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Motivation

@ Static Single Assignment Form (SSA Form)

o standard (libfirm, llvm, hotspot, gcc)
e eases specification and implementation of program transformations

@ Does SSA form ease the correctness proofs of program
transformations, too?
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Static Single Assignment Form
Static Single Assignment Form

e Alpern, Cytron, Ferrante, Rosen, Wegman, Zadeck [6, 1, 2]

@ developed in the context of data flow analysis
@ SSA condition

@ every name has exactly one assignment in the program
e join points of control flow are mediated by phi nodes (e.g. loops)
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Introduction

Example
Program
1 // n input
2 entry: i = 1;
3 loop : if n =0 then
4 return i
5 else
6 i=n x i;
7 n=n-—1;
8 goto loop
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Introduction Example

Example

Program

1 // n input

2 entry:
3 loop
4

5

6

7

8

i = 1;

if n =0 then
return i

else

Sigurd Schneider (UdS)

Program with variables renamed (broken)

1 // nO input

2 entry: i0 = 1;

3 loop if n0 =0 then

4 return i0

5 else

6 il = n0 * i0;
7 nl = n0 — 1;

8 body:goto loop
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Introduction Example

Example
Program Program in SSA form
1 // n input 1 // n0 input
2 entry: i = 1; 2 entry: i0 = 1;
3 loop : if n =0 then 3 loop : (n2,i2) =
4 return i 4 phi(entry:(n0,i0),
5 else 5 body:(nl,il));
6 i =nx i; 6 if n2 =0 then
7 n=n-—1; 7 return i2
8 goto loop 8 else
9 il = n2 % i2;
10 nl = n2 — 1;
11 body:goto loop
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Control Flow Graph

entry:

i0=1

loop:

return i2

n2 ==
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n2,i2 = phi(entry:(n0,i0), body:(n1,il));

n21=0

body:

il
nl

n2 * i2;
n2 — 1;
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vl G
Control Flow Graph revisited

return i2
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n2 ==

entry nQ
i0=1
(n0,i0)
loop (n2,i2)
n2!=0 (n1,i1)
il =n2 xi2;
nl =n2 — 1;
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Syt
Syntax

We assume expressions e of integer type with tuples.

Program equations Statement language
foxo = o S,¢ti=x=¢;s assignment
hx = s | ifest conditional
| goto/x goto
| return x return

shortly written as

fx=s
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Intermediate Language (IL) M=ElH

Example

Program in SSA form Program equations in IL
1 // nO input 1 // nO input
2 entry: i0 = 1; 2 entry n0 =
3 loop : (n2,i2) = 3 i0 = 1;
4 phi(entry:(n0,i0), 4 goto loop (n0,i0)
5 body:(nl,il)); 5
6 if n2 =0 then 6 loop (n2,i2) =
7 return i2 7 if n2 =0 then
8 else 8 return i2
9 il = n2 *x i2; 9 else
10 nl = n2 — 1; 10 il = n2 x i2;
11 body:goto loop 11 nl = n2 — 1,;

12 goto loop (nl, il)

Sigurd Schneider (UdS) Semantics of an IL for PT 11/11/11 11 /26



Intermediate Language (IL) BSEREGITES

Semantics for the IL 1

The semantics is defined on state tuples

M program equations f x = s
Mto,s  where o environment
s current statement
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Semantics for the IL 2

ASSIGN
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Intermediate Language (IL)

Nt olx:=[e]o],s>v
Mn

F o,x=e¢esb>v
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Semantics for the IL 2

ASSIGN

Nt olx:=[e]o],s>v
Mn

F o,x=e¢esb>v

[eJleo=b N F o,sp>v
COND

MNkE oifesysi>v
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Semantics for the IL 2

ASSIGN

Nt olx:=[e]o],s>v
Mn

F o,x=e¢esb>v

COND
RETURN

OX =V

[eJleo=b N F o,sp>v

MNkE oifesysi>v

F o,returnxp> v

o & = E DA
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Intermediate Language (IL) BSEREGITES

Semantics for the IL 2

Nt olx:=[e]o],s>v [eJleo=b N F o,sp>v
ASSIGN COND
F ox=es>v MNkE oifesysi>v
ox=v fx=sF Oxi:=0y],si>v
RETURN GOTO ——
F o,returnxp> v fx=st o,gotofiypv
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Contextual Equivalence (Morris [5])

“Two programs are contextually equivalent if, whenever they are
each inserted into a hole in a larger program of integer type, the
resulting programs either both converge or both diverge.” [3]

C:=[]|x=e C|if1eCs|ifpesC

VCv, NkE 0,C[s]>v + 0,C[s']>v J
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Statement Equivalence

MNks~s < VYov,

MNko,s>v < o,5>v

CONGRUENCE
Msas

COMPLETENESS
M Cls] =~ C[5]

VCv, Nk 0,C[s]>v < 0,C[s|>v
MEs~s

o & E DA
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Program Equivalence

NFHf~g <= [+ gotofx~gotogx J

EXTEND

Mes~s g fresh EXTRACT

Vo, NigFo,gotogx>v « Mt o,gotogxpv

Mgx=tks~s

where |z denotes the set equation names possibly reachable from g.
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g fresh
Mgx=tks~x~s

f x =y = x;returny is equivalent to f x = return x
EXTEND
NEs~s

Sigurd Schneider (UdS)
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EXTEND
NEsas

f x =y = x;returny is equivalent to f x = return x

g fresh
Mgx=tks~x~s

|

fx=y=x,returny
g X = returnx

Sigurd Schneider (UdS)
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f x =y = x;returny is equivalent to f x = return x

EXTEND
Mks~s g fresh n.— fx=y=x,returny
Mgx=tks~x~s " gx =returnx

fx=sks~s

f x = sk goto fix = goto fj x
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f x =y = x;returny is equivalent to f x = return x

EXTEND
Mks~s g fresh n.— fx=y=x,returny
Mgx=tks~x~s " gx =returnx

fx=sks~s

—_— ) F y=x;returny = returnx
f x = sk goto fix = goto fj x
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et
fx =y = x;returny is equivalent to f x = return x

EXTEND
Mks~s g fresh n.— fx=y=x,returny
Mgx=tks~x~s " gx =returnx

fx=sks~s

—_— ) F y=x;returny = returnx
f x = sk goto fix = goto fj x

) F y=x,returny = returnx Assumption
N F y=x;returny ~ returnx EXTEND
M+ gotofx ~ gotogx Lemma

NEFf~g Def. =~
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LGS EI  SSA Construction

How to translate from an imperative language to IL?

Appel/Kelsey embedding [4]

“Any SSA program can be syntactically translated into an equivalent
continuation passing style program”

@ Via Appel/Kelsey embedding, if in SSA form

@ How can we investigate the SSA construction in our setting?
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iy B S L
Imperative Semantics

fx=st oxi=0y],si<v
Goro

fx=s F og,gotofiy<v

MkEo,s>v
SUBSET —————
0,54V

Counter-example for Superset property:

fx = returny F ([y :=1],gotofy <l
fx = returny F [y :=1],gotofy §1
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Imperative and Functional Semantics

o & = E DA
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Imperative and Functional Semantics

o & = E DA
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iy B S L
Imperative and Functional Semantics

essentially h is an SSA construction algorithm
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Conclusion

h:SSA construction algorithm

o0 : optimizing program transformation
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Conclusion

Thank you!
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Appendix

Example
Program in SSA form
Program 1 // n input
2 entry =
1 // n input 3 i=1;
2 entry: i = 1; 4 goto loop ()
3 loop : if n =0 then 5
4 return i 6 loop - =
5 else 7 if n =0 then
6 i =n % i; 8 return i
7 n=n-—1; 9 else
8 goto loop 10 i =n x i;
11 n=n-—1;
12 goto loop ()
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VAV Conjecture

Conjecture
nfx=s t nx,:=0yl,sn>v
_— Gorto —
n,fx=sko,t nfx=s t ogotofyp>v
fx=st olxj:=0y],si<v
GOTO ——
fx=stF o,gotofiy<v
Conjecture

For all 0,5, in SSA form,

o,NMFo,s>pv<<=ollFosav
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VAV Conjecture

Example

Goal: f x =y = x;returny is equivalent to f x = return x.

EXTRACT
Vo, Mg o,gotogx>v < MEo,gotogx>v

fx=y=x;returny
g X = returnx

By EXTRACT and Def. =, we get for all o,

g X =returnx - o,gotog x> v

< MNFogotogxp>v EXTRACT
< MNFogotofx>v M-f~g

< fx=y=x,returny F o,gotof x> v EXTRACT
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