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blocks
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D
etecting

basic
blocks

basic
block

(B
B

)

=
m

ax.sequence
ofconsecutive

statem
ents

(IR
or

targetlevel)

thatcan
be

entered
by

program
controlonly

via
the

firstone

and
leftonly

via
the

lastone.

firstinstruction
(“leader”)

ofa
B

B
:either

+
entry

pointofa
procedure,or

+
branch

target,or

+
instruction

im
m

ediately
follow

ing
a

branch
or

return

!callinstructions
need

notdelim
itthe

basic
block

(ok
for

m
ostcases,butnotfor

e.g.instruction
scheduling)

!exception-based
controltransfer

notconsidered
here
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B
asic-block

graph

Term
inology:in
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uchnick’97]called

control-flow
graph

C
F

G
,

w
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“our”
C

F
G

(statem
entlevel)

is
there

called
a

“flow
chart”

rooted,directed
graph

G

�
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=
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exit
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=

controlflow
edges

from
C

F
G

/flow
chart

(there
connecting

B
B

exits
to

the
leaders

oftheir
successor

B
B

s)

+
enter

�

initialbasic
block

+
finalbasic

blocks
(no

succ.)
�

exit

successor
B

B
’s

ofa
B

B
b:

Succ�b

�
�

fn
�

N
:

�b

�n

�
�

E

g

predecessor
B

B
’s

ofa
B

B
b:

P
red

�b

�
�

fn

�

N
:

�n

�b

�
�

E

g



T
D

D
C

86
C

om
piler

O
ptim

izations
and

C
ode

G
eneration

—
C

ontrolF
low

A
nalysis.

P
age

6
C

.K
essler,ID

A
,Linköpings
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E
xtended

basic
blocks,regions

E
xtended

basic
block

(E
B

B
)

=
m

ax.sequence
ofinstructions

beginning
w

ith
a

leader

thatcontains
no

join
nodes

other
than

(m
aybe)

its
firstnode

�

single
entry,m

ultiple
exits,tree-like

internalcontrolflow

�

E
B

B
also

know
n

as
treegion

E
B

B
’s

are
usefulfor

som
e

optim
izations

e.g.instruction
scheduling

A
lgorithm

for
com

puting
the

E
B

B
’s

ofa
C

F
G

:see
e.g.[M

uchnick
7.1]

R
egion

=
strongly

connected
subgraph

(S
C

C
)

ofthe
C

F
G

w
ith

a
single

entry
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,Linköpings

U
niversitet,2009.

F
inding

Loops

P
rogram

s
spend

m
ostofthe

execution
tim

e
in

loops.

�

O
ptim

izations
thatexploitthe

loop
structure

are
im

portant

�

loop
unrolling,loop

parallelization,softw
are

pipelining,...

Loops
m

ay
be

expressed
in

program
s

by
differentconstructs

(w
hile,for,goto,...,com

piler-converted
tail-recursion)

�

F
ind

uniform
treatm

entfor
program

loops

U
se

a
generalapproach

based
on

graph-theoretic
properties

ofC
F

G
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G
raph-theoretic

concepts
ofcontrol-flow

analysis
(1)

depth-firstsearch
(dfs):

recursively
explore

descendants
ofa

node

before
any

ofits
siblings

(as
far

as
notyetvisited)

dfs-num
ber:

order
in

w
hich

dfs
enters

nodes

tree
edges:

edges
follow

ed
by

dfs
via

recursive
calls

dfs-tree:
(

nodes,tree
edges

)

non-tree
edges

classified
as

forw
ard

edges
“F

”

back
edges

“B
”

cross
edges

“C
”

notunique!depends
on

ordering
ofdescendants

see
also

D
F

S
-slides

on
course

hom
epage
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G
raph-theoretic

concepts
ofcontrol-flow

analysis
(2)

preorder
traversalofa

digraph
G

�
�N

�E

�:

ateach
node

b

�

N
process

b
before

its
descendants

(notunique;in
dfsnum

-order)

postorder
traversal

ateach
node

b

�

N
process

b
after

its
descendants
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execution
path

entry
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includes

d
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partialorder
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N

iim
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(iidom
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if
idom
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and
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N
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��
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and
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unique
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N

�
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tree,rooted
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strictdom
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D
om

inance
intuition

(1)

Im
agine

a
source

oflightgoing
into

the
entry

node,

nodes
are

transparentand
edges

are
opticalfibers

entry

B
1

B
2

B
3B
4

B
6

exit

B
5

N

N
Y

L
am

p

Y

P
lace

an
opaque

barrier
atnode

v

�

nodes
dom

inated
by

v
getdark

(A
dapted

from
a

nice
presentation

by
J.A

m
aral2003)
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ode
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P
ostdom
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p
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inates
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(p
pdom

b)

ifevery
possible

execution
path

b

�
�

exit
includes

p

p
pdom

b

�
�

b
dom

p
in

the
reversed

flow
graph
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C
om

puting
the

dom
inators

ofa
node

a
dom

b

iff(1)
a

�

b,

or(2)

�

unique
im

m
ediate

predecessor
ofb,

nam
ely

a,
i.e.

P
red

�b

�
�
fa

g,

or(3)
for

allc

�

P
red

�b

�

c

��

a
and

a
dom

c.

A
lgorithm

1:

change

�

true;
D

om
in

�r�
�
frg;

D
om

in

�n

�
�

N

�

n

�

N

	
frg

w
hile

(
change

)
change

�

false
for
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�

N

	
frg

//in
dfsnum

order
D

�
fn
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E
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puting
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inators

Y
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N
Y

B1

B4

B5
B6

B2
B3

 entry

exit

node
i

D
om
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entry
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E
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m
ediate

dom
inators
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�
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2
[Lengauer/Tarjan’79]

based
on

depth
firstsearch

and
path
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e

O

�elog
n

�

or
O

�e

�α

�e

�n

��

(see
e.g.[M

uchnick
pp.185–190])



T
D

D
C

86
C

om
piler

O
ptim

izations
and

C
ode

G
eneration

—
C

ontrolF
low

A
nalysis.

P
age

25
C

.K
essler,ID

A
,Linköpings
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Loops
and
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C
onnected

C
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ponents
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e

calla
(backw

ard,
B

)
edge

�m

�n

�

a
loop

back
edge

if
n

dom
m

.

R
em

ark:N
otevery

B
edge

is
a

loop
back
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N
aturalloop

ofa
loop

back
edge

�m

�n

�

=
subgraph

of
n

and
allnodes

v

from
w
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m

can
be
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ithoutpassing
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n

n
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the
loop

header.
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de

c
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T
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T
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C
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m
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nodes.
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loop

nodes.

?  C
an’t exist because  n  dom

  m
  

n

B

m v
v’ w



T
D

D
C

86
C

om
piler

O
ptim

izations
and

C
ode

G
eneration

—
C

ontrolF
low

A
nalysis.

P
age

28
C

.K
essler,ID

A
,Linköpings
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Loop
header,preheader

F
or

technicalreasons,add
a

pre-header
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ifthe
header
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than

2
predecessors:

header

B

header

B

pre−
header

B
1

B
2

B
1

B
2

�

E
asier

to
place

new
instructions
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m

ediately
before

the
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P
roperties

ofN
aturalLoops

�

Tw
o

naturalloops
w

ith
differentheaders

�

are
either

disjoint

or
one

is
nested

in
the

other.

�

E
ach

naturalloop
is

a
S

C
C

.

B
ackground:

S
trongly

connected
com

ponent(S
C

C
)

=
subgraph

S

�
�N

S

�E
S �,

N
S

�

N
,E

S
�

E
,

w
here

every
node

in
V

S
is

reachable
in

S

from
every

other
node

in
V

S
via

edges
in

E
S .

S
C

C
’s

can
be

com
puted

w
ith

Tarjan’s
algorithm

(extension
ofdfs)

in
tim

e
O

�jV

j�
jE

j�

[Tarjan’72]

�

S
everalloops

sharing
a

com
m

on
header

node
is

a
pathologicalspecialcase

thatm
ustbe

treated
ad

hoc.
S

ee
e.g.M

uchnick
7.4

for
m

ore
details.
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(cont.)
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R
educibility

offlow
graphs

A
flow

-graph
is

reducible
ifallB

edges
in

any
D

F
S

tree
are

loop
back

edges.

Intuitively:...ifthere
are

no
jum

ps
into

the
m

iddles
ofloops

(e.g.,goto’s).

b

ce
f

c’
d

b

d
c

f
e

R
educible

flow
graphs

are
w

ell-structured
(loops

properly
nested).

Irreducible
flow

graphs
are

rare

and
can

be
m

ade
reducible

by
replicating

nodes.



T
D

D
C

86
C

om
piler

O
ptim

izations
and

C
ode

G
eneration

—
C

ontrolF
low

A
nalysis.

P
age

32
C

.K
essler,ID

A
,Linköpings
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In
tervalan

alysis
�

D
ivide

flow
graph

into
regions

(e.g.,loops
in

C
FA

)

�

R
epeatedly

collapse
a

region
to

an
abstractnode

�

abstractflow
graph

�

nested
regions

(controltree)

H
ierarchicalfolding

structure
allow

s
for

faster
/sim

pler
data

flow
analysis

S
im

plestvariant:
T

1-T
2

A
nalysis

[U
llm

an’73]

B
1

B
2

B
1a

B
1

T
2:

B
1a

T
1:

�

Try
to

fold
entire

flow
graph

into
a

single
node

�

W
orks

only
for

very
restricted

flow
graphs
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S
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ctu
ralA

n
alysis

is
a

specialcase
ofintervalanalysis:

�

C
F

G
folding

follow
s
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program

�

folding
transform

ations
for

loops,if-then-else,sw
itch,etc.

�

E
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region
has

1
entry

point
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W
orks

only
for
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ell-structured

program
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–
E
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to

handle
arbitrary

flow
graphs
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otherw
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+
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for
each

construct

�

faster
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S
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—
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and

transform
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B
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if−

then−
else:
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loop:
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T
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E
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(cont.):

S
tructuralanalysis

entry

B
1

B
2

B
3B
4

B
6

exit

B
5

Y
N

N
Y

m n R
7

R
8

R
9

procedure

R
9

B
6 exit

entry

B
1

B
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R
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5

R
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B
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B
4

R
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 H
ierarch

y T
ree

R
em

ark:Ifonly
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are

ofinterest,the
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ac-
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8
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R
9

m
erged

w
ith

top
level).
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C
om

puting
a

bottom
-up

order
ofregions

ofa
reducible

flow
graph

Input:A
reducible

flow
graph

G

O
utput:A

bottom
-up

ordered
list

R
ofloop-based

regions
of

G

1.R

�
fB

1

�B
2

�

�
�
�g

=
allleafregions,i.e.,allsingle

blocks
in

G
,in

any
order

2.repeat

C
hoose

a
naturalloop

L
such

that,

ifthere
are

any
naturalloops

L

�contained
w

ithin
L,

then
the

(body
and

loop)
regions

for
these

L

�w
ere

already
added

to
R

.

R
.add(

the
region

consisting
ofthe

body
of

L
)

//body
ofL

=
L

w
ithoutthe

back
edges

to
the

header
of

L

R
.add

(
the

loop
region

for
L

)

untilallnaturalloops
have

been
considered

3.Ifthe
entire

flow
graph

is
notitselfa

naturalloop,

R
.add(

the
region

consisting
ofthe

entire
flow

graph
).
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S
u

m
m

ary:
C

ontrol-F
low

A
nalysis

�

B
asic

blocks,extended
basic

blocks

�

Loop
detection

�

D
om

inator-based
C

FA

�

Interval-based
C

FA

�

S
tructuralanalysis


