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Problem : How to verify Optimizing compilers

Common Compiler optimizing pipeline be like

Pass Arguments: -tti -targetlibinfo -tbaa -scoped-noalias -assumption-cache-tracker -profile-summary-info -forceattrs -inferattrs
-callsite-splitting -ipsccp -called-value-propagation -globalopt -domtree -mem2reg -deadargelim -domtree -basicaa -aa -loops
-lazy-branch-prob -lazy-block-freq -opt-remark-emitter -instcombine -simplifycfg -basiccg -globals-aa -prune-eh -inline -functionattrs
-argpromotion -domtree -sroa -basicaa -aa -memoryssa -early-cse-memssa -domtree -basicaa -aa -lazy-value-info -jump-threading
-correlated-propagation -simplifycfg -domtree -basicaa -aa -loops -lazy-branch-prob -lazy-block-freq -opt-remark-emitter -instcombine
-libcalls-shrinkwrap -loops -branch-prob -block-freq -lazy-branch-prob -lazy-block-freq -opt-remark-emitter -pgo-memop-opt -domtree
-basicaa -aa -loops -lazy-branch-prob -lazy-block-freq -opt-remark-emitter -tailcallelim -simplifycfg -reassociate -domtree -loops
-loop-simplify -lcssa-verification -lcssa -basicaa -aa -scalar-evolution -loop-rotate -licm -loop-unswitch -simplifycfg -domtree -basicaa
-aa -loops -lazy-branch-prob -lazy-block-freq -opt-remark-emitter -instcombine -loop-simplify -lcssa-verification -lcssa -scalar-evolution
-indvars -loop-idiom -loop-deletion -loop-unroll -mldst-motion -aa -memdep -lazy-branch-prob -lazy-block-freq -opt-remark-emitter -gvn
-basicaa -aa -memdep -memcpyopt -sccp -domtree -demanded-bits -bdce -basicaa -aa -loops -lazy-branch-prob -lazy-block-freq
-opt-remark-emitter -instcombine -lazy-value-info -jump-threading -correlated-propagation -domtree -basicaa -aa -memdep -dse -loops
-loop-simplify -lcssa-verification -lcssa -aa -scalar-evolution -licm -postdomtree -adce -simplifycfg -domtree -basicaa -aa -loops
-lazy-branch-prob -lazy-block-freq -opt-remark-emitter -instcombine -barrier -elim-avail-extern -basiccg -rpo-functionattrs -globalopt
-globaldce -basiccg -globals-aa -float2int -domtree -loops -loop-simplify -lcssa-verification -lcssa -basicaa -aa -scalar-evolution
-loop-rotate -loop-accesses -lazy-branch-prob -lazy-block-freq -opt-remark-emitter -loop-distribute -branch-prob -block-freq
-scalar-evolution -basicaa -aa -loop-accesses -demanded-bits -lazy-branch-prob -lazy-block-freq -opt-remark-emitter -loop-vectorize
-loop-simplify -scalar-evolution -aa -loop-accesses -loop-load-elim -basicaa -aa -lazy-branch-prob -lazy-block-freq -opt-remark-emitter
-instcombine -simplifycfg -domtree -loops -scalar-evolution -basicaa -aa -demanded-bits -lazy-branch-prob -lazy-block-freq
-opt-remark-emitter -slp-vectorizer -opt-remark-emitter -instcombine -loop-simplify -lcssa-verification -lcssa -scalar-evolution
-loop-unroll -lazy-branch-prob -lazy-block-freq -opt-remark-emitter -instcombine -loop-simplify -lcssa-verification -lcssa
-scalar-evolution -licm -alignment-from-assumptions -strip-dead-prototypes -globaldce -constmerge -domtree -loops -branch-prob -block-freq
-loop-simplify -lcssa-verification -lcssa -basicaa -aa -scalar-evolution -branch-prob -block-freq -loop-sink -lazy-branch-prob
-lazy-block-freq -opt-remark-emitter -instsimplify -div-rem-pairs -simplifycfg

Most transformations need analysis of the dependencies between instructions
Complex and interdependent transformations may imply bugs
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Problem : How to verify Optimizing compilers?

How to formally verify those transformations?
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Verified Compilers : Theorem

Source ——— Compiler —— Assembler

vV behaviours B ¢ wrong, Assembler | B = Source || B
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Verified Compilers : Intermediate Representations for verification purpose

Compcert

C 1t C side-effects out m type elimination Comi
ompcel ;
’ (8" Jicop smplifications &lnor

of expressions

stack allocation

Optimizations: constant prop., CSE, tail calls, (LCM)
of variables
- IRs decompose compilation : simulation
. . p p ‘ R ) c:cp st (o) S (miner
simplification & modularity e —
. lf [ d t f t (Iterated Register Coalescing)
© SImplty analyses and transtormations C incarization () _spilling, reloadin (—j
p y y LTLﬁ l;i the CFG L LTLin ) t:h‘v‘wgi o LLinea'
layout of

stack frames

asm code
Asm Mach
generation

CompcertSSA

Programmed

in OCaml

Programmed

and proved isati

privaie < JmErEEr rr Ji ssa SREMEl ssa SEEVY RTL R
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Verified Compilers : Intermediate Representations for verification purpose

Compcert

C 1t C side-effects out m type elimination Comi
ompcel ;
’ (8" Jicop smplifications &lnor

of expressions

stack allocation

Optimizations: constant prop., CSE, tail calls, (LCM)
of variables
IRs decompose compilation : simulation
. . p p ‘ R ) c:cp st (o) S (miner
simplification & modularity e T skt
. lf [ d t f t (Iterated Register Coalescing)
SImpLlity analyses and transtormations C incarization () _spilling, reloadin (—j
p y y LTLﬁ l;i the CFG L LTLin ) t:h‘v‘wgi o L Linear
layout of
stack frames
Asm asm code Mach

CompcertSSA

Programmed

in OCaml

Programmed

and proved isati

privaie < JmErEEr rr Ji ssa SREMEl ssa SEEVY RTL R

Simplifying transformation expression = simplifying verification
7/ 42
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Transformation proofs techniques need to focus on dependences and values

SSA

Rosen et al. (1988)

Xi = o(xo, x1)
cC =X < 42
brif ¢ end body

Basic dependencies
But depends on control
flow graph (CFG)

(now used in many compilers)

Context

Sea-of-Nodes

(CLiff Click 1995)

Region

Sequentialized dependence graph

Regions reflect the CFG
(Used in HotSpot- Graal and LibFirm compilers)

(Monadic) Gated SSA

(Ottenstein et al. 1990)

Program Dependence Graph+SSA
Including control flow
informations
Monadic : includes variables
representing memory
(That is SSAFire | present next...)
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Semantic correctness of aggressive, global optimizations

Most of verification efforts use SSA heavily based on CFG
It relies on dominance relation to recover dependence informations

In Monadic Gated SSA dominance is no longer required when semantically
reasoning about optimizations correctness

Context 9/ 42



What do we want?

We want the transparency of such dependence graph but also simple, scalable
and elegant proofs of transformations.

= A Program Dependence Graph with operational semantics.

verified opt

SSAFire | SSAFirea
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SSA and extensions
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SSA [Rosen & al 1988] and Program Dependence Graph [Ferrante & al 1987]

Each variable is assigned exactly once, every variable is defined before it is used :

Source program

N X < X

SSA and extensions

referential transparency

Dependence Graph
SSA program 7

N X < X

N R R o
+
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<
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No
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X X o
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SSA = ¢ [Rosen & al 1988]

- d-function choose the right value depending on the control flow

- Make the dependences explicit

[1f c goto then else

(x2 =42;) (x3-= ﬂ

— AN

¢ (then:x_2, else:x_3);] @
SSA and extensions 13/ 42

print Xx_&;




GSA : Gated Single Assignment [Ballance & al.1990]

Include control information in ¢

x_1 = 2;
if ¢ goto then else

N\

(x2 = 42;) ( x3=0;]

X_4
y 1

SSA and extensions 4 [ 42

print x_&;

¢ (c:x_2, !c:x_3);]




GSA : Gated Single Assignment [Ballance & al.1990]

We can simplify notation when it's a ¢ with only 2 variables

X 1 = 2;
if ¢ goto then else

AN

(x2 = 42;) (x3=0;]

N/

[x 4 = ¢ (c, x_2, x_3); ]

y_ 1 = prlnt X_4;

SSA and extensions

14 [ 42



Tarjan ‘unambiguous path expression’ from end’s immediat dominator to end.

Block if1l :
x_1=1;
if c_1 goto 2 else if2

AN

Block if2 :
if c_2 goto 3 else 4

Block 3 Block 4 1)
X 3 = 3; x 4 = 4,

Block end
= ¢ (c_1:x_2, 'c_1Anc_2:x_3, 'c_1Alc_2:x_4);
print x_5;

SSA and extensions 15/ 42



Gating Loops (p & n)

What guard for ¢ ? How to choose between initialization and iteration?

Block init :
x_0 = 1;
T
Block header :
x_1i=¢ (2, x 0, x_b);
c_i X_1i < 42;
if c_i goto end else body

How controlling x_e?

V¥

Block body :
X_b = x_1i + 1;

Block end :
X_e = x_1i;

SSA and extensions 16 / 42



Gating Loops (p & n)

g initializes and defines variables modified in loops.

Block init :
X_0 = 1;
3
Block header :

Xx_i=p (x_0, x_b);

c i X 1 < 42; :
- - ! sets the out value with the guard
if c_i goto end else body L 8

Block body :
X b =x1+1;

Block end :
x_e = n(c_i, x_i);

SSA and extensions 16 / 42



How do we control effects dependencies?

x1=1
if c goto 1 else 2

[prmt} prmt prmt

© 0 o

Block 1 : Block 2 :
print x_1; print 0;
print 42;

SSA and extensions 17/ 42



State dependency : Monadic SSA

Introduction of abstract state variable m catching control dependencies between effects

x_1=1
if c goto 1 else 2

DN

Block 1 : Block 2
m_1 = print x_1 m_0; m 2 = print 0 m_0;

N/

3 =60 (c, m_1, m_2);
m_4 = print 42 m_3 ;

SSA and extensions 18/ 42



SSAFire : Syntax and Semantic

SSAFire : Syntax and Semantic 19 / 42



Constants, operators, comparisons...

constant literals € Consts = {false, true,...,—1,0,1,...}
operators € Ops={+,—,...}
comparisons € Conds ={=,<,not,...}

Dependence Graph : arrows show what a node needs to be evaluable

SSAFire : Syntax and Semantic 20/ 42



tract Syntax : two kind of terms

nodes id n,ni,ne,n € N
term graphs geg = N<=TyUTnm
scalar terms memory terms
Ty D vt == var Tm © mt == mvar
| cstk | printnm
| opolni,...,n]|condclny,...,nj | mnpnem
| mnen | returnyanm
| ¢ (vs,n)i | M a (s, M);
| kb yanin [ mupya mpm

Differenciate “scalar terms” and “memory terms”

SSAFire : Syntax and Semantic 21/ 42



Gates : activation # selection

scalar terms
Tv 3 vt =

var
cstk
op o [ni,.
nNcn

nodes id n,n;,Ne, Ny

( gates in DNF

Y, Y¥a, s € @(@(N))]

.., njl|condc[ny,...

, Ny

memory terms

Tm 2 mt =

mvar
obsnm
mmn nc m

¢ (’751 n)f
Hb Ya N Ny

\
|
\
|
\

retya nm

me va (s, M);
My Ya Mi My

The gates (in DNF form) : for “selection” but also “activation”

SSAFire : Syntax and Semantic

22/ 42



Activation gates

We've seen that the choice of the right “trace” is made by ms...
m_0 = mvar;
x_1 =1;
if c goto 1 else 2

Block 1 : Block 2 :
m_1 = print x_1 m_0; m_2 = print 0 m_0;

N

m_3 =md (c, m_1, m_2);
print 42 m_3 ;

3
~
1

Other cases where we don’t want to have several memory-variables defined at
same state!

SSAFire : Syntax and Semantic 23/ 42



Activation gates

SSAFire has no information in order to choose between the two return

MSSA CFG SSAFire
m_0 = mvar;

x_1 = var;

- ?
X_2 = cst 42; f

i; c goto 1 else 2

/ \ (return) (return)

[Block 1 : ] {Block 2 ]
m_1 = return x_1 m_0; m_2 = return x_2 m_0;
= == = = var mvar) |cst 42

Also necessary of me¢, mup and up nodes...

SSAFire : Syntax and Semantic 23/ 42



Activation gates

Activation gates embed control information into nodes using same memory

MSSA CFG SSAFire

= mvar;

= var;
- |
_2 = cst 42;
if c goto 1 else 2

xX X 3
N RO

(return) (return)

[Block il g ][Block 2 g ]
m_1 = return ¢ x_1 m_0;){m_2 = return !c x_2 m_0;
= - = var mvar ) |cst 42

Also necessary of me¢, mup and up nodes...

SSAFire : Syntax and Semantic 23/ 42



Syntax : zblock

nodes id n,ni,ne,n; € N
block id b € B
gatesinDNF  v,7a,7% €  p(p(N))
scalar terms memory terms
Ty D vt == var Tm © mt == mvar
| cstk | printnm
| opolni,...,n]|condclny,...,nj | mnpnem
| mnen | returnyanm
| & (s, )i [ M ya (s, m);i
| kb yanin [ mupya mpm

“scalar terms” and “memory terms”

SSAFire : Syntax and Semantic 24 | 42



Syntax : zblock

scalar terms
Ty 3 vt =
|
|
|

nodes id n,ni, Ne, Ny
block id b
gates in DNF Yy YasYs

var
cstk
op o [ni,...,n] | condc[ny,...,nj
nncn

@ (s, 1)

Kb Ya Ni Ny J

SSAFire : Syntax and Semantic

ublock : synchronises pnodes of the same loop

€
€
€

N
B
p(pWN))
memory terms

Tm 2 mt =

mvar
printn m
mn ne m
return yg N m
M vya (s, M);

Mup Ya M My ]
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=»int main(@nt_n){ (s : return @ s 0., )
@nt i=0)
while (i<n){
print 1i;

i++;

i++;
}

return i;

Ne : My O Ny Nz

n; @ print ng ru] [n, g mvar]

Constants, input values and state are leaves

SSAFire : Syntax and Semantic 25/ 42



int main(@nt n){ (22 : return @ s 0 )
@nt i=0)
= (while)(i<n){
print 1i;

i++;

i++;
}

return i;

Ne : Mgy @ Ny Ny

n- : print ng ru] [nl : mvar]

Initialization of x; nodes; Constants always evaluable but mvar “consumed”

SSAFire : Syntax and Semantic 25/ 42



int main(@nt M){ (s return 0 ne ni )
@nt i=0)
- @hito)(i<n){

print i;

n; : print ng n4] [n, : mvar]

N4 i O Ny Nio

o) (O

1 block synchronisation : uy evaluates only when all (m)uy are evaluable

SSAFire : Syntax and Semantic 25/ 42



SSAFIRE semantic evaluations and transition relations

We define a program state (or configuration) as :

g = (/’Im,p)

Where n,, is the current memory-state node
and p a map from value-state nodes to their value

Transition relation (or step) is defined as :

(m,g) For "5 o,

Where [vi,...,v] is an effect sequence
(here simplified to a list of printed values...)

SSAFire : Syntax and Semantic 26 | 42



State nodes

o= (nﬂhp)

State nodes are nodes defining a program state :
Memory-state nodes define the state’s memory

€ {return,m¢, mu, mnp,mvar}

SSAFire : Syntax and Semantic 27 | 42



State nodes

o= (nmap)

State nodes are nodes defining a program state :
Memory-state nodes define the state’s memory
€ {return,m¢, my, mnp, mvar}
Value-state nodes define the state’s values

€ {u,n,var}

SSAFire : Syntax and Semantic 27 | 42



Value nodes are all other nodes, their value for the current state can be
computed from the States nodes.

€ {cst,op,cond,¢,print}

SSAFire : Syntax and Semantic 28 [ 42



SSAFire evaluation Factorial in SSAFire

“int main(@ED)!

int i=1;

int fact=1;

while (i<=n) {
fact=fact*i;
i=i+1;

Ny i1 N3 Nio

}

Ng :n Ny Ny
return fact; [* gib e

] Ng : Mn N3 N7

Mot 0Ny ’715]

N3 N4> Ny ns .mmﬂ)n.n-

n1 mvar
n2 vur

SSAFire : Syntax and Semantic 29 | 42
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Initial configuration og = (n1, [ns — 2])



SSAFire evaluation Factorial in SSAFire

int main(@E D)
¥ Gnt i=3;
¥ @nt_fact=1;
while (i<=n) {
fact=fact*i;
i=i+1;

Ng 1 N3 Nio

}

return fact;

[nx

:qmm]

Ng : M1 N3 N7

Nio: g @ Ny nm]

N7 @ Muy @ ny ny

ny : mvar

Ny O Nig Nig

State node evaluation calls value node evaluation using oy

SSAFire : Syntax and Semantic 29 | 42



SSAFire evaluation Factorial in SSAFire

int main(@nt ){
@nt i=1;
@nt fact=1)
- (while)(i<=n) {

fact=factxi;
i=i+1;

Ng 1 N3 Nio

}

return fact;

Mo 0 N "715] [ns 1n N3 Ny

—

Ng : Mn N3 Ny

N5 1N * Ny nz:mpy O ny ny

Nyt g O Ny Nig ny : mvar

Ny :Ng+1

o1 = (/’77, [HQ — 2; ng — 1; Nig — 1])

SSAFire : Syntax and Semantic 29 | 42



SSAFire evaluation Factorial in SSAFire

int main(@ED)
¥ @nt_i=1);
4 (@nt fact=1);
EiloG=D¥!
fact=factxi
}

return fact;

Ng :m N3 Nio

Ne : Mn N3 N7

ﬂxuilH@ﬂmﬂm] [’7537]”:3”4

—

n;:n.pnz [n7 mmwnlm

ny . mvar

Ny gy 0Ny Nig

g1 — 02

SSAFire : Syntax and Semantic 29 | 42



SSAFire evaluation

Factorial in SSAFire

Ny, : return B ng ng

Ng 11 N3 No

Nio:pr O Ny Ny ng:m N3 Ny
return faCt; 10 - M1 14 L] [h 1 N3 Ny

—

Ng : Mn N3 Ny

N5 1N * Ny nz:mpy O ny ny

Nyt g O Ny Nig ny : mvar

Ny :Ng+1

g9 = (I’77, [I’)Q — 2;/’]4 — 2;!’710 — 1})

SSAFire : Syntax and Semantic 29 | 42



SSAFire evaluation Factorial in SSAFire

int main(@ED)
¥ @nt_i=1);
4 (@nt fact=1);
EiloG=D¥!
fact=factxi
}

return fact;

Ng :m N3 Nio

Ne : Mn N3 N7

ﬂxuilH@ﬂmﬂm] [’7537]”:3”4

—

n;:n.pnz [n7 mmwnlm

ny . mvar

Ny gy 0Ny Nig

09 — 03

SSAFire : Syntax and Semantic 29 | 42



SSAFire evaluation Factorial in SSAFire

int main(@E D)
int i=1)

int fact=1);
(while)(i<=n) {

fact=factx1i

> !

return fact;

Ny i1 N3 Nio

Nio i pir O Ny ’715] [”x 11 N3 Ny Ng : mn ns ny

-

nz:mpy O ny Ny

Nis 2 Nig * Ny

Nyt gy O Nig Ny ny : mvar

Nig: Ny +1

ny :var

g3 = (I’?(;, [ﬂz — 2;/’14 — 3;/’?10 — 2; ng — 3;/’79 — 2])

SSAFire : Syntax and Semantic 29 | 42



SSAFire evaluation

Factorial in SSAFire

Ny, - return () ng ng

Ny =1 N3 Nio

Nyo * pa 0 Nyg ms]

[nvs B/RIERLPY

] Ne : M1 N3 N7

N7 :muy O ny ny

SSAFire : Syntax and Semantic 29 | 42



SSAFire : optimizations

SSAFire : optimizations 30/ 42



Constant folding

SSAFire : optimizations

g(n) =0p 0 [Nargy;- - -, Narg)]
Vi,9(Narg;) = CSLV;
g ~n g[n < cst [o]vy ... vy

CH

Transformation of node n into a precomputed constant

31/ 42



Loop invariant code motion

g(n)=n_ny
g(nu) = p__nony
g ~n g[nu/nol[n/na

Licm1

Loop invariant : itself as iteration argument

SSAFire : optimizations 32/ 42



Loop invariant code motion

gn)=mn_ny
g(nu) =p__nony
g ~n g[nu/nol[n/no]

Licm1

Replacement of n, and n by initial value ng

SSAFire : optimizations 32/ 42



Branch Merging

g(n) = ¢5_ (s> Ns)iel
(v0)i = ({rsj j € I,ns; = ns;}).
ty = ¢ (Vei5 Nsi)
g ~n gln <ty

n: ¢ L.;(vs), Ned s i(ysis Ned ] n:g L. (s Vs ne;...]

Merge branch : two branches returning same value

SSAFire : optimizations 33/ 42



Atomic transformation : quick simplified example

Block if1 :

Xx_1=a + a;

X_2 = a << 1;

c_2 = x_1 = x_2;

if ¢ goto 2 else if2

Focus on ¢ instruction :
d(c:x_2, 'enc_2:x_3, 'cAlc_2:x_4)

N
Block 2 : Block if2 :
X_2 = 42; if c¢_2 goto 3 else 4

Block 3 : Block 4 :
X_3 = 42; X_4 = 1;
Block end :

x5 =¢ (c:x_2, 'cAc_2:x_3, 'cAlc_2:x_4);
m_1 = print m_0 x_5;

SSAFire : optimizations 34 [ 42



Atomic transformation : quick simplified example

Block if1 :
Xx_1=a + a;
X_2 = a << 1;
€2 =x_17=x_2; a+awac<<l
d(c:42, 'can(a+a)=(a<<1):42, 'cA'(a+a)=(a<<1):1)

if ¢ goto 2 else if2

Block 2 : Block if2 :
X_2 = 42; if c¢_2 goto 3 else 4
Block 3 : Block 4 :
X_3 = 42; X_4 = 1;
Block end :

x5 =¢ (c:x_2, 'cAc_2:x_3, 'cAlc_2:x_4);
m_1 = print m_0 x_5;

SSAFire : optimizations 34 [ 42



Atomic transformation : quick simplified example

Block if1 :

Xx_1=a<< 1;

X_2 = a << 1;
- - a = a~ true

c_2 = x_1 = x_2;
if ¢ goto 2 else if2 d(c:42, 'ca(a<<l)=(a<<1):42, !'cA!(a<<l)=(a<<1):1)

N print
Block 2 : Block if2 :
X_2 = 42; if c¢_2 goto 3 else 4
Block 3 : Block 4 :
X_3 = 42; X_4 = 1;
Block end :

x5 =¢ (c:x_2, 'cAc_2:x_3, 'cAlc_2:x_4);
m_1 = print m_0 x_5;

=
'o

SSAFire : optimizations 34 [ 42



Atomic transformation : quick simplified example

Block if1 :
x_1 = a << 1;
X_2 = a << 1;

c 2 = true; ¢(.., false: x, ..)~¢(., ..)

if c goto 2 else if2 ¢(c:42, 'cA(true):42, 'caAl(true):1)
V4 AV rint —{m_0
Block 2 : Block if2 : P
X_2 = 42; if c¢_2 goto 3 else 4
VAR
Block 3 : Block 4 :
X_3 = 42; X_b = 1; true
Block end :

x5 =¢ (c:x_2, 'cAc_2:x_3, 'cAlc_2:x_4);
m_1 = print m_0 x_5; .
1

SSAFire : optimizations 34 [ 42



Atomic transformation : quick simplified example

Block if1
if ¢ goto 2 else 3 OCiX, wiX, wiX, )X
¢(c:42, 'cA(true):42)

Block 2 :
X_2 = 42;

Block 3 :
X_3 = 42;

Block end :
x5 =¢ (c:x_2, 'cAc_2:x_3, 'cAlc_2:x_4);
m_1 = print m_0 x_5;

SSAFire : optimizations

34 [ 42



Atomic transformation : quick simplified example

Block end :
m_1 = print m_0 42;

SSAFire : optimizations 34 [ 42



Experiments
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SSAFire implementation : A prototype using CompcertSSA as frontend

[ |
1 CompcertSSA 1
| —| ssA SSA, —> |
777777:::i::i::i:::::i:::::i::::i::::ﬁ:::: 7777777

1 futur extension :

: MSSA MSSA, |

| T - |

1 MGSA MGSA, !

1 l - l

: - opt . 1

l SSAFire »| SSAFires |

[interpreter + oracle |

A Caml prototype using CompcertSSA as C front-end
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SSAFire implementation : A prototype using CompcertSSA as frontend

opt -
SSAFire)

v

[interpreter + oracle |

Translation from SSA to SSAFIRE ... (not proven yet)
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SSAFire implementation : A prototype using CompcertSSA as frontend

[ |
1 CompcertSSA 1
; —> SsA SS5Ay =y ]
"””:::i::l;::i:::::i:::::i:::::::i':'f{i:::: ””””

1 futur extension 1

! MSSA MSSAS ‘

1 MGSA MGSA, !

1 l - l

: - opt : 1

1 SSAFire »| SSAFired |

[interpreter + oracle |

SSAFIRE deconstruction to SSA is not done yet...
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SSAFire implementation : A prototype using CompcertSSA as frontend

[ |
1 CompcertSSA 1
| —| ssa SSA, —» |
777777:::i:;E::i:::::i:::::i::::i:::::ﬁ:::: 7777777

1 futur extension l

: MSSA MSSA, |

| T - |

1 MGSA MGSA, :

1 l ~ l

: - opt . 1

l SSAFire »| SSAFires |

Can interpret any SSAFIRE programs and compare behaviours

Experiments 36/ 42



Empirical validation

Experimental validation using an oracle on our test-suite (62 relevant programs)

Because transformations are atomic we can run any possible finite pipeline and
observe that behaviours are preserved

Because we cannot compare execution time without deconstruction, we compare
programs sizes...

Experiments 37/ &2



Compcert VS SSAFire (fair comparison)

B All-nodes
uick tesorty I State-nodes
egteol-2o

Ct
00154

g

[

“

=2

4 mu_m

i L

to_vgsa2
simple_loop_gen
constfold
T
Sy to vgsa3
trae_cond_loop
0 25 50 75 100 125 150 175 200

% of CompcertSSA nodes

Compcert optimized translated into SSAFIRE Versus optimized by SSAFIRE transformations
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Conclusion
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What's done

A prototype validating experimentally the given SSAFIRE operational semantic

[ |
1 CompcertSSA 1
| —| SSsA SSA, —> |
777777:::i::i::i:::::i:::::i::::i::::ﬁ:::: 7777777 g

1 futur extension :

: MSSA MSSA, |

| T - |

1 MGSA MGSA, !

1 l - l

: : opt . 1

l SSAFire >| SSAFires |

\l interpreter + oracle |‘/

Conclusion 40 [ 42




What's done

Proven determinism on SSAFIRE (I didn't present how and with which restrictions)

opt

Conclusion 40 [ 42



What's done

“Easy” to express then prove (work in progress) complex transformations

Conclusion 40 [ 42



What's done

Current work : Adding memory instructions Lload and store to SSAFIRE

Conclusion 40 [ 42



Prove semantic preservation of CompcertSSA translation to SSAFIRE

[ |
1 CompcertSSA 1
| —>| ssA SSA, t— |
777777 ::::::£:::::::::::::::::::::::::’i:::::777777

1 futur extension 1

: MSSA MSSA, |

| ~L ~ 1

1 MGSA MGSA, :

1 l ~ l

! opt - 1

l SSAFire »| SSAFires !

\l interpreter + oracle

Conclusion 4/ 42




Regeneration of SSA without deoptimizing...

futur extension:

opt

Conclusion 4/ 42



Questions?

Conclusion 42 [ 42



Well-formedness conditions

12 : return 9 6

int main(int n){
int i=1;
int fact=1;
while (i<=n) {
fact=fact*i;
i=i+1;
I3

return fact;

9: Eta 310

6: MEta37

10 : py 51415

7:mpuy 517

4 gy 51416

Only one mvar in the graph



Well-formedness conditions

12 :return 9 6

int main(int n){
int i=1;
int fact=1;
while (i<=n) {
fact=fact*i;
i=i+1;
}

return fact;

9:Eta 310

6: MEta37

10 : gy 51415

41y 51476

At most one mu per block



Well-formedness conditions

12 :return 9 6

int main(int n){
int i=1;
int fact=1;
while (i<=n) {
fact=fact*i;
i=i+1;

9:Eta 310

10 : 1 51415

NI

15:10 * 4 164+ 1
( ]

N

4y 51416

8:Eta3 4 6: MEta37

}

return fact;

If there is a ;2 a mu must exist in the same block



Well-formedness conditions

12 :return 9 6

int main(int n){
int i=1;
int fact=1;
while (i<=n) {
fact=fact*i;
i=i+1;

9:Eta 310

6: MEta37

10 : gy 51415 8:Eta3 4

}

return fact; =

7:mupuy 517

i~

<~

If there is a my a corresponding meta must exist in the graph



Well-formedness conditions

All those conditions need to be preserved by transformations



Value evaluation

g(n)=cstk
(mZTHQ) }Z g, n\LI?

CST

g(n) = 0p 0 [Nargy; - - - Narg]] g(n) = cond ¢ [Nargy; - - -5 Narg)]
op VI Min, g) }: g, nargli/vl O VI, (mi'ru Q) ’: g, nargiixvi
(mzm g) ’: g, ﬂi[[Oﬂvl 000 (mim Q) |: g, I’Ii[[CﬂVl Vg
g(n) = obs Narg Marg Q(ﬂ = ph| (77na7’g)/el
(Min, 9) | 0, NargdV VL, (Min, 9) = 0,7t
(Min, ) F 0, MarglM @ [tq,.. ., tj] (Min, 9) = o, nm’gziv
0BS PHIV
(mwug) ):U7H\LM®[t17“'7tj]'v ( l’ﬁng) ':Uan/V
o neNg gneTy meNg g(m)e€Tm

(M 9) = (M), 0dp(n) " (Manyg) = (M, p), MM & [



State-evaluation Relation

g(n) = eta nNc Narg

g(n) = (m)var (Min, 9) E o,nclit
VAR (mmv g) ): g, I’LLTH) ETA (mina g) ': o, n(L'r’g»l/V
(mznvg) ':U» nllm; (minvg) ': U,I’H,V

g(m) = mphi vy (Yarg, Marg)ic g(m) = ret v Narg Marg

VL, (Min, 9) E o, 7,4t VL, (Min, 9) = 05 v(rp 4t

VL (Mins 9) | 0, Yarg (g, Lt (Min, 9) E o, NargV
MPHI (minvg) ': Urmfngi'Lm” RET (min:g) ):U’maTg\LMg [tl,‘..,tj]
(mim g) ': o, mlmv (mim g) ': o,mMv [tl, ceey tj]

g(n) = mup vy nj nc n,
VL, (Min,s 9) = 0, 7,0+t

vn,g(n) = (mymup _ __ny = (M, 9) | o, nidny;
MULOOP (minvg) ': g, nf¢ff (mmvg) ): g, ﬂ[\LTLU
(Min,9) E o,nlnv
g(n) = muy v n; nc ng
Vi, (Min,9) = Uv’Y(j,()J/tt
vn,g(n) = (m)muy _nj _ _ = (M4, 9) = o, nilny;
= (¥Yn,g(n) = (m)mup _ _ _ny = (M4, 9) = o, nilnuy)

U (Min, 9) | o, nidnv

(Min,g) = o,nllnv



SSAFIRE transition relation

p(n) p(n) otherwise
m’ € max=8 ({mg | (Min,g) = (M, p), MgIM _ _})
(Min,g) = (M, p),m"|M @ [t1,...,1t]

[t1,...t]
(Min, ) = (M, p) =3

2 { Vv if n GNS%, g(n) S 7;/, (mmag) ): (map)a”UV

STEP

(m’, p")

mvar <7 ...mstate nodes ... =g meta



SSAFIRE transition relation

p(n) p(n) otherwise
m’ € max=8 ({mg | (Min,g) = (M, p), MgIM _ _})
(Min,g) = (M, p),m"|M @ [t1,...,1t]

[t1,...t]
(Min, ) = (M, p) =3

2 { Vv if n GNS%, g(n) S 7;/, (mmag) ): (map)a”UV

STEP

(m’, p")

mvar <7 ...mstate nodes ... =g meta

Proved deterministic



Abstract syntax

MUp Ya Nc N Ny mmup ya Nc M My

constant literals k€ Consts = {ff,t,...,—1,0,1,...}
operators o € Ops={mov,add,...}
comparisons ¢ € Conds={eq,neq,not,...}
nodes id n,ni,ne,n € N programs peP = NxG
block id b € B code or
gates in DNF Y, va,7s € p(pN)) termgraphs ge€g = N < TyUTnm
scalar terms memory terms
Ty D vt := var Tm © mt == mvar
| cstk | obsnm
| opolni,...,n]|condc[ny,...,n] | metancm
| etancn | retyanm
| phi(vs,n); | mphiva (vs,m);
| \

Usual stuff: constants, operators, comparisons..



Abstract syntax

constant literals k€ Consts = {ff,t¢,...,—1,0,1,...}
operators o € Ops={mov,add,...}
comparisons ¢ € Conds={eq,neq,not,...}
nodes id n,ni,ne,n € N programs peP = NxG
block id b € B code or
gates in DNF Vv, € plpN)) termgraphs geg = N < TyUTnm
scalar terms memory terms
Ty 2 vt := var Tm © mt == mvar
| cstk | obsnm
| opolni,...,n]|condc[ny,...,n] | metancm
| etancn | retyanm
| phi(vs,n); | mphiva (vs,m);
| mMup va nc nj | mmup ya nc m; my

Differenciate “scalar terms” and “memory terms”



Abstract syntax

nodes id
block id

gates in DNF ¥, Ya,Ys

scalar terms

constant literals k€ Consts = {ff, tt,...,—1,0,1,...}
operators o € Ops={mov,add,...}
comparisons ¢ € Conds={eq,neq,not,...}
n,nj,ne,n € N programs peP = NxG
b € B code or
€ p(pN) termgraphs geg = N < TyUTm

memory terms

Ty 3 vt := var Tm 2 mt == mvar
| cstk | obsnm
| opolni,...,nj]|condcny,...,nj | metancm
| etancn | retyanm
| phi (s, )i |__mphiya (s, m);
( [ mup ya ncnin J ( | mmup va e njny ]

pblock : synchronises pnodes of the same loop



ublock

12 :return 9 6

int main(@nt n){
@nt i=1j
@int fact=1j
- (while)(i<=n) {
fact=fact*i;
i=i+1;
}

return fact;

9: Eta 310

6:MEta37

8:Eta3 4

10 : 1 51415

(15:104]) [16:4 1

\

4:py 51416

pblock : links with my and helps to choose between initialization or iteration



Implies some well-formedness conditions...

All those conditions need to be preserved by transformations



Check Syntactically Well-gated SSAFIRE

Exclusive selection gates

Block if1 :
x 1 =1;
if c_1 goto 2 else if2

NN

Block 2 : Block if2 :
X_2 = 2; if c_2 goto 3 else 4
N4 N
Block 3 : Block 4 :
x_3 = 3; X_& = 4;
JL
Block end :

X5 = & (vs:X_2, 75:X_3, 7s:X_4);
print x_5;




Check Syntactically Well-gated SSAFIRE

Exclusive activation gates 4, and va,

Block 1 :
m_0 = whatever mem-state node;

!

(m_z = return v, . m_OQ;) [m_l = return v, . m 01;]

Where m_0 is the first common root memory-state of m_0' and m_0?.



Check Syntactically Well-gated SSAFIRE

Syntactic well-gatedness implies semantic exclusivity

Semantic exclusivity and well-formedness conditions are preserverd by
transformations

Necessary for determinism!



Atomic transformations (subset examples)

g(n) =0p 0 [Nargy, - - - Nargj] g(n) = phi (75, Narg);
o Vi, g(Narg;) = CStV; CPp open(g, n,7s;)
g ~n g[n < cst [o]vy ... vi] g ~n 9[n/Narg;]
g(n) = etanc ng
g(nu) =mu_~ngne _ g(n) =etancn,
Lp_OPeN(@,,y)  open(@,n fnch) | o g(n) =mu__no _n,
g ~n glnw/nol[nu < €|[n/no] g ~n g[nu/noln/nol
6(n) = phi (35, s
g(n) = phi (75, ns)es ()i = ({rs; | € Insj = nsi}),
gp_le =11l closed(g,n,vs,),ie g ty = phi (v, ns;)
g ~n g[n = phi (vs, ns)ien] g ~n g[n + ty]

g(n) =t g(n2) =t
e £ cift € Ty, me otherwise

SH
g ~n, g[n1/nz]ng < €]

Local transformations



Atomic transformations (subset examples)

g(n) =0p 0 [Nargy, - - - Nargj] g(n) = phi (75, Narg);
o Vi, g(Narg;) = CStV; CPp open(g, n,7s;)
g ~n g[n <« cst [o]vr ... vg] g ~n g[n/Narg;]
g(n) =etancny
g(nu) =mu_~ngne _ g(n) =etancn,
Lp_0Pen(@w)  open(g,nfnch) | () =mu__no_n,
g ~n glnw/nol[nu < €|[n/no] g ~n g[nu/noln/nol
6(n) = phi (35, s
g(n) = phi (75, ns)es ()i = ({rs; | € Insj = nsi}),
gp_le =11l closed(g,n,vs,),ie g ty = phi (v, ns;)
g ~n g[n = phi (vs, ns)ien] g ~n g[n + ty]

g(n) =t g(n2) =t
e £ cift € Ty, me otherwise

SH
g ~n, g[n1/nz]ng < €]

Transformation of a node



Atomic transformations (subset examples)

g(n) =0Pe [Nargys- -+ Narg)] g(n) = phi (¥s, Narg);
i Vi, g(Narg;) = cstv; CPp open(g, n,7s)
g ~n g[n « cst [o]vy ... vg] g ~n gln/Narg,]
g(n) = etanc ng
g(nw) = mu_~ng ne _ g(n) =etancn,
Lp_0Pen(@,nu,7) open(g,n,fnck) || 0 9w} =mMu__fo_ny
g ~n g[nu/nol[nu < €l[n/no) g ~n glnu/nol[n/no]
g(n) = ph.i (55 Ns)iel
g(n) = phi (75, Ns)jes ()i = ({sj 1 € I,nsj = nsj}),
pp_le={i|closed(g,n,ys), i€} o ty = phi (v, Ns;)
g ~n g[n < phi (¥s,Ns)ien] g ~n g[n < tg]

g(n) =t g(ng) =t
e £ eif t € Ty, me otherwise

SH
g ~ny glni/n2][n2 « €]

Replacement of a node by another



Atomic transformations (subset examples)

g(n) =0p 0 [Nargy; - - -, Narg)] g(n) = phi (vs, Narg)i
CF1 v’ag(nm'g;) = csty; Cpp
g ~n g[n < cst [o]v ... vg] g ~n 9[n/Narg;]
g(n) = etanc ng
g(nu) = mu_~no ne _ g(n) =etancn,
Lp_0Pen(g M) open(g,nfnch) | 9(n) =mu__no_n,
g ~n g[nu/Nollny < €l[n/no] g ~n g[nu/nolln/no
g(n) = Dh'i (s Ns)iel
g(n) = phi (s, ns)ie, (2); = ({0 11 € 1,nsj = nsi}),
BE le={i| Closed(g,n,vs,),ie I} BM ty = phi (74, nsj)
g ~n g[n = phi (vs, Ns)ien ] g ~n g[n + ty]

g(n) =t g(n2) =t
e £ cift € Ty, me otherwise

SH
g ~ny glni/nz2][nz €]




Atomic transformations (subset examples)

g(ﬂ) :A opo [nargly ey nargj] g(n) = ph| (’Ys, na,rg)/
CF1 Vi, g(Narg;) = CSt; CPp open(g,n,~s;)
g ~n g[n « cst [o]vi ... vg] g ~n 9[n/Narg;]
g(n) = etanc ng
g(nu) =mu_~no ne _ g(n) =etancn,
Lp_OPeN(@: ) open(g,nfinel) | g(n,) =mu__no _n,
g ~n glnu/nol[nu < €|[n/no] g ~n g[nu/noln/nol
g(n) = Dh'i (¥s5 Ns)iel
g(n) = phi (s, ns)ie, (2); = ({0 11 € 1,nsj = nsi}),
gp_le={ilcosed(g,m )i} oy ty = phi (33, ns)
g ~n g[n = phi (vs, Ns)ien ] g ~n g[n + ty]

g(n) =t g(n2) =t
e £ cift € Ty, me otherwise

SH
g ~ny glni/nz2][nz €]

Constant propagation : on phi



Atomic transformations (subset examples)

g(n) =0p 0 [Nargy; - - -, Narg)] g(n) = phi (vs, Narg)i
1 Vi0(narg) = cstv, Cpp__ OPEN(@.7,%5)
g ~n g[n < cst [o]v ... vg] g ~n 9[n/Narg;]
g(n) = etanc ng
g(nu) =mu_~no ne _ g(n) =etancn,
|p_OPEN(@.n7)  open(g,n fnch) | o g(n) =mu__no _n,
g ~n glnu/nol[nu < €|[n/no] g ~n g[nu/noln/nol
g(n) = Dh'i (s Ns)iel
g(n) = phi (s, Ns)ic; (v8)i = ({’Ysj‘ U €l,nsj = ”s/'}),v
gp_le={ilclosed(g.nys) i€}y ty=phi (14 ns)
g ~n g[n = phi (vs, Ns)ien ] g ~n g[n + ty]

g(n) =t g(n2) =t
e £ cift € Ty, me otherwise

SH
g ~ny glni/nz2][nz €]

Loop deletion : Loop exit-condition always open



Atomic transformations (subset examples)

g(n) =0p 0 [Nargy; - - -, Narg)] g(n) = phi (vs, Narg)i
CFl Vi, g(Narg;) = CSLV; CPp open(g,n,~s;)
g ~n g[n < cst [o]v ... vg] g ~n g[n/Narg;]
g(n) = etanc ng
g(nu) =mu_~no ne _ g(n) =etancn,
LD Open(g7 n#aﬁf) Open(gz n, {nCH) |_|CM1 g(nll) = mu7 _No _ nli
g ~n glnu/nol[nu < €|[n/no] g ~n g[nu/noln/nol
g(n) = Dh'i (¥s5 Ns)iel
g(n) = phi (75, ns)iey ()i = ({rs; | € I nsj = nsi}),;
pp_le={ilclosed@n,ys) i€} oty =phi (4 ns)
g ~n g[n = phi (vs, Ns)ien ] g ~n g[n + ty]

g(n) =t g(n2) =t
e £ cift € Ty, me otherwise

SH
g ~ny glni/nz2][nz €]

Loop invariant : itself as argument



Atomic transformations (subset examples)

g(n) =0p 0 [Nargy; - - -, Narg)] g(n) = phi (vs, Narg)i
1 Vi0(narg) = cstv, Cpp__ OPEN(@.7,%5)
g ~n g[n < cst [o]v ... vg] g ~n 9[n/Narg;]
g(n) = etanc ng
g(nu) =mu_~no ne _ g(n) =etancn,
LD Open(g7 n#aﬁf) Open(gz l’7, {nCH) |_|CM1 g(n#) = mu7 _No _ nﬂ'
g ~n g[nu/nollnu < €l[n/no] g ~n g[nu/noln/nol
g(n) = Dh'i (s Ns)iel
g(n) = phi (s, Ns)ic; ()i = ({rsj i€l ns; = ”s/'}),v
o le={i| dosed(g,n,ys,),ie 1} BM ty = phi (v, ns;)
g ~n g[n = phi (vs, Ns)ien ] g ~n g[n + ty]

g(n) =t g(n2) =t
e £ cift € Ty, me otherwise

SH
g ~ny glni/nz2][nz €]

Dead branch : selection gate always closed



Atomic transformations (subset examples)

g(n) =0p 0 [Nargy; - - -, Narg)] g(n) = phi (vs, Narg)i
V() = sty cpp__ 0PEN(@:7 %)
g ~n g[n < cst [o]v ... vg] g ~n 9[n/Narg;]
g(n) = etanc ng
g(nu) =mu_~no ne _ g(n) =etancn,
Lp_OPeN(e.n,s7) open(@,nignch) | . g(nw) =mu__no_n,
g ~n g[nu/nollnu < €l[n/no] g ~n g[nu/noln/nol
g(n) = Dh'i (s Ns)iel
g(n) = phi (ys,ns)ie ()i = ({rs; | € 1, nsj = nsi}),;
pp_le={ilclosed@n,ys) i€} oty =phi (4 ns)
g ~n g[n = phi (vs, Ns)ien ] g ~n g[n + ty]

g(n) =t g(n2) =t
e £ cift € Ty, me otherwise

SH
g ~ny glni/nz2][nz €]

Merge branch : two branches returning same value



Atomic transformations (subset examples)

g(n) =0p 0 [Nargy; - - -, Narg)] g(n) = phi (vs, Narg)i
V() = sty cpp__ 0PEN(@:7 %)
g ~n g[n < cst [o]va ... v] g ~n g[n/Narg,]
g(n) = etanc ng
g(nu) =mu_~no ne _ g(n) =etancn,
Lp_OPeN(e.n,s7) open(@,nignch) | . g(nw) =mu__no_n,
g ~n glnu/nollny < €lln/no) g ~n g[nu/nol[n/no]
g(n) = Dh'i (s, Ns)ies
g(n) = phi (75, ns)iey ()i = ({rs; | € I nsj = nsi}),;
pp_le={ilclosed@n,ys) i€} oty =phi (4 ns)
g ~n g[n = phi (vs, Ns)ien ] g ~n g[n + ty]

g(n) =t g(n2) =t
e £ cift € Ty, me otherwise

SH
g ~ny glni/nz2][nz €]

Sharing : two nodes syntactically equal
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