goal.

We show that FBELL has better practical performance than BLAST's test case
generation facility [3]: On comparable hardware, our testes are computed faster,
and contain fewer test cases. Due to the minimization stepesults also improve on
those reported in our previous tool paper [4].

Note that our choice of CBMC and bounded model checking aseaygaolving
backend has advantages which come at a price: On the onevhamahieve excellent
performance and have the guarantee that the model-chesgaats ANSI-C, which is
important for low level code, our primary application ar@a.the other hand, a bounded
model checking approach may beable to compute certain test casegolving paths
larger than the constant bound. It is easy to come up with plesnhere this situation
will happen, but it is is detectable by CBMC and accountedrfaur implementation;
it has neither occurred in the experiments we did for congparivith BLAST, nor in
our experiments based on real-life controller code. Inritvork, we plan to comple-
ment the CBMC backend with abstraction-based and randaihézt case generation
backends.

Related Work. Beyer et al. [3] use the C model checker BLAST [5] for test case
generation, focusing on basic block coverage only. BLASS &awo level specifica-
tion language [6]. On a low level they specify trace progsrtdy observer automata
written in a C-like manner. On a high level they relate thasimata by reachability
qgueries. In contrast to F&ELL, their language is tailored towards verification. Fur-
thermore, BLAST is based on predicate abstraction wher&dCis a SAT-based
bounded model checker. As our experiments show, we outpeBLAST regarding
test case generation. Lee et al. [7,8] investigate test@aseration with model check-
ers giving coverage criteria in temporal logics. Java Patieét [9] and SAL2 [10] use
model checkers for test case generation, but they do nobsu@semantics.

2 A Formal Testing Framework

Given a progran®, we consider the possibly infiniteansition systen? = (§, R, I)
induced by? which consists of the state spagea transition relatior®, C § x §, and
a non-empty set of initial statesC .

Definition 1 (State Sequences and Pathgpiven a transition system = (S, R, I), a
state sequends a finite and non-empty woml= (sy,...,s,) € ST of states sc . The
sequencetis apath if (s,54+1) € R holds foralll <i<nandifg € I. For a state
se S, we write se T, iff s= s holds for somd < i < n, and we denote witA? C s+

theset of path®f 7.

We usestate predicateto describe properties of individual program states and we
usepathandpath set predicatei the description of individual test goals and coverage
criteria.

Definition 2 (State, Path, & Path Set Predicates)Given a transition systeri =
(5,R.,I), we define sstate predicate as a predicate on the state spa§ea path
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predicatep as a predicate over the s&”, and apath set predicat® as a predicate

over the sets of patr@T. We write §= p iff a state s= § satisfies p7t}= @iff a path
ne N7 satisfiesp, andr |= @ iff a path sef” C N7 satisfiesd.

We call a state predicatg a path predicate, or a path set predicate feasible over

T, iff, respectively, there exists a stagec § with s = p, there exists a patite N7

with Tt}= @, and there exists a path et N7 with I' = ®. Frequently, we are looking
for a path (path set) whicbontainsa state (a path) which satisfies a given state (path)
predicate—leading to amplicit existential quantification:

Definition 3 (Implicit Existential Quantification). To evaluate a state predicate p
over a pathrt, we implicitly interpret p to be existentially quantifieds.it= p stands
for 3se 1tsi= p. Analogously, a path predicatgis existentially evaluated over a path
setl, i.e.,l Egiff Ime .= q.

Remark 1.Note that a pathmcan satisfy a state predicgteandits negation-p, if there
exist two states, s’ € mwith s}= p ands’ = —p. Moreover, a state predicapecan also
be interpreted over a path detn the natural way, i.el; = piff Ime . 3Ise sk p.

Program Observations. We use sequences of state predicatiexés to specify pro-
gram paths. A trace matches a state sequence if each stdite sequence satisfies
the corresponding predicate. A trace automaton is an altenaacepting traces; each
trace in turn specifies a set of program paths.

Definition 4 (Traces and Trace Automata).Let P be a finite set of state predicates
ands be a state space. Thertr@ceis a finite non-empty word= (t1,...,ty) € PT. A
tracematches state sequenge= (s, ...,S) € ST (denoted witht =), iff s = t; for
all1<i<n.

A trace automatoover P is a nondeterministic finite state automaton A acogpti
traces over the alphabet P. We wrifdA) to denote the set of traces accepted by A and
acc(A) to denote the set of accepting states of A. A trace automatwreAP matches
a state sequenae(denoted witht |= A), iff there exists a trace¢ L£(A) with TTj=t.

Remark 2.Although we have — for the sake of simplicity — defined tracemata as
finite state automata, our framework naturally extends beiotypes of automata such
as push-down automata for which we can construct C monitbrSection 4.1.

We will use traces and trace automata as a natural tool fanidgfpath predicates
in the language FQL. In particular, we will employ trace an&ta for two distinct ends:
First, asobservation automatahichrestrict the paths irZ” to those required in a query;
and second, a®st goal automatavhich specify the individual test goals of a coverage
criterion.

Definition 5 (Path Restriction by Observation Automata).Let‘7 be a transition sys-
tem and A a trace automaton. Then we define the set of pathseastricted by obser-
vation automaton A aB3 = {re N7 | tj= A}.
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Coverage Criteria. In the framework of this paper, we defingest casdo be a single
path inM¥ and atest suiteas a subset dfl7 . Correspondingly, @overage criterion
imposes a predicate on test suites:

Definition 6 (Test Case & Test Suite)Let 7 be a transition system and let A be an
observation automaton faf . Then atest casdor the set of pathﬁl,?\~ is a single path
ne N3 and atest suitd™ is a finite subsef C M7 of the paths i3 .

Definition 7 (Coverage Criterion). A coverage criterio® is a mapping from a tran-
sition systent”” and an observation automaton A to a path set predidaneoverZ”T.
We say thaf’ C I'IZ satisfies the coverage criteridh on ‘7 under the restriction A iff
I = @7 holds.

While our definition of coverage criteria is very general,sthooverage criteria
used in practice are based on lists of test goals which nebe &atisfied. The test
goals themselves are typically either state or path prescdhis prototypical setting
is accounted for in the next definition.

Definition 8 ((State) Regular Coverage Criterion and Test Gals). A regular cover-
age criterion® is a coverage criterion constructed in the following way:

(i) There is a mappin@(7,A) which mapsZ” and A to a list oftest goalsb(7,A) =
{W1,..., W}
(ify This mapping induces the coverage criteri®f as follows:

k
Freo ifft AMNAEYI=TEW
i=1

Intuitively, this amounts to the following coverage criter. “For each test goal which
is feasible inM7, the test suité must contain a concrete test case”
® is astate regular coverage criterigh® (7', A) contains only state predicates.

As an example, consider basic block coverBﬁ, which is a state regular cov-
erage criterion: induced by the test goBB(7,A) = {blocks,...,blockg}. Herek de-
notes the number of basic blocksdh and each predicatdock; holds true at the first
statement of théth basic block in the program.

We will now define test goal automata which are used to spehiytest goals
needed in regular coverage criteria.

Definition 9 (Test Goal Automaton). A test goal automato® is a trace automaton
where each accepting state a gives rise to a test gal

= Y, iff 3t.m=tand Q acceptst in state a

Thus, the test goal, requires a path matched by a trace which Q accepts in state a.
The test goal automaton Q naturally induces a regular cogereriterioncov|[Q] based
on the setov[Q|(‘T,A) = {Wa| a€ acc(Q)} of test goals.
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Note that a single path may match more than one test goal tsinedusly: First,
each path is matched by a number of different traces, andchdeowore than one ac-
cepting state may be reached through a trac@. in

We conclude this section with a formal definition of progranerdes, as introduced
in Section 1.

Definition 10 (Program Query & Result). A program queryA, Q) consists of an ob-
servation automaton A and a test goal automaton Q. A vagiltto the query(A, Q)
on transition systerd is a test suitd” C N3 with I = cov[Q|X .

3 Syntax and Semantics oFQL

The FSHELL query language FQL facilitates the specification of testesuover C
source code. To decouple the language from the algorithet#ld of the query engine,
and to provide leeway for different query solving backends,designed FSELL as
a declarative language. FQL contains three layers whichatethe formal model of
Section 2:

(i) state predicates over program variables and the progoamter,
(i) trace automata to express both observation automat#esh goal automata, and
(iii) program queries to express coverage criteria.

In the following subsections, we will describe these laydong with examples refer-
ring to Listing 1. Due to length restrictions, the preseotabf FQL is kept informal,
we refer the reader to [11] for more details. Section 4 dbssrour query solving engine
based on bounded model checking.

3.1 State Predicates

We have seen in Section 2 that sets of state predicates dre e¢mter of our formal
model. For instance, basic block coverage is induced byathef sest goal8B(7,A) =
{blocks,...,blockk}. FQL is therefore equipped withredicate generatorto extract
sets of predicates from the C source code, and to create nevefspredicates. For
example, the predicate genera@blocks yields the sefblocks,...,blocky} of predi-
cates. Note that eadilock; has the fornpc = const wherec is the program counter.
Syntactically, all predicate generators are prefixed wilh Semantically, a predicate
generator either yields a set of predicates over the programterpc, or a set of pred-
icates over the program variables.

Many predicate generators are used to extract sets of ptedifrom the source
code. Examples of such predicate generators inaffde(bla.c) which captures all
program counter values of statements in the sourceblile , @func(main) which
captures the statements in functioain , @line(3) to capture the statements in line 3,
@calllcmp) to match all function calls ofmp, and @entry as well as@exit which
capture all function entry and exit points respectivelycése of Listing 1 we get, e.g.,
@call(cmp) = {pc=13pc=15pc=17}.
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To introduce new predicates not present in the source coelejse the predicate
generato@new-pred(cond) , where cond is an arbitrary side-effect free C expression.
For example@new-pred(x <= 7) generates a singleton get< 7} of state predicates.

For certain coverage criteria such as MC/DC, we also neegrégicate generator
@grouped-conditions which generates aet of setswhere each inner set captures
the program counter values of the individual predicatesctvitionstitute a decision.
Returning to Listing 1, we hav@grouped-conditions ={{pc=2},{pc=4},{pc=
19,pc = 20,pc = 21}}. To support the succinct formulation of most relevant cager
criteria, FQL contains a rich variety of predicate genaratmd can be easily extended
with further ones without conceptual changes to the lang(iag).

Operations on Sets of State Predicaté€3iven two setsA andB of state predicates,
FQL provides the following set-theoretic operations:

(and) A&B={aAnblacAbeB} AB=AuUB (union)
(or) AB={avb|acAbeB} A\B=A\B (difference)
(negation) A= {-alacA} 2A={A|AN C A} (powerset)

We addbig-and( A) = Ascad andbig-or( A) =\ cpato describe the conjunction
and disjunction of all elements of a set of state predicdtesapply an operation to
each element in a set, or &mch set in a set of setwe introduce theet() operator.
Moreover,union() forms a single set from a set of sets. Given aS%ef sets and an
operatiorn(s) on a set of state predicates, we define:

set( o(s) : sin § ={o(s) |seS} union( § ={Js
€S

Operations on Conditionsln describing coverage criteriapnditionsoccurring in the
source code play a crucial role. A condition is an atomic egpion which is possibly
combined with other conditions usirgk, ||, and! to compute the decision involved
in executing anif , for, while, switch or ?: statement. The generat@pred-wo-loc()
extracts conditions from source code locations identifiggptmgram counter values.
In addition, @predicate()  and @neg-predicate() conjoin the extracted conditions
with the corresponding predicate over the program couRterexample, le€ = {pc =
19, pc = 20,pc = 21} be such a set, referring to Listing 1. Then we have

@pred-wo-loc( C) = {xy=1,yz=1,xz+# 1}
@predicate( C) = {pc=22Axy=1,pc=22Ayz=1pc=22Axz# 1}
@neg-predicate( C) = {pc=22Axy# 1,pc =22Ayz# 1 pc =22 Axz=1}

Note thatpc = 22 refers to the location of the decision inside which theditions inC
occur.

State Regular Coverage Criteri@esides simple test goals such@slocks , FQL can

can also describe more complex coverage criteria. We itltesthis feature on the ex-
ample ofmultiple condition coveragdrecall that multiple condition coverage requires
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a test suite to cover—for each decision—all Boolean contlmina of all conditions
occurring in the respective decision. The test goals aretbee given by

union( set(
union( set( big-and(@predicate(l) & @neg-predicate(D\l) ):1'in 2D)):
D in @grouped-conditions ))

Hierarchical Navigation.In practical queries, the predicate genera@fite(bla.c) ,
@line(3) , @func(foo) , aswellas@entry and@exit occur quite frequently. We there-
fore allow the following abbreviations which facilitateenarchical navigation in the
source code:

lbla.c/ = @file(bla.c) Ibla.c/42 = @file(bla.c) & @line(42)
foo/ = @func(foo) Ibla.c/foo/ = @file(bla.c) & @func(foo)
fool "= @entry(foo) foo/$ = @exit(foo)

foo/ SP= @func(foo)& SP /bla.c/ SP= @file(bla.c) & SP

In the last line SPis to be replaced by any state predicate expression. Notéha
also supports macros for frequently used expressions sumnaplex coverage criteria.
Due to space restrictions we do not describe the macro featwtetail.

3.2 Trace Automata

Recall that trace automata are used to define path predieatégo act as both ob-
servation automata and test goal automata. By implicitexigl quantification, every
state predicate can also be viewed as a path predicate, andasy to construct the
corresponding automaton. Moreover, a set of state predigaturally gives rise to
an automaton with one accepting state for each state pteditdhe set. For exam-
ple, @blocks corresponds to an automaton wij@blocks | accepting states, one for
each basic block. The following list exemplifies the mostartpnt automata theoretic
operations of FQL which enable the user to manipulate andbgumrtrace automata
explicitly: Let A1, Az, A3 be trace automata:

AL, Ao =A1UA (union)
A1-> A =Ajotrue* oAy (sequencing)
A[ AgP Ao =A10A0 A (restricted sequencing)

Consider for examplmain/->main/$  over Listing 1: the traces of this automaton
will match those program executions which pass the exitaif (line 19). In contrast,
main/-[@file(bla.c)\@label(ERROR)]>main/$ requires that between the entry
and the exit ofmain only locations other than those labeled “ERROR” (line 18) ar
seen. Note that each of these operations corresponds taificspetomata theoretic
construction. Due to the special role of accepting statdgefiming test goals, we cannot
use the standard automata theoretic minimization teclsiaef. [11].
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3.3 Program Queries

We are now ready to define the program queries introducedatioBel. LetA andB be

FQL expressions which can be interpreted as trace autoir@ata{ther trace automata,

or sets of predicates as explained in the previous secfitr®@ncover Q passi ng

A expresses the program quépy, Q) with the semantics given in Definition 10.
Recall from Section 1, that FQL queries can also have a prHifiis. prefix restricts

all state predicates to a certain program part, e.g., aiodit@a It is easy to see that the

prefix can be moved intd andQ. For example, a query such as

>in /blac cover @line(4),@call(cmp)

passi ng @file(bla.c)\@call(not _implemented)
which states that both, line 4 and a function calta in file bla.c must be covered
without ever callinghot_implemented()  , is equivalent to
> cover /bla.c/4,/bla.c/@call(cmp)
passi ng @file(bla.c)\@call(not _implemented)

4 Query Processing Algorithms

In this section we describe the query processing algorithWdesfirst outline how pro-
gram source code and a query are mapped to a SAT instancéeandsdtail on iterative
and groupwise constraint strengthening in Section 4.2.

4.1 Program Instrumentation and Interfacing with CBMC

Bounded model checkers such as CBMC reduce questions abmyriam paths to
Boolean constraints in conjunctive normal form (CNF) whaole solved by standard
SAT solvers. Our query solving algorithms ICS and GCS emgheyfunctionality of
CBMC to obtain SAT instances suitable for test case geraraRecall that on input
of a program annotated with assertions, CBMC outputs a SAfairte whose solu-
tions describe program paths leading to assertion viglatido make this functionality
useful for test case generation, we first instrument thenaragvith the observation au-
tomatonA such that the resulting program reaches a failing assaertitthve course of an
execution, iff this program execution is matchedfb Ve therefore implememtas a C
function thatmonitorsprogram execution. To this end, the progr@ris instrumented to
contain dogginglayer, which reports the matching predicates after eacbuted step
to the monitor. Moreover, we inject the test goal automatoa second monitor, which
only keeps track of the states of the test goal automaton iistanguished variable,
but does not cause assertion violations. Then, using CBRECinistrumented program
is transformed into the CNF-formutgirt € M%] which is satisfied by all program ex-
ecutions which reach an accepting stateAafvithin a bounded number of steps. By
constructiong[rt € M7] contains distinguished Boolean variables referring tostiage
of the query automato; these variables can be used to express the individual test
goals. Therefore, a constraint of the fogjrt € M7 ] A ¢fa] will satisfy those program
executions which (i) respect observation automaiand (ii) satisfy test goa¥,. In
the rest of this section, we will for simplicity write thisriraint asme I'IK A TUE Wy,
and tacitly assume the translation to CBMC described above.
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4.2 Guided SAT Enumeration

To generate a test suifefor a transition systemI matching the queryA, Q), i.e., to
achievd” cov[Q];{, we introducaeterative constraint strengthening (IC3h ICS, we
build a test suitd iteratively from a sequence of test suifesC '1 C --- C ', with
Fo=0andlq= {m,...,my} for 1< g < m. Inthemth iteration, we reach a fixpoint
when no more new goals can be covered.

Algorithm Overview.In theg-th iteration we build theath constrainiCSPCq (Equa-
tion (1)) and obtain the test casg, 1 as one of its solutions. Here(SPCq describes
those paths irh‘IK which cover a hitherto uncovered test goal. If no such teat gxists
any more]CSPCq becomes unsatisfiable. Having determined a new testrgasewe
build ICSPCq41 and continue the procedure with tfgg+ 1)-st iteration until we reach
an iteratiormwherelCSPCy, becomes unsatisfiable.

In order to fit the framework ofncremental SAT solvingcf. [12]), we rewrite
ICSPCq (Equation (2)) in such a way that we are able to desd@s® Cq1 incremen-
tally in terms ofICSPCq by only addingnew constraintsvithout removing or chang-
ing previously added constraints (Equation (3)). Using theseémental formulation of
ICSPCq, we describe iterative constraint strengthening (ICSgbBagon an incremen-
tal SAT solver in Listing 2. Then paths finally collected by ICS constitute indeed a
covering test suite (Theorem 1).

Path Constraints.The initial path constrainiCSPCq requires that a path is iﬂg and
covers at least one of the test gotg for a € acc(Q). Subsequently, ifCSPCq, we
require the path to cover at least one test gBalwhich remainedincoveredby the
test suitel'q. Sincel qy1 must cover at least one more test goal tfignit suffices

to strengtherthe constraintCSPCq to obtainlCSPCq. 1. Below, we writeuncovg =
{ae acc(Q) | Iq b= lPa} for the set of accepting states which correspond to tessgoal
not covered i q. Note thatuncovg = acc(Q) sincel o = 0 covers no test goals at all.
Then, for 0< g < m, we search for a solutiong,; to theg-th constraint

ICSPCq(m) :=mte M{A \/ W, (1)

acuncovq

Note that the empty disjunction is equivalenfitse, i.e., if uncovg = 0, thenlCSPCq =
false. Thus,ICSP(q is satisfied by exactly those pathsﬁif which satisfy at least one
feasibletest goal stilluncoveredy I'g. If no such test goal exists, i.e.,[ify achieves
coveragethenlCSPCq is unsatisfiable.

Incremental Path Constraintsin incremental SAT solving, we use a single persistent
clause database for consecutive solver invocations. WieSAT solver finds a solu-
tion, we add new clauses to the clause database, but do noteeany clauses. When
the execution of the SAT solver is continued, the learnedsda obtained during earlier
invocations remain valid and help to guide the search of thees Therefore, we have
to constructCSPCq1 from ICSPCq by only adding further constraints to the clause
database. Observe thatcovq,1 C uncovgq holds for 0< g < m—1. Thus in going from
ICSPCq to ICSPCq, 1, we have to remove all test gods, with a € uncovq \ uncovg; 1
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from the disjunction\/aeuncovqrt|: W5 occurring in Equation (1). To do so, we intro-
duce a new Boolean variab$ for each accepting statec acc(Q) and writelCSPCq
equisatisfiable as

ICSPCq(m) = |meNZ A \/ (SIATEW)|A A S )

acacc(Q) aduncovq

Thus ICSPCq consists of (a) an initial expression, shown above in sqbaaekets,
which remains unchanged throughout all iterations, ané @jnjunction which is ex-
panded from one iteration to the next. Addin@, to the constraint renders the cor-
responding disjuncg; A Tt = W, unsatisfiable, and therefore only the disjuncts for
a € uncovq remain enabled. Note that fltSPCo we havetrue = Aggyncov, 7Sa- Thus,

in each iteration step, we use

ICSPCq11(T) := ICSPCq(T0) A A -S (3)

acuncovg\uncovg, 1

to obtainlCSPCqy1 from ICSPCg. Since we only add further constraints conjunctively,
this approach fits the requirements of incremental SAT aglvi

Iterative Constraint Strengthenindn our presentation of the algorithm, we assume a
SAT solver which supports the following methods: fagjding constraintsvith add():
The method takes an arbitrary constraprtver variables from arbitrary finite domains.
While we use such a general interface to simplify the predemt of our algorithm,
our implementation is based upon the SAT instaglces I'I'AI} which we described in
Section 4.1. (bChecking for satisfiabilityvith satisfiable() The method returns true iff
there exists a solution to the constraints added to the eldatabase so far. If a call
to satisfiable(returnstrue, a witness is cached. (€btaining a solutiorwith solution(}
The method returns the last withess cached in a caltisfiable()

The resulting proceduriEs is shown
in Listing 2. In line 3 we initialize the it-
eration counterq, the first test suitd g,
and the set of test goalsncovp uncov-
ered byl o. Then in line 4, we add the ini-
tial expression from Equation (2) and start
the search for the first solution in line 5.

Listing 2. Iterative Constraint
Strengthening (ICS)

1 func ICS(NZ, (A,Q))

2 begin

3 0:=0; Mg:=0; uncovg := acc(Q);
addte I_I,‘Z\— A Vaeacc(Q) (Si/\ n ': an));
while satisfiable ()do begin

~

Z Tgs1 = solution(); If a solution is f_ound, it is obtained from

, Fqe1 = FqU{Tgr1}; uncovgy = 0; the solver, aSS|gne_d g1, and added

. forall a € uncovq do to g+1. Then, after initializinguncovg1,

o if 4.1 = WathenaddGSy); we update the clause database following
10 else uncovg;1 :=uncovgi1U{a};  Equation (3) and fill the setincovg1 in

1 q:=q+1; lines 8 to 10: For each yet uncovered state
2 end a € uncovg, we check whethery,; satis-

13 retun [g; fies Wa. If this is the casea € uncovg \

1 end, uncovgy1 holds, and thus we addS, in

line 9. Otherwisea remains uncovered blyg,1 and hence we add to uncovg, 1 in
line 10. Once no further solution is found in line 5, the acalated suitd 4 is returned.
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Theorem 1 (Correctness of Iterative Constraint Strengtheing). The test suitd”
returned by the algorithrcs[7 (A, Q)) in Listing 2 satisfie$” = cov[Q]3 .

Remark 3 (Nondeterminism in Choosirg,1). Our algorithm leaves the particular
choice ofry 1 open to the underlying SAT solver (line 6). Potential opations could
control this choice to minimize the number of test cases $s0g to obtain coverage.

Groupwise Constraint Strengthenin@.ertain regular coverage criteria, such as pred-
icate complete or multiple condition coverage, requireeaponential number of test
goals.For example, recall that multiple condition coverage (BecB.1) has one test
goal for each basic block arehach possible evaluation of all conditioims/olved in
deciding which edge to choose in leaving the basic block.ddethe number of test
goals is exponential in the number of conditions in eachdieai For this reason, the
disjunction inICSPCq will be of exponential size—thus rendering iterative coaisit
strengthening hard for such coverage criteria.

To mitigate this situation, we introduggoupwise constraint strengthening (GCS)
as an optimization of iterative constraint strengthen®@S can be combined with ICS
and allows to handle all test goals which are state predichtg us thus for simplicity
assume that all test goai, for a € acc(Q) are state predicates. To apply GCS, we
require the test goals to be partitioned ilkaistinct groups G = {wil,...,wh} of
mutually exclusive test goaler 1 <i <Kk, i.e., we require that there exists state s
with s=WJ ands=Whforall 1< g#h<k and 1<i <k

In the GCS algorithm, we avoid the construction of the ihiéiad very large dis-
junction Va€unconT[ = W,, as it appears inCSPCq (Equations (1) and (2)): Instead
of individual test goals, we use a small numbeicompound test goalomp;, where
each compound test goal represents the goals of the whale Gio= {W}, ..., LIJik"}
of individual test goalsPiJ. To represent grou@;, its compound test goabmp; has to
be semantically equivalent (but usually not identical&/f;i‘;1 Wij . Itis important to note
however that in many practical casesmp; can beformulated much more succinctly
than v‘j(":1 quJ. For example, in case of multiple condition coverage, wditam the
goals into groups according to the blocks they relate tonThé= comp; holds for a
statesiff svisits thei-th basic block, i.e.comp; has the fornpc = const. .

Starting with the compound test gaalmp;, we add for each covered test gdérjl
of groupG;, i.e., for eachLIJiJ € Gj \ uncovg, its negationﬂLIJiJ to the corresponding
compound test goal. This approach yields for each gf&ugnaggregate test goal

aggr:=compjA A\ W 4)
Wij €G;j\uncovg

Since we useggr? to represent the remaining uncovered test gGafsuncovq of the
groupG; in iterationg, we will rely on the equivalence

=V v 5)
'-IJiJGGiﬂuncon

which follows from the construction and the mutual exclesigss of the test goals
within each grougG;. Written in the form of Equation (5)aggrfq does not explicitly
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refer to any infeasible test goals and only involfessibletest goals as subexpressions.
This significantly reduces the size of the constructed caimdt
Having definedaggr? in this way, GCS proceeds like ICS but with Equation (1)
replaced by
k
GCSPCq(m) :=me M A\/ = aggr! (6)
i=1
Similar to ICS we also adofiCSP(q to fit incremental SAT solving: More precisely,
we leave the overall constraint (Equation (6)) unchangedt rtelmlaceagg;riq (Equa-
tion (4)) by an equisatisfiable and incrementally expanelelzpression. Thus, we can
incrementally strengthearggriq for each group individually.

The effectiveness of GCS as an optimization of ICS relieshoeet conditions: (a)
The overall number of groups must be small, since we mairtaieach groups; a
constraintaggriq. (b) The compound test goadmp; must be available in a succinct for-
mulation. (c) The fraction dieasibletest goalsJ—'iJ in each grous; must be small, since
the negation of each feasible test goal is addezggmiq in some iteratiory. Conditions
(a) and (b) hold for important coverage criteria such as ipleltdecision or predicates
complete coverage. If condition (c) does not hold, then tivalper of required test cases
will be large — but this is inherent in the coverage criterdord not an artefact of GCS.

Remark 4 (Mutual Exclusiveness: State vs. Path Predicdtas)tempting to assume
that the mutual exclusiveness defined in terms of statesily ggneralized to the level
of path predicates. However, this is not the case as muteadusive state predicates
do not resultin mutually exclusive path predicates because of theirititgxistential
guantification, cf. Definition 3 and Remark 1.

5 Experimental Results

In our experiments we investigated test case generatidrefsic block BB) and condi-
tion coverageC). We performed our experiments on a 3.0 GHz AMDG64 system &vith
GB RAM. The table below summarizes our results with respeBILAST. The column
“Min” shows the number of test cases removed by our test suiiténization algorithm.
Our currentimplementation of FH&LL is an optimized version of that presented in [4].
It generates fewer test cases, and, after test case genei@tibasic block coverage,

BLAST (BB) BB CcC
Source file LLOC #cases Time[s] #cases Time[s] Mirtcases Time[s]
Kbfiltr.i 4879 39 300 26 18 6 98 24
floppy.i 6435 111 1500 63 1041 10 175 1259
cdaudio.i 8022 85 1500 71 1240 7 161 1243
parport.i 20698 213 5460 134 1859 21 351 2915
parclass.i 45283 219 2520 156 1324 16 392 2070
matlab.c 2033 - - 5 30 1 16 31
autopilot.i 3141 - - 206 894 14 450 1358
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FSHELL minimizes an obtained test suite. The results for BLAST aken literally
from [3], because the version of BLAST performing test casmeeagation is currently
unavailable. Beyer et al. performed their experiments o9& @Hz Dell Precision 650
with 4 GB RAM. FSHELL outperforms BLAST, as we achieve coverage with fewer test
cases faster. Besides the experiments on the device diigerBLAST we conducted
experiments on an engine controlleraflab.c ) provided by an industrial collabora-
tor from the automotive industries. It is generated from aTMAB/Simulink model.
Furthermore, we ran our tool on preprocessed soustgglot.i ) generated from
source code in PapaBerfciThe results show that FELL scales well when moving
from basic block coverage to condition coverage. Experisieoncerning more sources
and more complex queries can be found in [11].

6 Conclusion

In this paper, we introduced a query language for test casgfggation together with a
guery solving backend based on bounded model checking.&lkehd is based on two
new algorithms which guide the SAT solver to efficiently erarate a test suite. Our
implementation F8ELL demonstrates the effectiveness and versatility of ourcgagr.
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Type-Safe Bytecode Generation in Scala

Peter Thiemann

Universitat Freiburg

Mnemonics is a novel bytecode generation library for the Java Virtual Machine
(JVM), written in Scala. It avoids the generation of ill-formed bytecode sequences
by adopting a typed representation of the stack and the local variables. Individ-
ual instructions are modeled as functions that transform these types according
to the action of the instruction. The library exploits a number of advanced fea-
tures of Scala’s type system (type inference with bounded polymorphism, objects
with type members, implicit parameters, and reflection) to guarantee that the
compiler rejects illegal combinations of instructions at compile time.
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Programmierung als Leitbild in der Theorie der

C)kosysteme

Baltasar Trancén y Widemann

Universitat Bayreuth

Die Umweltwissenschaften haben im Lauf ihrer Entstehung als Disziplin das
Forschungsprogramm der klassischen Physik mit dem Paradigma der mechanis-
tischen Systeme weitgehend unhinterfragt iibernommen. Es zeigt sich, dass dieses
Vorgehen umso problematischer ist, je mehr lebende Bestandteile das Verhal-
ten des Systems dominieren. Andererseits gibt es zahlreiche alte, gesellschaftlich
hochrelevante und erfolgreiche Nutzungstraditionen von Umweltsystemen, die
theoriefrei und rein heuristisch funktionieren. Als Folge entsteht eine im Bereich
der Naturwissenschaften einmalige Spannung zwischen Theorie und Praxis, und
es zeigen sich Symptome einer wissenschaftlichen Krise, wie sie oft nur durch
einen Paradigmenwechsel zu l6sen ist. Dieser Beitrag soll dreierlei zeigen: Er-
stens, dass aktuelle Entwicklungen im Bereich der computergestiitzten Umwelt-
modellierung sich dem Informatiker als Krisensymptome darstellen, die dem
,laienhaften Anwender“verschlossen bleiben. Zweitens, dass Begriffe aus der
Softwaretechnik und der Programmanalyse geeignet sind, die Rolle von The-
orie und Modellierung von Okosystemen metaphorisch zu beschreiben. Drittens,
dass sich Formalismen aus dem Bereich der Semantik von Programmiersprachen
und -kalkiilen ganz konkret als Basis eines alternativen Paradigmas der Theorie
der Okosysteme eignen.
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Programming by Equilibria

Christian Tschudin und Thomas Meyer
Universitdt Basel

We present a reactive computing paradigm that seeks to solve problems by bring-
ing the programmed system into an equilibrium state: The production of a cer-
tain (numeric) result, or of a certain side effect (routing), emerges from the
system’s tendency to strive for an equilibrium. We have identified important
equilibra for properties like adaptivity, as well as self-healing where a program
controls its own code base. By linking our execution model with well known laws
from chemistry, we can predict a program’s dynamic behavior and in some cases
even provide elegant proofs of convergence. In this paper we recapitulate how
one can compute results out of the random execution of instructions; We then
introduce an artificial chemistry as our reactive programming environment, in
which some networking protocols can be expressed in a natural way. We present
a gossip-style protocol for the cooperative computation of an average value which
is amenable to a formal stability analysis and ultimately convergence proof.
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Adding Weights to Dynamic Pushdown
Networks
Extended Abstract

Alexander Wenner

Institut fiir Informatik, Fachbereich Mathematik und Informatik
Westfilische Wilhelms-Universitat Miinster
alexander.wenner@uni-muenster.de

The interest in writing parallel programs has increased in recent years, es-
pecially with the emergence of programming languages with native support for
parallelism and the increased availability of parallel hardware. However paral-
lel programming is notoriously difficult and error-prone. Thus static analysis of
parallel programs has become more and more important.

The goal of this talk is to present a generic framework for the analysis of
parallel programs, especially in the presence of recursive procedures and dynamic
process creation. We base our framework on dynamic pushdown networks (DPN)
[1] and weighted pushdown systems (WPDS) [2].

DPN precisely model procedures and process creation, by modeling each pro-
cess as a pushdown system (PDS), where rules can additionally create new PDS
as a side effect. They have mainly been studied for reachability analyses [1,3,
4]. Since the analysis of recursive procedures and synchronisation is undecidable
[5], DPN do not model synchronisation between processes. However, through
the addition of weights we will be able to analyse some interaction between
processes.

WPDS extend PDS by labelling transitions with weights and solving the gen-
eralised pushdown predecessor (GPP) problem [2,6, 7], which is the meet-over-
all-paths solution for paths between regular sets of configurations. The weights
can be used to formulate a wide range of analysis problems. The GPP prob-
lem formulation allows for a specific query depending on the shape of the entire
call-stack, in contrast to standard dataflow techniques, where typically all infor-
mation at the topmost program point is merged.

Analogous to WPDS we extend DPN to weighted DPN (WDPN) by anno-
tating weights to transitions and study the corresponding GPP problem, which
now allows for a query based on the state of each process in the network. Even
though a WPDS is then simply a WDPN with one process, adapting the ap-
proach to solve the GPP problem from WPDS to WDPN is problematic. In
general a path of a DPN is an interleaving of the transitions of arbitrary many
parallel processes. Results from [1] show, that such a set of paths can not be
described using a grammar as in [2] or a constraint system. Thus the solution of
the GPP problem can not be computed as abstract interpretation [8] of such a
system.

We avoid these problems by introducing a branching semantics for DPN,
similar to the tree semantics in [4]. Transitions of newly spawned processes are
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no longer mixed with the transitions of the creating process, but contained in
their own branch. This results in executions which are tree shaped for single pro-
cesses and form hedges, which contain a tree for each process, for configurations
with multiple processes. The set of hedges connecting two regular sets of con-
figurations can then be described using a constraint system, using an approach
adapted from WPDS.

We introduce an extended weight domain to abstract these hedges, and study
the analogous branching GPP (BGPP) problem, which is the meet-over-all-
hedges solution, for these branching WDPN (BWDPN). We show, that if the
weight domain of a WDPN and the extended weight domain of a BWDPN, both
based on the same DPN, are related, the solution for the GPP problem of the
WDPN can be derived from the solution of the corresponding BGPP problem
of the BWDPN. The BGPP problem can be solved by abstract interpretation of
the above mentioned constraint system.

Up to this point our framework of WDPN and BWDPN can solve the bitvec-
tor problems for DPN formulated in [1], the more general KILL/GEN analyses
described in [9] and the shortest path analysis from [2]. In [10] a different ap-
proach to generalize WPDS to parallel programs is presented, by introducing
a context bound. This leads to an underapproximation, whereas our approach
handles unbounded context switches precisely.
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Towards Dynamic Code Evolution for the
HotSpot VM

Thomas Wiirthinger
Johannes Kepler Universitat Linz

Dynamic code evolution is a technique to change the source code of a running
program. The current hotswapping mechanism in the Java HotSpot VM only al-
lows changing the bodies of methods at runtime. We are working on an approach
that allows arbitrary changes. This talk is about our experiences implementing
a prototype in HotSpot that supports adding and deleting of methods and fields
as well as performing changes to the class hierarchy. What are the conditions
for dynamic code evolution to have a clear semantics and what kind of changes
should be forbidden? What are meaningful applications of dynamic code evo-
lution for Java and their requirements? The talk will conclude with ideas for
future work to make dynamic code evolution stable and performant.
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