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Data Dependence Example
Definition
b Data dependencese consaintson the order in Wich satenentsmay be
executed
We sy datemert s, depends on s, a =b;
D Flow (true) dependence: s, writes menmory that s later read§RAW) = flow
b Anti-d ependence s, readsmenory that s later wites (WAR) b=c+d b anti
D Output dependences s, writesmenory that g later writes (WAW) e-a+d
D Input dependences s, readsmenory that s later read{RAR) ' -©» output
b = 3: === input
True dependences
b Flow dependencepreent actual flowof data f =b* 2

False dependences

D Anti- and output dependencesflect reus of menory, not actual data
flow; can often be elimated




Representing Data Dependences

Implicitly
b Using variabledefsand ues
b Pros smple
b Cons hidesdata dependence (anadgsnug find thisinfo)

Def-use chains (du chains)
D Link each def to itaises
b Pros explicit; therefore fas
B Cons mug be conputed and updatedpace consming

Alternate representations

b e.g.,Static sngle asignment form(SSA), ProgramDependence faph
(PDG), dependence flowraphs(DFG), value dependence grapv¥DG),

DU Chains

Definition
D duchainslink each def to itsises

Example
S, a = b;
(Sz b=c+d =P duchain
A
S; e = a + d;
S, b = 3;
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UD Chains

Definition
D ud chainslink each us to itsdefs

Example

S, b =c+d ud chain
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Role of Alternate Program Representations

Advantage
b Allow analygsand tranformationsto be gmpler & more efficient/effective

Disadvantage
D May not belexecutabl®(requiresextra trantationsto and fron

D May be experige (in terns of time or pace)

Proces

Original Code (RTL) Optimized Gde (RTL)

T

T1 T2
SSA Codel ——» SSA Code2 ——— SSA Code3




Static Single Assignment (SSA) Form

Idea
D Each variable hagnly one gtic definition
D Makesit easer to reasn about valuemstead of variables
D Similar to the notion of functional programing
Transformation to SSA
D Renane each definition
D Renane all ugsreached by that agnment

Example

What do we do when there® cortrol flow ?

SSA and Control Flow

2

Problem
D A us may be reached byeseral definitions

|1| SR
N

2|v0:=... | 3|v1:=... |

v
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SSA and Control Flow (cont)
Merging Definitions
b ! -functionsmerge nultiple reaching definitions
Example
1
2lvg i=.. | sy, =]
a|Vo 1= (Vg vy)
Vo
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Another Example

[
)
1
=

2|v 1= v+l

<
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SSA vs. ud/du Chains

SSA form is more corstrain ed

Advantagesof SSA
D More conpact
D Some analyssbecone smpler when each weshasonly one def
b Value nerging isexplicit
D Easer to update and amipulate?
Furth ermore
b Eliminatesfalse dependencegsimplifying context)
for (i=0; i<n; i++)
Alil =1,
for (i=0; i<n; i++)
print(foo(i));

Unrelated ussofi are given
different variable naes
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SSA vs. ud/du Chains (cont)

Worst case du-chains?

switch (cl) {

case 1: x = 1; break;

case 2: X = 2; break;

case 3: X = 3; break;

}

Xy = H(Xy X, X3)

switch (c2) {

case 1: yl = x; break;

case 2: y2 = x; break;

case 3: y3 = x; break;

case 4: y4 = x; break;

! m defsand n ussleadsto m' n du chains
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Transformation to SSA Form

Two seps
b Insert! -functions
b Renane variables
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Where Do We Place! -Functions?

Basc Rule

b If two didinct (non-null) paths# z and ¥ z converge at node z, and
nodesx and y contain definitionsf variable v, then a
! -function for v isinserted at z

x|V1:=... | y|v2:=... |

2| Vs 1= 1V, V)
Vg
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Approachesto Placing ! -Functions

Minimal
b Asfew aspossible subject to the bas rule

Briggs-Minimal
b Same asminimal, except v mg be live acros some edge of the BG

Pruned
D Same asminimal, except dead-functionsare not inerted

Whai@ the difference beteen Biggs Minimal and Puned $A?
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Briggs Minimal vs. Pruned

v v

Briggs Minimal will add a

I function becawsv islive
acros the blue edge, butréned
SSA will not becaus the!
function isdead

Neither Biggs Minimal nor
Pruned SA will place a

I function in thiscag becaus v
is not live acrosany GG edge

Why would we ever us Briggs Minimal ingead of Puned SA?
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Machinery for Placing ! -Functions

entry
Recall Dominators

B ddomi if all pathsfrom entry to node i include d n ddomi
D dsdomi if d domi and &i

Dominance Frortiers “

B Thedominance frontier of a node d ishe ®t of nodeghat arejust
barelyOnot doninated by d; i.e., thees of nodes, such that

D d dominatesa predecesr p of n, and
b d doesnot drictly dominate n
B DF(d) = {n | %p&predn), ddom p and d sdomn}

Notational Convenience
DPDF(©S) ="' «s DF()
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Dominance Frontier Example

DF(d) = {n | %&predn), ddomp and d sdomn}

Dom(5) = {5, 6, 7, 8} Nodesin Dom(5)

DF(5)= {4,5,12, 13}

Whai3 significant about the Bminance Fontier?

In SSA form, definitionsmus dominate ugs
CS553 Lecture Static Single Assignment Form 20




Dominance Frontier Examplell

DF(d) = {n | %&predn), ddomp and d sdomn}

Dom(5) = {5, 6, 7, 8} Nodesin Dom(5)

DF(5)= {4,5,13}

In this graph, node 4 ithe firg point of convergence beegn the entry
and node 5,sdo we need & - function at node 13?
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SSA Exercise

3| |
DF(8) = {10}

DF(9) = {10}

DF(2) = {6} DF(d) = {n |%p&predn), ddomp and d sdomn}
DF({8,9}) = {10}

DF(10) = {6}

DF({2,8,9,6,10}) = {6,10}

See http://wwwv.hipersoft.rice edu/grads/publications/dom14.pdf for amore thorough description of DF.
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Dominance Frontiers Revisited

Suppo® that node 3 definegriable x
DF@3)= {5} ©
@ &
(8)

x & Def(3)

Do we need to inst a! - function for x anyvhere ele?
Yes Atnode 6. Wy?
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Dominance Frontiers and SSA

Let
D DF,(S) = DF(S)
b DF,,(S) =DFS' DF(9)

Iterated Dominance Frortier
DDF (S

Theorem

DIf Sisthe ®t of OFG nodesthat define variable v, thenR(S) is the ®t
of nodesthat requird -functionsfor v
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Algorithm for Inserting ! -Functions

for each variablev

WorkList) *

EverOnWorkList) *

AlreadyHasPhiFunc) *

for each node n containing an assignmenttov ~ Put all defs of v on the worklist
WorkList) WorkList' {n}

EverOnWorkList) WorkList

while WorkList $ *
Remove some node n for WorkList
for each d & DF(n)

if d+ AlreadyHasPhiFunc Insert at most one! function per node

Insert a! -function for v at d
AlreadyHasPhiFunc) AlreadyHasPhiFunc' {d}

if d+ EverOnWorkList Process each node at most once
WorkList) WorkList' {d}
EverOnWorkList) EverOnWorkList' {d}

Concepts

Data dependences
D Three kindsof data dependences
b du-chains

Alternate representations

SSA form

Conversion to SSA form
b ! -function placerent

Next Time

Lecture
b Using SSA to applyoptimizations

Variable Renaming

Basc idea
P When ve e a variable on the L${ create a newane for it
D When ve se a variable on theHRS, use appropriateuhript

Easy for straightlin e code

X= Xo =

=X =%
X = X, =

Use a sack when there@ cortrol flow
P For each us of x, find the definition of x that damatesit

Traver® the dormance tree




Dominance Tree Example

The doninance treelsows the doninance relation

Dominance Tree
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Y

Variable Renaming (cont)

Data Stru ctures
b Stackgv] , v
Holdsthe sibscript of mogt recent definition of variable v, initially oty
b Counter§v] , v
Holdsthe current nuilmer of asignmentsto variable v; initially O

Auxiliary R outine
procedur e GenName(variable v)
i := Counters[v]
pushi onto Stacks[Vv]
Countergv] :=i+1

Use the minance Tree to reember the nost
recent definition of each variable
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Variable Renaming Algorithm

procedur e Rename(block b)
if b previously visited return Call Rename(entry—nodej
for each ! -functionpinb

GenName(LHS(p)) and replace v with v;, where i=Top(Stack[v])
for each statement sin b (in order)
for each variablev & RHS(s)
replace v by v;, wherei = Top(Stacks[v])
for each variablev & LHS(s)
GenName(v) and replace v with v;, where i=Top(Stack[v])
for each s& succ(b) (in CFG)
j) positionin s@! -function corresponding to block b
for each ! -functionpins
replace the jt" operand of RHS(p) by v;, where i = Top(Stack[v]) tem
for each s& child(b) (in DT) } Recure using Depth Frst Search

Rename(s)
for each ! -function or statement tin b i . .
for each v, & LHS(t) } Unwind gack when done \vith this node
Pop(Stack[v])
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Transformation from SSA Form

Proposal
D Redore original variable naes(i.e., drop sibscripts)
b Delete all! -functions

Complications

- What if versons get out of order?
(simultaneouly live range$

Xg =

= X,
= Xy

Alternative
- Performdead code elimation (to pruné -functiong
- Replace! -functionswith copiesin predecesors
- Rely on regiter allocation coalesng to renove unnecesiry copies
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