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Abstract

Most software for embedded systems, including digital
signal processing systems, is coded in assembly language.
For both understanding the software and for reverse com-
piling it to a higher level language, we need to construct
a control flow graph (CFG). However CFG construction is
complicated by architectural features which include VLIW
parallelism, predicated instructions and branches with de-
lay slots.

We describe an efficient algorithm for the construction of
a CFG, where the parallelism has been eliminated, instruc-
tions are reordered and delay slots have been eliminated.
The algorithm’s effectiveness has been demonstrated by its
use in a reverse compiler for the Texas Instruments C60 se-
ries of digital signal processors.

1 Introduction

Most software for embedded systems processors, espe-
cially digital signals processors, has been coded in assem-
bly language. Such programs are difficult to understand and
hard to maintain. Furthermore, they are not easily ported to
a new processor. If the software can be reverse compiled to
a higher level language such as C, it becomes much easier
to understand and to port.

An important first step in reverse compilation is to con-
struct a control flow graph (CFG) for each subroutine. How-
ever, the task is made complicated if the processor has in-
structions with delay slots, and it is made especially com-
plicated if the delay slots of branch instructions can contain
other branch instructions.

We show how to transform the assembly language to a
form which has no delay slots. From this form, we can
easily generate the CFG.
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2 Computer Architectures with Delay Slots

Most modern general purpose computer architectures
maintain an illusion that the instructions in an assembly
language program are executed in the order in which they
are written. However it is an illusion because (a) different
kinds of instructions may require different numbers of clock
cycles to complete, (b) instructions may have to wait for
operands to become ready, and (c) instructions may have to
wait for an appropriate functional unit to become available.
Modern architectures therefore have complicated logic to
look ahead in the instruction stream to find instructions
which can be executed out of order to keep all the func-
tional units busy while preserving the correct semantics of
the program.

In contrast, some other architectures, especially those for
embedded systems and DSP applications, do not attempt to
maintain such a strong illusion. To reduce the complexity
of the processor (and implicitly, therefore, to reduce power
consumption), instructions may not always produce their re-
sults in the order in which they are fetched. For example, the
Texas Instruments C6000 series [10] requires a single cycle
to complete a simple fixed-point instruction such as addi-
tion (the ADD opcode). That means that if the instruction
begins its execution in cycle ¢, it will read its operands at the
beginning of the cycle and will store the answer in the result
register at the end of the same cycle. However, the multiply
instruction (opcode MPY) cannot complete its execution in
a single cycle; it requires two cycles. That is, if the MPY in-
struction begins execution in cycle ¢ then the two operands
are fetched at the beginning of cycle ¢ but the result register
is not updated with the product of the multiplication until
the end of cycle i + 1. Cycle i + 1 is known as the delay slot
for that MPY instruction. Stated differently, the MPY in-
struction has one delay slot. The programmer can code an-
other instruction to be executed in that delay slot as long the
instruction does not need the result of the MPY instruction
and does not need the same functional unit. Sometimes the
logic of the program will be such that nothing further can be
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