Control Flow Analysis

Adapted from Lectures by
Prof. Saman Amarasinghe (MIT)

Constant Propagation

int suntalc(int a, int b, int N

{

<= N iP+H) {

+ (4*alb)*i + (i+1)*(i+1);

return x;
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Constant Propagation

suntal c(int a, int b, int N

":O;i <= N i++) {
X + (4*alb)*i + (i+1)*(i+1);
X + b*y;

return x;

Constant Propagation

int suntalc(int a, int b, int N

{

<= N P+ {
+ (4*alb)*i + (i+1)*(i+1);

return x;

Constant Propagation

suntal c(int a, int b, int N

":O;i <= N i++) {
X + (4*alb)*i + (i+1)*(i+1);
X + b*O0;

return x;




control Tiow or the program
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E —execute the nextinstruction
RHS constant given that: - siraight line control-flow
—All paths to the use of LHS variable passesthe

ass 9nment of theL H.S vari albl.e. with the constant _ execute from different location
— There are no intervening definition of the LHS + jump n confrol-flow

variable : - ———
» Branch indructions

— execute either the next instruction or froma
«Need-toknow-the*control-flow”—of theprogram differentfocation

«fork-inthecontrol=flow

—Jdmpinstractions

—Only-thefirstinstroctioncan-bereachedfrom
outside the basic block
—All theinstructions are executed consequetively if
: the first instruction is executed
= Observation = No branch or jump instructionsin the basic biock, except

—avery targegraph thelast ingtruction
—lotof straight-line-connections « Nolabelswithin the basic block, except before thefirst

g . = = - instruction
=simplify-the-graph-by-grouping-some-instructions

«Edges(E)-{xy) 1 —E firstingtruction-inthe
basic block-y follows the last-instruction-in-the «Fhe blocks with the return-instruction-(jsr)-are
basie bleekx the-exit-nodes.

—First-ingructioninyisthe target of branchorjump —Canmakeasingte exit node by -adding-aspecial
instruction (last instruction) in the basic block x node

—first instruction of y is next after the last instruction
of xin‘memory and thetastinstructionof xisnota
jump-instruction
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Control-flow And YSIS
* Loops are important to optimize » Unstructured Control Flow

>0) goto

— —Programsspend alotof timesinloopsand—— —Use of goto’s by the programme e
recursive cycles —Only way to build certain control HySyes
=Many specia optimizations can be done on-foops structures

e Obscured control flow
—method invocations
— procedure variables
—higher-order functions
—jump tables

*—Programmers organize code using structured
control-flow (if-then-else, for-loops €tc.)
—Optimizercan-exploitthis-oncethey-are
discovered

Myobj ect->run()

«Find-the-hodesand-edgesinthe > «Find-the-hodesand-edgesinthe
loop-givenby theback-edge loop-givenby theback-edge
~—Otherthanthe back-edge

=theoming-edgesonty-tothebasie
block with the back edge head

—one outgoing edge from the basic
block with the tail-of the back-edge




Identify back edges
Findthenodesand-edgesinthe
loop-given-by-the back-edge
Other-than-the back-edge

—lncoming-edges-only-tothe basic
block with the back edge head

—one outgoing edge from the basic
bleek-withrthetail-ef the-back-edge

How-do-Hindtheback-edges?

» Node x dominates node y (x domy) if every
possible execution path-from-entry tonode y
includes node x




-~ Dominators

* |sbbl dom bb5? » |sbbl dom bb5?

QUESTION QUESTION

* |sbbl dom bb5? Isbbl1 dom bb5?

* |sbb3 dom bb6? * |sbb3 dom bb6?

aisthe unique immediate predecessor of b or
—aisadominator-of-ali-immediatepredecessorof-b

— Make dominator set of the entry node have itself
—Makedominator-set-of-therest-haveal-the-nodes
— Visit the nodesin any order

—Make dominator set of the current node intersection of the
dominator-setsofthepredecessornodes=+thecurrentnode

— Repeat until-no change




Computing Dominators Computing Dominators

— Make dominator set of the — Make dominator set of the
entry node have itself {bb1} [bb1 | entry node have itself

— Make dominator set of the — Make dominator set of the
rest have al the nodes

5z rest have all the nodes

— Visit the nodesin any order bL] — Visit the nodesin any order

— Make dominator set of the — Make dominator set of the
current node intersection of b3 hha current node intersection of
the dominator sets of the the dominator sets of the
predecessor nodes + the - predecessor nodes + the
current node [(obs ]

current node
— Repeat until no change — Repeat until no change

(o6 |

Computing Dominators Computing Dominators

— Make dominator set of the — Make dominator set of the
entry node have itself entry node have itself

— Make dominator set of the — Make dominator set of the
rest have al the nodes

rest have all the nodes
— Visit the nodesin any order — Visit the nodesin any order
— Make dominator set of the — Make dominator set of the
current node intersection of 3 current node intersection of
the dominator sets of the & o2 the dominator sets of the
predecessor nodes + the predecessor nodes + the
current node i

current node
— Repeat until no change — Repeat until no change

— Make dominator set of the — Make dominator set of the

entry node have itself entry node have itself {bb1} [
— Make dominator set of the — Make dominator set of the

rest have all the nodes rest have all the nodes b1 y_
— Visit the nodesin any order — Visit the nodesin any order b2 b2
— Make dominator set of the — Make dominator set of the

current node intersection of | pi : 3 current node intersection of

the dominator sets of the o2 the dominator sets of the

predecessor nodes + the predecessor nodes + the

current node ,, i

current node
— Repeat until no change — Repeat until no change




Computing Dominators Computing Dominators

— Make dominator set of the — Make dominator set of the
entry node have itself {bb1} [bb1 |

entry node have itself {bb1} b1 |
— Make dominator set of the — Make dominator set of the
rest have al the nodes {

bbl = rest have all the nodes
— Visit the nodes in any order 2 },—_bbL]

— Make dominator set of the
current node intersection of
the dominator sets of the
predecessor nodes + the b2 predecessor nodes + the
current node ;

current node
— Repeat until no change — Repeat until no change

current node intersection of
the dominator sets of the

— Visit the nodesin any order
— Make dominator set of the l Dy

Computing Dominators Computing Dominators

— Make dominator set of the — Make dominator set of the
entry node have itself {bb1} @ entry node have itself

— Make dominator set of the — Make dominator set of the
rest have all the nodes { bl }

L’._bg_l rest have al the nodes

— Visit the nodesin any order bb2 ~ B2 — Visit the nodesin any order

— Make dominator set of the — Make dominator set of the
current node intersection of {BB% 3 current node intersection of
the dominator sets of the bb3 oo the dominator sets of the
predecessor nodes + the predecessor nodes + the
current node ,, current node

— Repeat until no change — Repeat until no change

Computing Dominators Computing Dominators

— Make dominator set of the — Make dominator set of the

entry node have itself {bb1} entry node have itself {bb1}
— Make dominator set of the — Make dominator set of the

rest have all the nodes {hhl na rest have all the nodes b1 v
— Visit the nodesin any order b2 _Hb2 — Visit the nodesin any order o2 b2
— Make dominator set of the — Make dominator set of the }

current node intersection of bb2 - 3 current node intersection of bb3

the dominator sets of the o4 the dominator sets of the

predecessor nodes + the predecessor nodes + the

current node i current node
— Repeat until no change — Repeat until no change




Computing Dominators Computing Dominators

— Make dominator set of the — Make dominator set of the
awzﬁ/ n(|)de_hi\l/e \tsilf i {bb1} [bb1 | awzﬁ/ n(ﬁde_hi\l/e \tsilf . {bb1} b1 |
- e dominator set of the - e dominator set of the
rest have all the nodes bl s rest have all the nodes b1 —s
— Visit the nodesin any order {""2 },—_bbL] — Visit the nodesin any order *”2 }Eb2—_,
— Make dominator set of the — Make dominator set of the
current node intersection of {BE% current node intersection of ggg } bb3 |Bb4__|§{§§ }
the dominator sets of the bb3 the dominator sets of the b3 04
predecessor nodes + the predecessor nodes + the 2]
current node 2 current node E}bE
— Repeat until no change — Repeat until no change b
]

Computing Dominators Computing Dominators

— Make dominator set of the — Make dominator set of the
entry node have itself {bb1} @ entry node have itself {bb1} @

— Make dominator set of the { } — Make dominator set of the }
rest have all the nodes bl L’._bg_l rest have all the nodes %m @

— Visit the nodesin any order bb2 ~ B2 — Visit the nodesin any order 2 2

— Make dominator set of the — Make dominator set of the
current node intersection of {BB% current node intersection of ol }@ @%ﬁ% }
the dominator sets of the bb3 the dominator sets of the ! L
predecessor nodes + the predecessor nodes + the
current node

E

current node Eié ]E—l
— Repeat until no change — Repeat until no change b5
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Computing Dominators Computing Dominators

— Make dominator set of the — Make dominator set of the
entry node have itself {bb1} entry node have itself {bb1}

— Make dominator set of the — Make dominator set of the
rest have all the nodes {hhl _Y. rest have all the nodes b1 v

— Visit the nodesin any order b2 Hb2 — Visit the nodesin any order b2 b2

— Make dominator set of the — Make dominator set of the }
current node intersection of bb2 - current node intersection of 2
the dominator sets of the the dominator sets of the
predecessor nodes + the predecessor nodes + the
current node i

current node
— Repeat until no change — Repeat until no change




Computing Dominators

— Make dominator set of the
entry node have itself {bb1} [bb1 |
— Make dominator set of the

rest have al the nodes -
— Visit the nodesin any order {EE% },—_bbL]
e

the dominator sets of the { b33 }"Eﬂ Ebbz‘{

predecessor nodes + the _

current node [(obs ]
— Repeat until no change

bb6

bbl
pb2
bb4

}

Computing Dominators

— Make dominator set of the
entry node have itself

— Make dominator set of the
rest have al the nodes

— Visit the nodes in any order

— Make dominator set of the {

{bb1} (I
o (e

current node intersection of 583
the dominator sets of the bb3
predecessor nodes + the

current node

— Repeat until no change

Computing Dominators

— Make dominator set of the
entry node have itself

— Make dominator set of the
rest have al the nodes

— Visit the nodes in any order

— Make dominator set of the
current node intersection of
the dominator sets of the
predecessor nodes + the
current node

— Repeat until no change

Computing Dominators

e Algorithm
— Make dominator set of the
entry node have itself
— Make dominator set of the

{bb1} b1 ]

rest have al the nodes *

2 o]
lBa Bl
| BB
]EbEI

— Visit the nodesin any order

— Make dominator set of the
current node intersection of
the dominator sets of the
predecessor nodes + the
current node

— Repeat until no change

b2
b4

i

Computing Dominators

— Make dominator set of the
entry node have itself

— Make dominator set of the
rest have all the nodes

— Visit the nodes in any order

— Make dominator set of the
current node intersection of
the dominator sets of the
predecessor nodes + the
current node

— Repeat until no change

{bb1} @

Computing Dominators

— Make dominator set of the
entry node have itself

{bb1} g;’

— Make dominator set of the
rest have all the nodes b1 v
— Visit the nodesin any order o2 b2

— Make dominator set of the }
current node intersection of 0
b4

h bb3 bb4
the dominator sets of the b

predecessor nodes + the é’
current node b2

— Repeat until no change

I

} bb6




Computing Dominators

— Make dominator set of the
entry node have itself

— Make dominator set of the
rest have al the nodes

— Visit the nodesin any order

— Make dominator set of the
current node intersection of
the dominator sets of the
predecessor nodes + the
current node

— Repeat until no change
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bb6

bbl
pb2
bb4
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Computing Dominators

— Make dominator set of the
entry node have itself

— Make dominator set of the
rest have all the nodes

— Visit the nodes in any order

— Make dominator set of the
current node intersection of
the dominator sets of the
predecessor nodes + the
current node

— Repeat until no change

bbl

(g

2
bb3

{bb1} (I
{1

Computing Dominators

— Make dominator set of the
entry node have itself

— Make dominator set of the
rest have al the nodes

— Visit the nodes in any order

— Make dominator set of the
current node intersection of
the dominator sets of the
predecessor nodes + the
current node

— Repeat until no change

{bb1} %I

{

bbl —
b2 b2

Computing Dominators

— Make dominator set of the
entry node have itself {bb1} b1 |
— Make dominator set of the

rest have all the nodes b1 -
— Visit the nodesin any order *”2 }EbZ__,
— Make dogzij nator set of thef -
current node intersection o gbz } b3 hba %
the dominator sets of the b3
predecessor nodes + the

current node } bos_|
— Repeat until no change >
-

bl
b2
b4

i

Computing Dominators

— Make dominator set of the
entry node have itself

— Make dominator set of the
rest have all the nodes

— Visit the nodes in any order

— Make dominator set of the
current node intersection of
the dominator sets of the
predecessor nodes + the
current node

— Repeat until no change

{bb1} @

Computing Dominators

— Make dominator set of the
entry node have itself {bb1} l;l
— Make dominator set of the
rest have all the nodes b1 _
— Visit the nodesin any order b2 b2

— Make dominator set of the } :i
current node intersection of b3 Dol B
the dominator sets of the b4
predecessor nodes + the é’
current node b2

— Repeat until no change

[rvm
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} bb6
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Computing Dominators

— Make dominator set of the

entry node have itself {bb1} [bb1 |

— Make dominator set of the
rest have all the nodes bl s

— Visit the nodesin any order {""2 },—_bbL]

— Make dominator set of the oot oot
current node intersection of {bbz } 55:; bﬁi {bbg }
the dominator sets of the bb3 bo4
predecessor nodes + the . -
current node {ﬁgg }EbbE:l

— Repeat until no change -

{BB% }L_bbﬁ__|
bb5
bb6

~ Whatisabackedge?

- Anedge(y)+Eisa
back edge  y dom x

—isnodeyinthedominator
set-of nodex

~ Preorder and Postorder

«{n-preorder-traversal-each-nodeisprocessed
before its descendants in the depthfirst tree

= Inpostordertraversal—each-nodeisprocessed
afteritsdescendantsinthedepth-firsttree

« \What we just withessed was an-iterative
data-flow analysis algorithm in action
—Initialize al the nodes to a given value
—Vist nodesin some order
— Cdculate the node's value
—Repeat until no value changes

=Vistalthe
descendants of a
node before visiting
any-siblings

»Depth-first spanning
tree

—asetofedges
corresponding to a
depth-firstvisitation
of CEG

« Interval Anayss
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~ ReducibleCFGs Reducible CFGs

 Reducibility formalizes well structured-ness of e
aprogram
e A graphisreducible  repeated application of Bz
thefollowing two actions yields a graph with
only one node bos ] boa ]
—replace self Toop by a single nhode S
=Treplaceasequence of nodes such thatalithe lobs ]
incoming-edges are to-thefirst node-and-ali-the
outgongedgesaretothetastnode b6

Reducible CFGs Reducible CFGs
bt

Cope ]
R
iy
Cone]

Reducible CFGs Reducible CFGs

C_1

bb1

L1

bb2

C.1

bb3 bb4

o
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Reducible CFGs

Reducible CFGs

Lot

Reducible CFGs

Reducible CFGs

Reducible CFGs

Irreducible graphs

L

L1
L
[rr]
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« If-anodeincludesagraph
—Caledlate values-of the nodes inthat-graph
—Propagate values {no-back-edges b—no-iteration)

—Useentry{erexitvalueasthevalueof the
enclosing-node

AN alalae hoc N alalida aVVAVAN a -
APPHOACHES O - COHU O OW- A AV SIS

* |terative Analysis

—lUse

— Propagate values

—lterate until no change
 Interval Based Andysis

—Use areducible CFG

—Cdculate in hierarchical graphs

—Noiterations (faster)

Interval Analysis

Interval Analysis

Interval Analysis

14



Interval Analysis

Coba

Interval Analysis

o]

Interval Analysis

bo1 ]

* Reducible Graphs
e Interval Andysis

Interval Analysis
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