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x :=
 a+

b
x :=
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u :=
 c+
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c :=

 c+
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y :=
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v :=

 c+
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f
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M
otivation
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ont’d)f

e
v :=

 c+
b

y :=
 a+

bx

x :=
 a+

b
x :=

 a+
b

u :=
 c+

b
c :=

 c+
b
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M
otivation

(C
ont’d)

A
 P

ossibly H
uge

P
rogram

 R
egion

A
 P

ossibly H
uge

P
rogram

 R
egion

x :=
 a+

b
x :=

 a+
b

c :=
 c+

b
u :=

 c+
b

v :=
 c+

b
f

e
y :=

 a+
b

H
ot Spot 2
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ot Spot 1
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M
otivation

(C
ont’d)

A
 P

ossibly H
uge

P
rogram

 R
egion

A
 P

ossibly H
uge

P
rogram

 R
egion

x :=
 a+

b
x :=

 a+
b

c :=
 c+

b
u :=

 c+
b

v :=
 c+

b
f

e
y :=

 a+
b

x

se5

M
otivation

(C
ont’d)

f
e

y :=
 a+

b

x :=
 a+

b
x :=

 a+
b

v :=
 c+

b

c :=
 c+

b
u :=

 c+
b

x
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W
hy

S
tandard

D
ata-F

low
A

nalysis
Fails

A
vailability

ofterm
s...

A
V

A
IL(n

)
=



fa
lse

ifn
=

s
∏

m
∈

p
r
e
d
(n

) [[(m
,n

)
]](A

V
A

IL(n
))

otherw
ise

w
here

[[(m
,n

)
]](b)

=
(C

O
M

P
(m

,n
)
+

b)
∗

T
R

A
N

S
P

(m
,n

)
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A
vailability

ata
S

ingle
P

rogram
P

oint

y :=
 a+

b

b :=
 a+

b x :=
 a+

b
z :=

 a+
b

a)y :=
 a+

b

x :=
 a+

b

a :=
 ...

z :=
 a+

b

b :=
 ...

z :=
 a+

b

y :=
 a+

b

b :=
 a+

b x :=
 a+

b
z :=

 a+
b

b)y :=
 a+

b

x :=
 a+

b

a :=
 ...

z :=
 a+

b

b :=
 ...

z :=
 a+

b
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•
B
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•
E
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•
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onnecting
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•
T
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C

lou:W
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does
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ork?

•
A

pplications

•
C
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B
ackground

D
em

and-D
riven

D
ata-F

low
A

nalysis...

•
A

graw
al(2000)

•
H

orw
itz,R

eps,S
agiv

(1994+
)

•
D

uesterw
ald,G

upta,S
offa

(1995+
)

•
...

•
K

noop
(E

uro-P
ar

1999,K
P

S
2007)
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R
everse

D
ata-F

low
A

nalysis:T
he

B
asics

(S
tandard)

D
ata-F

low
A

nalysis...

•
D

ata-F
low

Lattice
Ĉ

=
(C

,⊓
,⊔

,⊑
,⊥

,⊤
)

•
D

ata-F
low

F
unctional[[

]]
:
E
→

(C
→

C
)

R
everse

D
ata-F

low
A

nalysis...

•
R

everse
D

ata-F
low

F
unctional

(H
ughes,Launchbury

1992+
)

[[
]]R

:
E
→

(C
→

C
)

defined
by

∀
e
∈

E
∀

c
∈
C
.
[[
e

]]R
(c)=

df ⊓
{
c
′|[[

e
]](c

′)
⊒

c
}
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A
vailability
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s

•
A

bstractsem
antics

for
availab

ility
o

f
term

s

1.
D

ata-F
low

Lattice:

(C
,⊓

,⊔
,⊑

,⊥
,⊤

)=
df

(B
,
∧

,
∨

,≤
,fa

lse
,tru

e
)

2.
D

ata-F
low

F
unctional:[[

]]a
v

:
E
→

(
B
→

B
)

defined
by

∀
e
∈

E
.[[

e
]]a

v =
df



C
st

tr
u
e

ifC
om

p
e
∧

Transp
e

Id
B

if¬
C

om
p

e
∧

Transp
e

C
st

fa
ls
e

otherw
ise
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O
n

the
R

elationship
of

[[
]]

and
[[

]]
R

Lem
m

a

1.
[[
e

]]R
is

w
ell-defined

and
m

onotonic.

2.
[[
e

]]R
is

additive,if[[
e

]]
is

distributive.
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M
onotonicity,D

istributivity,and
A

dditivity

...ofdata-flow
functions.

D
efinition

[M
onotonicity,D

istributivity,A
dditivity]

LetĈ
=

(C
,⊓

,⊔
,⊑

,⊥
,⊤

)
be

a
com

plete
lattice

and
f

:
C
→

C
a

function
on

C
.T

hen:
f

is

1.
m

onotonic
iff∀

c,c
′
∈
C
.
c
⊑

c
′
⇒

f
(c)

⊑
f
(c

′)

(P
reserving

the
order

ofelem
ents)

2.
distributive

iff∀
C

′
⊆

C
.

f
(⊓

C
′)

=
⊓

{
f
(c)

|
c
∈

C
′}

(P
reserving

greatestlow
er

bounds)

3.
additive

iff∀
C

′
⊆

C
.

f
(⊔

C
′)

=
⊔

{
f
(c)

|
c
∈

C
′}

(P
reserving

leastupper
bounds)
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O
ften

useful

...the
follow

ing
equivalentcharacterization

ofm
onotonicity:

Lem
m

a

LetĈ
=

(C
,⊓

,⊔
,⊑

,⊥
,⊤

)
be

a
com

plete
lattice

and
f

:
C
→

C
a

function
on

C
.T

hen:

f
is

m
onotonic

⇐
⇒

∀
C

′
⊆

C
.

f
(⊓

C
′)

⊑
⊓

{
f
(c)

|
c
∈

C
′}

(
⇐
⇒

∀
C

′
⊆

C
.

f
(⊔

C
′)

⊒
⊔

{
f
(c)

|
c
∈

C
′}

)
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O
n

the
R

elationship
of

[[
]]

and
[[

]]
R

(C
ont’d)

Lem
m

a

1.
[[
e

]]R
◦

[[
e

]]
⊑

Id
C

,if[[
e

]]
is

m
onotonic.

2.
[[
e

]]◦
[[
e

]]R
⊒

Id
C

,if[[
e

]]
is

distributive.

In
term

s
ofthe

theory
of“abstractinterpretation”:

•
[[
e

]]
and

[[
e

]]R
form

a
G

alois-connection.
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R
everse

D
FA

:T
he

R
-M

in
F
P

-A
pproach

T
he

R
-M

inF
P

-E
quation

S
ystem

:

req
In

f
(n

)
=



c
q

ifn
=

q

⊔
{
[[
(n

,m
)
]]R

(req
In

f
(m

))
|
m

∈
su

cc
(n

)
}

otherw
ise

T
he

R
-M

inF
P

-S
olution:

∀
c
q
∈
C
∀

n
∈

N
.
R

-M
inF

P
c

q (n
)=

df
req

In
f
∗c

q (n
)

w
here

req
In

f ∗c
q

denotes
the

leastsolution
ofthe

R
-M

inF
P

-equation
system

w
rt

c
q
∈
C

.
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S
tandard

D
FA

:T
he

M
a
x
F
P

-A
pproach

T
he

M
a
xF

P
-E

quation
S

ystem
:

in
f
(n

)
=



c
s

ifn
=

s

⊓
{
[[
(m

,n
)
]](in

f
(m

))
|
m

∈
p
red

(n
)
}

otherw
ise

T
he

M
a
xF

P
-S

olution:

∀
c
s
∈
C
∀

n
∈

N
.
M

a
xF

P
([[

]],c
s
) (n

)=
df

in
f
∗c
s (n

)

w
here

in
f
∗c
s

denotes
the

greatestsolution
ofthe

M
a
xF

P
-equation

system
w

rtc
s
∈
C

.
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T
he

C
onnecting

Link

Link
T

heorem

F
or

distributive
data-flow

functionals
[[

]],
q
∈

N
,and

c
s ,c

q
∈
C

,

w
e

have:R
-M

inF
P

c
q (s)

⊑
c
s
⇐
⇒

M
a
xF

P
c
s (q)

⊒
c
q

19

C
ontinuing

the
A

nalogy

...ofS
tandard

and
R

everse
D

ata-F
low

A
nalysis

regarding

•
S

oundness
&

C
om

pleteness
(in

term
s

ofprogram
verification)

/

S
afety

&
C

oincidence
(P

recision)
(in

term
s

ofdata-flow
analysis)
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E
ssential

...the
extensibility

ofdata-flow
functionals

to
paths

[[
p

]]=
df



Id
C

ifq
<

1

[[
〈e

2 ,...
,e

q 〉
]]
◦

[[
e
1

]]
otherw

ise
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T
he

M
O
P

-A
pproach

∀
c
s
∈
C
∀

n
∈

N
.
M

O
P

c
s (n

)
=
⊓

{
[[
p

]](c
s )
|p

∈
P

[s
,n

]}
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S
tandard

D
FA

:M
ain

R
esults

T
heorem

[S
oundness

/S
afety]

∀
c
s
∈
C
∀

n
∈

N
.
M

a
xF

P
c
s (n

)
⊑

M
O
P

c
s (n

)

ifthe
data-flow

functional[[
]]

is
m

onotonic.

T
heorem

[C
om

pleteness
/C

oincidence
(P

recision)]

∀
c
s
∈
C
∀

n
∈

N
.
M

a
xF

P
c
s (n

)
=

M
O
P

c
s (n

)

ifthe
data-flow

functional[[
]]

is
distributive.
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S
tandard

D
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...ata
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M
O

P-Solution
M

FP-Solution
C

om
puted Solution

1
3a)

3b)
2

Fixed Point A
lg. A

.1

G
eneric

c
0

C

S
p
e
c
ific
a
tio
n

D
F
A

In
tr
a
p
r
o
c
e
d
u
r
a
l

P
r
o
g
r
a
m

P
r
o
p
e
r
ty

φ

D
F
A

F
r
a
m
e
w
o
r
k

In
tr
a
p
r
o
c
e
d
u
r
a
l

C
orrectness L

em
m
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T
heory

P
ractice

C
oincidence T

heorem
 

Intraprocedural
Intraprocedural

T
erm
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L
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m

a
Intraprocedural
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E
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O
fcourse...

R
everse

data-flow
functionals

can
be

extended
to

paths,too:

[[
p

]]R
=

df



Id
C

ifq
<

1

[[〈e
1 ,...

,e
q
−

1 〉
]]R

◦
[[
e
q

]]R
otherw

ise
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T
he

R
-J

O
P

-A
pproach

T
he

R
-J

O
P

-S
olution:

∀
c
q
∈
C
∀

n
∈

N
.R

-J
O
P

c
q (n

)=
df ⊔

{
[[
p

]]R
(c

q )
|p

∈
P

[n
,
q
]}
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R
everse

D
FA

:M
ain

R
esults

T
heorem

[S
oundness

/R
everse

S
afety]

∀
c
q
∈
C
∀

n
∈

N
.
R

-M
inF

P
c

q (n
)
⊒

R
-J

O
P

c
q (n

)

T
heorem

[C
om

pleteness
/R

everse
C

oincidence
(P

recision)]

∀
c
q
∈
C
∀

n
∈

N
.
R

-M
inF

P
c

q (n
)
=

R
-J

O
P

c
q (n

)

if[[
]]

is
distributive.
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P
utting

ittogether...

cs
cq

c
q

s ()
cs

T
h
e
o
r
e
m

L
in
k

{?
}

{?
}

π
{q}

{p}

M
axFP

M
O

P

R
-JO

P

R
-M

inFP

C
o
in
c
id
e
n
c
e

T
h
e
o
r
e
m

D
ata-flow

 A
nalysis

(q)

C
C

distributive

P
rogram

 V
erification

π
{q}

W
eakest P

recondition V
iew

π
{p}

Strongest P
ostcondition V

iew

e
R (c) =

df
(c )

c}

D
F

A
P

V

e

e
{c | 

induces

C
o
in
c
id
e
n
c
e

T
h
e
o
r
e
m

R
e
v
e
r
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A
re

W
e

D
one?

R
ecallthe

m
otivating

exam
ple...A

 P
ossibly H

uge
P

rogram
 R

egion

A
 P

ossibly H
uge

P
rogram

 R
egion

x :=
 a+

b
x :=

 a+
b

c :=
 c+

b
u :=

 c+
b

v :=
 c+

b
f

e
y :=

 a+
b

x

se29

M
astering

the
R

oad
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S
uccess

...requires
m

ore.Itrequires
us

to
conclude

from
“w

eakest

pre-conditions”
on

“strongestpost-conditions”.

...essentially,this
m

eans
to

replace
the

analysis
problem

by
a

verification
problem

.
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Strongest C
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se
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w
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! cpi
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se

Im
plem
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Specification P
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V
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G
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!

C
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Sought:
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cpi
V
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C
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P
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S
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y

E
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D
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and-D
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D
F
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D

F
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C
lassification of D

F
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echniques

C
onventional
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C
hanging

the
P

erspective:C
onclusions

D
erived

{?}

... the dom
ain of

exhaustive D
F

A

dem
and-driven D

F
A
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ain of

T
he

verification

T
he

specification

problem
:

im
plem

entation
T

he
problem

:

problem
:

{q}
π

{p}
π

{q}
?

{p}
π
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-F

ram
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FA
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Formally answers

Form
ally
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W
e
a

k
e
s
t P

r
e
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o
n

d
itio

n
 P

r
o
b
le

m

P
ro

g
ra
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n
a
ly

s
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(D
em
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E
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E
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R
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-JO
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D
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O
P

M
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x
h

a
u

s
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e
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x
h

a
u

s
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e
P
a

r
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l
P
a

r
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T
h
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n
d
a
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ie

w
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h
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u
a
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ie
w

S
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o
n

g
e
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o
s
t-c

o
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d
itio
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o
b
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G
en/K

ill-P
roblem

s

...allow
us

to
m

aster
the

road
to

success:T
he

S
P

C
-analysis

problem
boils

dow
n

to
a

W
P

C
-verification

problem
.

T
his

is
im

portantbecause...

•
R

edundantE
xpression/A

ssignm
entE

lim
ination

•
D

ead-C
ode

E
lim

ination

•
S

trength
R

eduction

•
...

are
based

on
G

en-K
ill-problem

s.
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C
oncluding
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E
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ple:A

vailability

A
bstractsem

antics
for

availab
ility

1.
D

ata-flow
lattice:

(C
,⊓

,⊔
,⊑

,⊥
,⊤

)=
df

(B
X

,
∧

,
∨

,≤
,fa

lse
,fa

ilu
re

)

w
ith

⊥
=

fa
lse

<
tru

e
<

fa
ilu

re
=
⊤

2.
D

ata-flow
functional:[[

]]a
v

:
E
→

(
B

X
→

B
X

)
defined

by

∀
e
∈

E
.[[

e
]]a

v =
df



C
st

Xtr
u
e

ifC
om

p
e
∧

Transp
e

Id
B

X
if¬

C
om

p
e
∧

Transp
e

C
st

Xfa
ls
e

otherw
ise
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for
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ility

1.
D

ata-flow
lattice:

(C
,⊓

,⊔
,⊑

,⊥
,⊤

)=
df

(B
X

,
∧

,
∨

,≤
,fa

lse
,fa

ilu
re

)

2.
R

everse
data-flow

functional:[[
]]a

v
R

:
E
→

(
B

X
→

B
X

)

defined
by

∀
e
∈

E
.[[

e
]]a

v
R
=

df



R
-C

st
Xtr

u
e

if[[
e

]]a
v
=

C
st

Xtr
u
e

R
-Id

B
X

if[[
e

]]a
v
=

I
d
B

X

R
-C

st
Xfa

ls
e

if[[
e

]]a
v
=

C
st

Xfa
ls
e
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S
upporting

F
unctions

∀
b
∈
B

X
.
R

-C
st

Xtr
u
e (b)

=
df



fa
lse

ifb
∈
B

fa
ilu

re
otherw

ise

(i.e.,if
b
=

fa
ilu

re
)

∀
b
∈
B

X
.
R

-C
st

Xfa
ls
e (b)

=
df



fa
lse

ifb
=

fa
lse

fa
ilu

re
otherw

ise

R
-Id

B
X

=
df

Id
B

X
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S
um

m
ing

U
p

/E
xtensions

In
this

talk...

•
T

he
intraproceduralbasic

setting
of(R

)D
FA

(K
noop,K

P
S

2007)

E
xtensions

are
possible...

•
Interproceduralsetting

(K
noop,C

C
1992,LN

C
S

1428
(1998))

•
P

arallelsetting
(K

noop,E
uro-P

ar
1999)

•
...
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(R
)D

FA
-F

ram
ew

orks
/(R

)D
FA

-ToolK
its

(C
ont’d)

...the
generalpattern:M

O
P-Solution

C
oincidence T

heorem
 

M
FP-Solution

C
om

puted Solution

D
F
A

S
p
e
c
ific
a
tio
n

1
3a)

3b)
2

P
r
o
g
r
a
m

P
r
o
p
e
r
ty

φ

C
orrectness L

em
m

a T
erm

ination
L

em
m

a

G
eneric

Fixed Point A
lg.

T
ool K

it

T
heory

P
ractice

Interface

D
F
A

F
r
a
m
e
w
o
r
k

E
quivalence
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(R
)D

FA
-F

ram
ew

orks
/(R

)D
FA

-ToolK
its

...the
generalpattern

m
ore

abstract:

D
F
A

S
p
e
c
ific
a
tio
n

P
r
o
g
r
a
m

P
r
o
p
e
r
ty

φ

1
3b)

2

C
o
in
c
id
e
n
c
e

T
h
e
o
r
e
m

3b)

In
tr
a
p
r
o
c
e
d
u
r
a
l

In
te
r
p
r
o
c
e
d
u
r
a
l

C
o
n
d
itio
n
a
l

E
q
u
iv
a
le
n
c
e

E
ffe
c
tiv
ity

D
F
A

F
r
a
m
e
w
o
r
k

C
o
in
c
id
e
n
c
e

C
o
r
r
e
c
tn
e
s
s
T
e
r
m
in
a
tio
n

E
ffe
c
tiv
ity

T
h
e
o
r
e
m

3a)

3a)
P
r
o
o
f

O
b
lig
a
tio
n
s
:

P
a
r
a
lle
l
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A
pplications

read(a,b)
read(a,b)

b)
a)

x :=
 a+

b

y :=
 a+

b

c :=
 a+

b

a :=
 ...

x :=
 a+

b

z :=
 a+

b

b :=
 ...

z :=
 a+

b

x :=
 a+

b

D
ebugger

w
rite(c)

x :=
 a+

b

x :=
 a+

b

y :=
 a+

b

c :=
 a+

b

a :=
 ...

x :=
 a+

b

b :=
 ...

z :=
 a+

b

Program
 point

satisfies
availability ,
does not!

w
hile

"H
ot Spot" O

ptim
izer

z :=
 a+

b
x

w
rite(c)

V
ariable c is not initialized

program
 point

z :=
 a+

b

x :=
 a+

b

z :=
 a+

b

x :=
 a+

b

along som
e paths reaching

e
e

g

f
f
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F
rom

A
pplications

tow
ards

C
onclusions

R
everse

D
ata-F

low
A

nalysis
especially

w
ell-suited

for...

•
H

ot-S
potO

ptim
ization

•
D

ebugging

•
Just-in-tim

e
C

om
pilation

based
on

answ
ering

data-flow
queries.

H
ence...

•
D

ata-F
low

A
nalysis

for
D

ebugging

•
D

ata-F
low

A
nalysis

for
Just-in-tim

e
C

om
pilation

w
ere

titles
considered

optionally.
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C
onclusions

(C
ont’d)

A
s

an
appealing

add-on...

•
R

D
FA

is
tailored

for
parallelization!
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R
ecallagain...

A
 P

ossibly H
uge

P
rogram

 R
egion

A
 P

ossibly H
uge

P
rogram

 R
egion

x :=
 a+

b
x :=

 a+
b

c :=
 c+

b
u :=

 c+
b

v :=
 c+

b
f

e
y :=

 a+
b

x
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C
onclusions

and
P

erspectives

D
ata-F

low
A

nalysis
for

M
ulti-C

ore
A

rchitectures
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