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Ten Algorithms with the greatest influence
on science and engg. in the 20th century

- the Metropolis algorithm for Monte Carlo

- the simplex method for linear programming

- Krylov subspace iteration methods

- the decompositional approach to matrix computations
- the Fortran optimizing compiler

- the QR algorithm for computing eigenvalues
- the quicksort algorithm for sorting

- the fast Fourier transform

- Integer relation detection

- the fast multipole method

Guest editors of IEEE Computing in Science &
Engineering 2000
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The Fortran Optimizing Compiler

1957: John Backus leads a team at IBM in developing the Fortran optimizing compiler.
The creation of Fortran may rank as the single most important event in the history of computer programming: Finally, scientists

(and others) could tell the computer what they wanted it to do, without having to descend into the netherworld of machine code.
Although modest by modern compiler standards—Fortran I consisted of a mere 23,500 assembly-language instructions—the early
compiler was nonetheless capable of surprisingly sophisticated computations. As Backus himself recalls in a recent history of
Fortran I, II, and III, published in 1998 in the IEEE Annals of the History of Computing, the compiler “produced code of such
efficiency that its output would startle the programmers who studied it.”

Guest editors of IEEE Computing in Science &
Engineering 2000



End of Moore’s Law will see...
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Architects and Compilers

Compilers Architects

Image sources:
Tortoise: freeimages.com
Hare: worcswildlifetrust.co.uk



Compiler Complexity Growth
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Compiler Complexity Growth
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Problem —

(program
spec)

Superoptimization

Compiler Algorithms Carefully Developed by
Expert Programmers
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Superoptimization
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Problem

(program
spec)

Superoptimization
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Inductive Synthesis

\V

® Enumeration

® Stochastic Search

® Learning from Examples

e Mutation-based learning

e Constraint Solving

® Neural Networks

e <your favourite fancy
technique>

° ...
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Problem —

(program
spec)

Superoptimization

/ All these synthesis strategies
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are noisy

Need to Validate the proposed
optimizations

Better Equivalence Checker
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Traditional Development Model for a Compiler
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Traditional Development Model for a Compiler
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Proposed Development Model

Equivalence Checker
Accept and

—Cache the
problem-
solution
pair as a

pattern-
replacement

Reject

Developers of Inductive
Synthesis Algorithms




Pattern-Replacement Examples

int sighum(int x) { On Motorola 68020:
if (x>0) return 1; add.! dO, dO
if (x <Q0) return -1, subx.l di, d1
else return O; nhegx.l dO

} addx.] di,dl1

[H. Massalin. A Look at the Smallest Program, ASPLOS 1987]




[S. Bansal, A. Aiken. Automatic Generation of Peephole Superoptimizers, ASPLOS 2006]

Pattern-Replacement Examples

pattern

replacement

load (addr), reg
store reg, (addr)

Support for memory
accesses

load (addr), reg

live: r1,r3

mul 2, reg shl reg
mov r1, r2 xchg r1, r3
mov r3, r1

mov r2,r3

sub %eax, %ecx
test %ecx, %ecx
je .END

mov %edx, %ebx
.END:

Support for branches

sub %eax, %ecx
cmovne %edx, %ebx




[S. Bansal, A. Aiken. Automatic Generation of Peephole Superoptimizers, ASPLOS 2006]

Pattern-Replacement Examples

pattern replacement
sum += alil; psubb %mmO0O, %mm0
sum += a[i+1]; psadbw &ali], %m0 Use of vector
movd %ommO, sum instructions
sum += ali+/];
sub %eax, %ecx not %eax
mov %ecx, %eax add %ecx, %eax
dec %eax
live: %eax
setg %al mov $0, %eax
movzbl %al, %eax cmovg %eax, %esl
dec %eax Use of

- conditional-moves
and %eax, %esi

live: %esi




Pattern-Replacement Examples

Support for symbolic constants in pattern and replacement

pattern replacement
mov $CO0, %eax mov $(C0-1), %eax
dec %eax
mov $CO0, (%eax) mov $(C0+C1), (%eax)
add $C1, (%eax)

[S. Bansal, A. Aiken. Automatic Generation of Peephole Superoptimizers, ASPLOS 2006]



Equivalence Checker

Logical
Encoding
mov $CO, (%eax) ::>_|D:D
add $C1, (%eax) > ool ~— /
Satisfiability
Solver ~—
///// FALSE,
3TD:D counterexample

mov $(C0+C1), (%eax)

TR IR
L) U

[S. Bansal, A. Aiken. Automatic Generation of Peephole Superoptimizers, ASPLOS 2006]



Important Limitations

» Loops are not supported

pattern replacement
for (...){ r="p;
r="p; for (...) {
use(r); //*p remains unchanged use(r); //*p remains unchanged
PE j
J

¢

N



Important Limitations

- Aliasing information is not captured, e.g., heap access vs. stack access

pattern replacement
load (stack-addr), reg load (stack-addr), reg
access (heap-addr) access (heap-addr)
store reg, (stack-addr)

¢

N



Equivalence Checker

=

Equivalence Checker

End-to-End, support for loops, aliasing information, function calls, ...
No talse-positives (sound)
Minimize false-negatives
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Equivalence ChecRing - Program with loops

void divP () { void shiftP () {
for(inti=0;i<1024;i++) { for(intr1=0;r1 <1024;r1++4+){
ali| = bli|/2; alrl| =blrl| >> 1;
} }
} }

C Program (abstracted) Assembly



Equivalence ChecRking - Program with loops

Given, Input_ == Input,

void divP () { < vemorye == Viemory, ~ void shiftP () {
for(inti=0;i1<1024;i++) { for(intr1=0;r1 <1024;r1++4+){
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} }
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Equivalence ChecRking - Program with loops

Given, Input_ == Input,

void divP () { < vemorye == Viemory, ~ void shiftP () {
for(inti=0;i1<1024;i++) { for(intr1=0;r1 <1024;r1++4+){
ali| = bli|/2; alrl| =b[rl| >> 1;
} }
j ) Return . == Return )
C A

C Program (abstracted) Assembly

Memory . == Memory, ?



CO:
C1:
C2:
C3:
EC:

void divP ( ) {

}

for(inti=0;1<1024;) {

}

ali] = bli]|/2; i++;

C Program

Control Flow Graph (CFG)

1<1024

Nodes are PCs
Edges involve transfer functions



Control Flow Graph (CFG)

CO: void divP ( ) {

Cl: for(inti=0;i<1024;){
@ a[i] = b[i]/2; i++;

C3: }

EC: }

Node C2
represents a PC

1<1024

C Program




CO:
C1:
C2:
C3:
EC:

void divP ( ) {
for(inti=0;1<1024;) {

}

}

ali] = bli]|/2; i++;

C Program

Control Flow Graph (CFG)

Transfer function
of C2—C3

o)

true
i—0

121024

1<1024



Control Flow Graph (CFG)

CO: void divP ( ) {

Cl: for(inti=0;i<1024;){
C2: ali] =bli]/2; i++;

C3: }

EC: }

Edge Condition
of C3—C2

1<1024

C Program




Product Program Construction

®

true
=)

A2

true
i<1024 alrl]=b[rl]»1; rl! =1024

i++
A3

rl1==1024

&8

** G. C. Necula: Translation validation for an optimizing compiler. PLDI’2000

Goal: Construct a Product
Program that executes both
programs in lockstep

such that the two programs’
states always remain related.



Product Program Construction
(39)

true

ri=0
Goal: Construct a Product
A2
Program that executes both
true :
<1024 a[rl]=b[r1]»1; ri! =1024 programs In IOCkSteP
i
A3 such that the two programs’
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rl1==1024
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Product Program Construction

“ true

Goal: Construct a Product
Program that executes both
programs in lockstep

true

i<1024 alrl]=b[rl]»1; rl! =1024

i++

such that the two programs’
states always remain related.

rl1==1024
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Product Program Construction
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Product Program Construction Product CFG

“ true

true

if

alrl]=b[rl]»1;

rl1==1024

rl! =1024

Arg = Arg,
Heap . = Heap,

i=0; t1=0;

CO0,A0
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Product Program Construction

“ true

true
a[rl]=b[rl]»1;
1+ +

rl1==1024

CO0,A0

rl! =1024

Product CFG

ArgC = ArgA
Heap . = Heap,

1=0; r1=0;
Heap . = Heap,;



Product Program Construction Product CFG

g a9 - CoAD ), BcT A8,
. : ’ Heap = Heap,
° true -

r1=0

true 1=0; r1=0;
<1024 a[rl]=b[rl]»1; r1! =1024 . .
T Heap . = Heap,;
121024 r1==1024




Product Program Construction Product CFG

C
@ C0,A0 Heap . = Heap,

true

alrl]=Db[rl]»1; ri! =1024

i+

rl1==1024




Product Program Construction Product CFG

Arog = Ar
(a0 C0,A0 Sc” 7 5a
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Product Program Construction Product CFG

Arog = Ar
(a0 C0,A0 Sc” 7 5a
Heap . = Heap,
true
rl=0

true

alrl]=Db[rl]»1; ri! =1024

i+

rl1==1024




Product Program Construction Product CFG

C
Co A0 CO0,A0 —
O O Heap c Heap A
true true
j={) ril=0

lrue true
a[i]=Dbli] /2: <1024 alrl]=b[rl]»1; r1! =1024
L 1+ +

!
g a ®



Prove at exit points Product CFG

A1rgC = ArgA
C0,A0 _
@ @ Heap . = Heap,
true true
1=0) rl=0
v

true true

a[i]=bli] /2; i<1024 alrl]=b[rl]»1; rl! =1024
1+ i4 4
. l'l . .
121024 r1==1024

!
g a ®



Equivalence ChecRin

ArgC = ArgA
Heap . = Heap,

CO0,A0




E

uivalence ChecRin

ArgC = ArgA

CO0,A0

Heap . = Heap,

S~

1 = rl;
Heap . = Heap,;

|

RetC = RetA

Heap . = Heap,

Identifying the correlated
transitions

Identifying the Invariants



Equivalence ChecRing

Robustness

Ty

GOAL
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Enumerate multiple possible paths

®

true
o E— 1

true

a[rl]=b[rl]»1;
1++

rl1==1024

rl! =1024

CO0,A0

<
<

C2,A2

vV

y \4
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y ‘ y



Guessing the relations

C0,A0
C2.A2 1=0; r1=0;
e -
i++ r1++
v v of=ix1y;  IFSEL gx =5
t1=i%2; t1=1+3; 3% =7%j;
r1=i*100; t1*8=1

rl =1 * 240;



Guessing the relations

C0,A0

i++ f1++ l Higher-order theory




Guessing the relations

CO0,A0
i++ r1++ \
Counterexample
rl + 5=1;




Research Contributions




Counterexample Guided
Invariant Inference




Invariant Inference

C0,A0
C2.A2 1=0; r1=0;
Heap . = Heap,;
i++ ]l +=2
\J y



CO0,A0

C2,A2
(o)

Invariant Inference

i++ r] +=2

\J \4

0*%1=1rl

2% =1l

1=0; r1=0;
eap. = Heap ,;

400*%1 = rl
5678*1 = rl

231%] = 11



Invariant Inference

C0,A0
@ Counterexamples =
i++ rl +=2 Higher-order theory

Execution
output \




Invariant Inference

CO0,A0

1=0; r1=0; @ 1=0; r1=0;

i++ 1 +=2 Invariant : 2*1 = rl

=1 =2,




Invariant Inference

C0,A0




Effective use of SMT solvers for Program Equivalence
Checking through Invariant-Sketching and

Query-Decomposition (SAT2018)

Shubhani Gupta, Aseem Saxena, Anmol Mahajan., Sorav Bansal
Indian Institute Of Technology Delhi

https://doi.org/10.1007/978-3-319-94144-8\ _22



Counterexample Guided
Correlation



C2,A2



Examples Examples Examples

Execution Execution
output output

Execution
output
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Counterexample-Guided Correlation Algorithm
For Translation Validation (OOPSLA2020)

Shubhani, Abhishek Rose, Sorav Bansal
Indian Institute Of Technology Delhi

https://dl.acm.org/do1/pdf/10.1145/3428289



EXAMPLE 5 : LOOP TRANSFORMATIONS

int loopSplitting() {

#define LEN 1000 Int sum = 0;
int original() { int mid = LEN /2;
int sum = 0: for (inti=0;i<mid;i++){
int mid = LEN /2; if (1 <mid ) sum += c[ali]];
for (inti=0;i<LEN;i++){ if (1 >=mid ) sum += bli];
if (1<mid) sum += c|alil|; -
if (i >= mid ) sum += b[i]; for (inti=mid; i <LEN;i++) {
) if (1<mid) sum += c|alil|;
return sum : if (1>=mid ) sum += bli|;
) }

return sum ;

}



EXAMPLE 5 : LOOP TRANSFORMATIONS

int loopSplitting() {

int sum = 0: int loopUnswitching() {
int mid = LEN /2; int sum = 0;
for (Inti=0;i<mid;i++){ _int mid = LEN /2;
if (i < mid) sum += c[a[i]]; for (inti=0;1<mid;i++) {
if (i >= mid ) sum += b[i]; 7| sum += c[a[i]];
> =
for (inti =mid;i <LEN;i++){ for (inti=mid;i<LEN;i++) |
if (i <mid) sum += c [a]i]]; - sum += bl[if;
if (i >=mid) sum += b[i]; B
3 return sum ,;
return sum : }

}



EXAMPLE 5 : LOOP TRANSFORMATIONS

int loopUnrolling() {
int sum = 0;

int loopUnswitching() { int mid = LEN /2
int mid = :

int sum = 0;

int mid = LEN /2. for(intizO;i<mid;i++){
for (inti=0;i<mid;i++){ sum += cfali]|;
sum += c|alil|; j — —— .
B for (inti =mid; i< LEN;i+=4){
for (inti=mid;i<LEN;i++) { sum +=b] 1]
sum += b[i]; | sum+=b[i+1];
) sum += b[i+2];
return sum ; sum +=b[ i +3];
) }

return sum ;

}



EXAMPLE 5 : LOOP TRANSFORMATIONS

int loopUnrolling() { AQ : loopVectorizedAndRegAllocated :
int sum = 0; Al: r1=0;r2=0;
int mid = LEN /2; A2: r2+4=clalrl]]
for (inti=0;i<mid;i++ A3:  rl++
su(m +=c|ali]]; a /A4 ;. it (rl!=mid) goto A2
B A5: rl=_&b|mid]|; r3=&b|LEN]; xmmO0 =0
for (inti=mid;i < LEN;i+=4){| |A6: xmmO+=~rl,. *(rl+12)
sum +=Db| 1 |; A7: rl+=16
sum += b[1_|_1] /A8: if (rl!=r3) goto A6
sum += b[i +2]; A9: xmmO0 += (xmmO0 >> 8)
sum += b[i+3]; A10: xmmO += ( xmmO0 >> 4)
) All: r2 +=xmm0 [31:0]
return sum ; EA : retr2

}



End-to-End Equivalence Check

#define LEN 1000 Al: rl=0:r2=0:
CO: Int O { A2: r2+4=cla]lrll]j
Cl: intsum = 0; A3: rl++
C2: intmid = LEN /2; A4: if (rl!=mid) goto AZ

L _ _ A5: rl = &b[mid|; r3=& b|LEN]|; xmm0 =0
C3: for (inti=0;i<LEN;i++){ A6:  xmmO0 +=*rl,.,*(rl +12)

C4: if(i<mid)sum+=clalill; A7: rl+=16

C5: if (i >=mid) sum += bJi]; A8: if(rl!=r3) goto A6
C6: ) A9: xmm0 += ( xmm0 >> 8)
A10: xmmO0 += (xmmO0 >> 4)
EC: return sum; A11: r2 +=xmmo [31:0]
} EA : retrZ
(C3-C4-C3) (C3-C5-C3)*

C0-C3 C3-C4-C3 (C3-C5-C3)*-EC
A(O-A2 A2-A6 A6-EA



Incremental Construction of the Product CFG



Incremental Construction of the Product CFG




Incremental Construction of the Product CFG

Use off-the-shelf invariant inference algorithms to infer affine, equality
and inequality invariants on bitvectors and memory states

C0-C3
A0-A2

Infer Invariants at
(C3,A2)




Incremental Construction of the Product CFG

(C3-C4-C3)
A2-A2

C0-C3
A(O-A2

Relax Invariants
at (C3,A2)




Incremental Construction of the Product CFG

(C3-C4-C3)
A2-A2

C0-C3 C3-C4-C3
A(O-A2 A2-A6




Incremental Construction of the Product CFG

(C3-C4-C3)
A2-A2

C0-C3 C3-C4-C3
A(O-A2 A2-A6

Infer Invariants at
(C3,A6)




Incremental Construction of the Product CFG

(C3-C4-C3) (C3-C5-C3)*
A2-A2 A6-A6

C0-C3 C3-C4-C3
A(O-A2 A2-A6

Relax Invariants
at (C3,A6)




Incremental Construction of the Product CFG

(C3-C4-C3) (C3-C5- ("%)'
A2-A2 A6- Aﬁ

@ C0-C3 C3-C4-C3 @ (C3-C5-C3)*-EC
A0-A2 A2-A6 A6-EA /

Check equivalence of
return values under
inferred invariants




SEARCH SPACE

(C0,A0)




SEARCH SPACE
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SEARCH SPACE

CO0-C2-C5H




SEARCH SPACE

(C0,A0)

@®

C0O-C2
(C0O,A0) (C2,A2)
A0-A2



SEARCH SPACE
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Exhaustive search would take millions of years to compute equivalence



SEARCH SPACE

Prior work on data driven

correlation would fail to

construct this required

product-CFG
CO,A(@] »E @CO,A@Co'ii:iz'c%czmﬂ | e e
QO T~ T
/[co e et [cz A2 [ C0,A0)— =02 »@cz A2) SEEP {05 A:@\
(0 A oAz T (242) i @ " U A0-A2 "7 A2-A3 ’
N S~ Y
2 B 3

Exhaustive search would take millions of years to compute equivalence



Counterexamples

During invariant inference, we make potential GUESSes for
invariants. VWe try to prove a GUESS using an SMT Solver.

o |[f the GUESS is provable, we have found an invariant.
e If not, the SMT solver returns a counterexample

,/"\\\
Co-C3 - _Counterexamples identified at (C3,A2) during
AO-A2 invariant inference

Infer Invariants at
(C3,A2)




Counterexamples

A counterexample at a node is a potential concrete machine state
that may occur at that particular node during execution.

The concrete state would involve valuations for (related) variables of
both C and A.

C0-C3 - Counterexamplel: 1=5,R1=5

* Counterexample2: I=1003,R1=1003

Infer Invariants at
(C3,A2)



COUNTEREXAMPLE GUIDED BEST-FIRST
SEARCH

... * Counterexample-Guided Pruning




COUNTEREXAMPLE GUIDED BEST-FIRST
SEARCH

... * Counterexample-Guided Pruning
* Counterexample-Guided Ranking




Infer Invariant Covers for Executed
Counterexamples

Infer

Q Invariants

Q Infer

Invariants




Infer Invariant Covers for Executed
Counterexamples

Q sum = r2+rl
1 =rl+1




Infer Invariant Covers for Executed
Counterexamples

j=t3
Q 1=rl Ranked

G ot S ey - B a2 i g~ e Clanie i ol G p s i 09—
' CO-C2 C2-C2-C2

> @co,A@ .Gcz,A‘z) » (C‘z,AzD
| A€
\

E (C0,A0) iggj {(c2,2) :zZA; {(c2,2) E
Rank based on Number of Live '---------====---~-~“cc@=—~—~-““""- ’
Assembly Values Correlated through Q sum = 2+
the Inferred Invariants i = rl+1




Counter Evaluation

Optimized x86

Unoptimized
- assembly code

LLVM IR

GCC-8 / Clang-11 / ICC-18.0.3

Equivalence checker

based on Counter algorithm
Evaluated on Testsuite for 5

Vectorizing Compilers



Bugs Discovered
https://compiler.ai/bugs

Bug in ICC-16.03 involving integer overflow

Bug in ICC-16.03 related to incorrect reordering of memory accesses

Bug in GCC-4.8 involving incorrect reordering of memory accesses

Bug in Qemu machine emulator that is shipped with Linux/KVM hypervisor
Three bugs in DietLibc related to missing unsigned-to-signed typecasts

» Bug inthe Yices SMT Solver related to incorrect query result


https://community.intel.com/t5/Intel-C-Compiler/icc-16-0-3-not-respecting-fno-strict-overflow-flag/td-p/1078194
https://community.intel.com/t5/Intel-C-Compiler/icc-16-0-3-not-respecting-no-ansi-alias-flag/td-p/1075325
https://gcc.gnu.org/bugzilla/show_bug.cgi?id=68480
https://mail.gnu.org/archive/html/qemu-devel/2014-06/msg02675.html
https://compiler.ai/bugs/dietlibc_bug_report.pdf
https://github.com/SRI-CSL/yices2/issues/146

Automatic Generation of Debug Headers
through Blackbox Equivalence Checking



An Example Debug Session

define LEN 32000

int X|LEN], Y[LEN], val;

CO: void addAndCopy ( ) {

Cl: for (inti=0;i < LEN;i++) {
C2: X[i] =Y][i] + val;

C3: }

EC: }

C Program



An Example Debugging Session

define LEN 32000 (2db) break addC:C2
int X[LEN], Y|LEN|], val;
| (gdb) run
CO: void addC( ) { Starting program: addC
C1: for (inti=0;i < LEN; i++) { Breakpoint |,addC () at addC.c:C3
| | X[i] =Y[i] + val;
C2: X|i] = Y]i| + val; (db) print i
C3: ) $1=0
(gdb) continue

EC: } Continuing.

C Procram Breakpoint |,addC () at addC.c:C3

= 110gIdIn X[i] =Y[i] + val;

(gdb) print i i appears to be

$2=0 -

always 0




An Example Debugging Session

define LEN 32000 (2db) break addC:C2
int X[LEN], Y|LEN|], val;
| (gdb) run
CO: void addC( ) { Starting program: addC
C1: for (inti=0;i < LEN; i++) { Breakpoint |,addC () at addC.c:C3
| | X[i] =Y[i] + val;
C2: X|i] = Y]i| + val; (db) print i
c3: ) <value optimized out>
(gdb) continue

EC: } Continuing.

C Procram Breakpoint |,addC () at addC.c:C3

= 110gIdIn X[i] =Y[i] + val;

(gdb) print i
<value optimized out>




Debug Headers : Src names — Asm names

define LEN 32000 AQ: foo:
int X[ LEN |, Y| LEN |, val ; Al: r1 =&X|[0];r2=&Y |0]
CO: void foo (){ A2: r3 =val
Cl: inti=0; A3: r4=r1+ 4* LEN
C2: for(;i<LEN;i++) — __ A4:» mem [r1l] = mem [r2]| + r3
C3: X[i]=Y[i]+val™ A5 rl+4+=4;r2+=4
EC: } A6: if(rl!=r4) goto A4

Hard for developers to
maintain debugging EA: ret

C Program information in the presence  (abstracted) Assembly
of aggressive optimization



Automatic Generation of Debug Headers
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Automatic Generation of Debug Headers

Source DDD[I - Machine
—)» > § f—
Code 18 Code

E qu1 'valent ?

\Yes

Correlatlons, | Linear
~
Invariants | Algebra

No




Automatic Generation of Debug Headers

Source e Machine
THomHi——
Code Optimizatio g Code 7

Equivalent ?

_ \Yes
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No




Automatic Generation of Debug Headers

Source - e Machine
"'DUDD > § fl————
Code Optimizatio Code

Back-end

Equivalent ?

_ \Yes

"(_:';;fél;;i_c;s_,j Linear Dataflow Updated
~
Invariants | Algebra Analyses Executable




Summary of Results

On the Testsuite for Vectorizing Compilers

Clang/LLVM GCC IntelCC

73 % 75 % 12 %

Percentage of PC-variable pairs where the debugging information was improved by
this approach




Automatic Generation of Debug Headers

through Blackbox Equivalence Checking (CGO
2022)

Vaibhav Kurhe, Pratik Karia, Shubhani, Abhishek Rose, Sorav Bansal
Indian Institute Of Technology Delhi




CONCLUSIONS

» Compiler Development is Hard but Increasingly Important
» Superoptimization is a Plausible Solution

* Equivalence Checking is an Important Pre-Requisite

* Scalable Algorithms for Equivalence Checking are Possible

08

* And have several other applications

COMPILERAI
https://compiler.ai NOYATION @INDUSTRY



https://compiler.ai/demo

DETERMINISTIC FINITEAUTOMATON
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BISIMULATION AS A PRODUCT DFA




IMPERATIVE LANGUAGE SYNTAX

if eat() != apple //Headl
ERROR
loop forever { //Body |
if eat() != cherry
ERROR
if eat() != banana
ERROR
next = eat()
if next == cherry
CONTINUE
if next ==
STOP

if eat() != apple //Head2
ERROR
loop forever { //Body 2
nl = eat()
n2 = eat()
n3 = eat()
if nl == cherry
&& n2 == banana
&& n3 == cherry

CONTINUE

else if nl == cherry
&& n2 == banana
&& n3 ==
STOP

else ERROR

Head|

Head?2

loop forever {
Body |
Body?2

)




IMPERATIVE LANGUAGE SYNTAX

if eat() != apple //Head|
ERROR
loop forever { //Body |
if eat() != cherry
ERROR
if eat() != banana
ERROR
next = eat()
if next == cherry
CONTINUE
if next ==

STOP

if eat() != apple //Head2
ERROR
loop forever { //Body 2
nl = eat()
n2 = eat()
n3 = eat()
if nl == cherry
&& n2 == banana
&& n3 == cherry

CONTINUE

else if nl == cherry
&& n2 == banana
&& n3 ==
STOP

else ERROR

Head|

Head?2

loop forever {
Body |
Body2

)

Head|
Head?2

loop forever {
Body |

J

loop forever {
Body?2

J
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BISIMULATION WITH MEMORY
RELATIONS

eo Mem ~ Mem,
Mem Mem e
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1=0
sum=0

b2

<N

Y

y

sum+=27
++1

Program 1:
Computes: 2
(2%i)

Forie€ [0, n)

EXAMPLE |



1=0
sum=0

sum+=27
++1

EXAMPLE |

Program 1.:
Computes:
(2%i)

Forie€ [0, n)

res+=j
++]

return
2*res

Program 2:
Computes:
2*2j

For j € [0, m)




EXAMPLE |

PO i=0 Correlation Invariants
sum=0 nodes
(bO) bO’) Nn =m

(b1, b1’) i =],
b3’ h = m.
Y return sum = 2 *res
sum+=2"| b2 ; =res
- ++i_ a res+=] (b3, b3")  sum =2%res
++]
Program 1: Program 2:
Corrwputes. Computes:
(2%*i) * 3
2 * 2]

Forie€ [0, n) Forj € [0, m)



EXAMPLE |

PO i=0 Correlation Invariants
sum=0 nodes
(bO/ bO’) Nn =m

(b1, b1’) | =],
b3’ h = m.
Y return sum = 2 *res
sum+=2"| b2 ; =res
- ++i_ - res+=] (b3, b3")  sum =2%res
++]
Program 1: Program 2:
Corrwputes. Computes:
(2%*i) * 3
2 * 2]

Forie€ [0, n) Forj € [0, m)



EXAMPLE |

Assumption:
Input equivalence:
n=m

PO i=0 Correlation Invariants
sum=0 nodes
(bOI bO’) Nn =m

N
(b1, b1’) | =],
b3’ h=m.
Y return sum = 2 *res
sum+=2"| b2 ; =res
- ++i_ - res+=] (b3, b3")  sum =2%res
++]
Program 1: . Program 2:
Cor.nputes. Computes:
(2%*i) * 3
2 * 2]

Forie€ [0, n) Forj € [0, m)



EXAMPLE |

Assumption:
Input equivalence:
n=m

PP i=0 Correlation Invariants
sum=0 nodes
(bOI bO’) Nn =m

(b1, b1’) | =],
b3’ h=m.
Y return sum = 2 *res
sum+=2"| b2 ; =res
- ++i_ - res+=] (b3, b3")  sum = 2%res
++]
Program 1: . Program 2:
Cor.nputes. Computes:
(2%*i) * 3
2 * 2]

Forie€ [0, n) Forj € [0, m)



sum+=27
++I

Program 1:
Computes: 2
(2%i)

Fori€ [0, n)

EXAMPLE |

5 |

res+=j
++]

return
2*res

Program 2:
Computes:
2*2j

Forje€ [0, m)

Assumption:

Input equivalence:

n=m

Correlation
nodes

(b0, b0’)

v

(b1, bl’)

(b3, b3’)

Invariants

n =m

| =],
n =m,
sum = 2*res

sum = 2*res



EXAMPLE |

Assumption:
Input equivalence:
n=m

(bOI bO’) Nn =m

i i=0 b( -0 Correlation Invariants
i sum=0 = nodes
b .

b3 l (b1,b1) =],
return eturn <J Sl
sum = 2*res
! o sUm y 2*res
Ssum+=<21 .
4 | res+= (b3, b3")  sum =2*res
++]
Program 1. . Program 2:
Cor.nputes. Computes:
(2%*i) . o
2*2j

Forie€ [0, n) Forj € [0, m)



STEPPING BACK...

An Equivalence Checker is a proof finder This talk

An Inequivalence Checker is a bug finder

|

|. Try to Find an Equivalence Proof

-

2. Try to Find a Distinguishing Input

3. Neither found, give up :-(



Theoretical basis

imitations

Application specific/l

EQUIVALENCE CHECKING LITERATURE

Simulation Relation,

cut points

Loop free code

Partial equivalence
(with bounded
unrolling)

Regression
verification

Affine programs

Data Driven
(test cases are
given)

Translation
validation

(Pass based,
knowledge of
trasformations)
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STILL MISSING...

An Automatic Equivalence Checker
that works across a long and unknown sequence of transformations
for practically useful programs written in commonly-used syntaxes

in a scalable way



EQUIVALENCE CHECKING RESEARCH ROADMAP

Prior
Work

Translation Validation
across a selected set
of transformations
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EQUIVALENCE CHECKING RESEARCH ROADMAP

Translation Validation across
a full compilation pipeline for
selected programs

Prior
Work
Our planned Translation Validation
work

across a selected set
of transformations

Our

Work
Translation Validation for any general program

across an almost full compilation pipeline



EQUIVALENCE CHECKING RESEARCH ROADMAP

Pursuing as a startup

Translation Validation across called “CompilerAl

a full compilation pipeline for / Labs”.
selected programs

Prior
Work
Our planned Translation Validation
work

across a selected set
of transformations

Our

Work
Translation Validation for any general program

across an almost full compilation pipeline



EQUIVALENCE CHECKING RESEARCH ROADMAP

Pursuing as a startup

Translation Validation across called “CompilerA

a full compilation pipeline for / Labs”
selected programs

Prior This will be the first certified
Work compiler that uses automatic
Our planned Translation Validation translation validation as the sole
work across a selected set certification technique.
of transformations Needed for Aircrafts, Cars,
Trains, ...

Our

Work

Translation Validation for any general program
across an almost full compilation pipeline



Key ldeas

» Scalable Search Algorithm for a Bisimulation Relation
» Includes Modeling of Undefined Behaviour Semantics
- Leverages SMT Solvers, e.g., Z3,Yices, CVC4 for discharge of

first-order-logic proof obligations

[M. Dahiya et. al.. Blackbox Equivalence Checking Across Compiler Optimizations, , APLAS 2017]
[M. Dahiya et. al., Modeling Undefined Behaviour for Checking Equivalence Across Compiler
Optimizations, HVC 2017]



Key ldeas

« Automatic Identification of bisimulation proofs

 Would require millions of years through a naive search

 Translation Validator from C-to-x86

[S. Gupta et. al., Effective Use of SMT Solvers for Program Equivalence Checking through

Invariant Sketching and Query Decomposition, SAT 2018]
[S. Gupta et. al., Counterexample-Guided Correlation Algorithm for Translation Validation,

OOPSLA 2020]



EXAMPLE 3:VECTORIZATION

int LEN, a[LEN], b[LEN];
int c[LEN], d[LENI];
Co: void s441() {

C1: for (int i = @; i < LEN; i++) {
C2 : 1f (dfi1] < 0) {

C3: ali] += b[i] * c[il];

C4: } else 1f (d[i] == 0) {

C5 ; ali] += b[i] * b[1i];

Cb: } else {

C7: ali] += cl[i] * c[il;

C8: }

C9: }

C10:}



EXAMPLE 3 :VECTORIZATION

AQ :
Al :
A2 :
A3:
A4 .
A5 :

int LEN, a[LEN], b[LEN];

int c[LEN], d[LENIJ];

Co: void s441 () {

Cl: for (int 1 = 0; 1 < LEN;
C2: if (d[i] < 0) {

C3: ali] += b[i1] * cl[1];
C4: else if (d[1i] == 0) {
C5: ali] += b[i] * b[il;
C6: else {

C7: ali] += c[i] * cl[il;
C8:

C9: }

C10:}

1++) {

AO:
Al :

> > > > > >

o A W NN =

rio+3._
ri+3]
ri1+3]

9)

s441 :

ri = 0

xmml = alrl .. r1+3]

XxXmm2 = xmm’ bLlrl s r1#3]l=c[ r1

xmm3 = xmm blrl . rl+31xb[r]

xmm4 = xmm’ ¢clrl .. Fl+3]l%cl ]

// pcmpgtd

xmm@ = (dfr1] < 0), .. , (d[lr1+3] < @)
xmml = xmm@ ? xmm?2 xmml // pblendvb
// pcmpeqd

xmm@ = (dLlr1] == 0), .. , (dLr1+3]
xmml = xmm@ ? xmm3 xmml // pblendvb
// pcmpgtd

xmm@ = (d[r1] > @), .. , (dlr1+3] > 0)
xmml = xmm@ 7?7 xmm4 xmml // pblendvb
alr ri+3] = xmmT

ri += 4

if (r1 != LEN) goto A2

ret



Key Idea
Counterexample Guided Best-First Search



EXAMPLE 5 : LOOP TRANSFORMATIONS

int loopSplitting() {

#define LEN 1000 Int sum = 0;
int original() { int mid = LEN /2;
int sum = 0: for (inti=0;i<mid;i++){
int mid = LEN /2; if (1 <mid ) sum += c[ali]];
for (inti=0;i<LEN;i++){ if (1 >=mid ) sum += bli];
if (1<mid) sum += c|alil|; -
if (i >= mid ) sum += b[i]; for (inti=mid; i <LEN;i++) {
) if (1<mid) sum += c|alil|;
return sum : if (1>=mid ) sum += bli|;
) }

return sum ;

}



EXAMPLE 5 : LOOP TRANSFORMATIONS

int loopSplitting() {

int sum = 0: int loopUnswitching() {
int mid = LEN /2; int sum = 0;
for (Inti=0;i<mid;i++){ _int mid = LEN /2;
if (i < mid) sum += c[a[i]]; for (inti=0;1<mid;i++) {
if (i >= mid ) sum += b[i]; 7| sum += c[a[i]];
> =
for (inti =mid;i <LEN;i++){ for (inti=mid;i<LEN;i++) |
if (i <mid) sum += c [a]i]]; - sum += bl[if;
if (i >=mid) sum += b[i]; B
3 return sum ,;
return sum : }

}



EXAMPLE 5 : LOOP TRANSFORMATIONS

int loopUnrolling() {
int sum = 0;

int loopUnswitching() { int mid = LEN /2
int mid = :

int sum = 0;

int mid = LEN /2. for(intizO;i<mid;i++){
for (inti=0;i<mid;i++){ sum += cfali]|;
sum += c|alil|; j — —— .
B for (inti =mid; i< LEN;i+=4){
for (inti=mid;i<LEN;i++) { sum +=b] 1]
sum += b[i]; | sum+=b[i+1];
) sum += b[i+2];
return sum ; sum +=b[ i +3];
) }

return sum ;

}



EXAMPLE 5 : LOOP TRANSFORMATIONS

int loopUnrolling() { AQ : loopVectorizedAndRegAllocated :
int sum = 0; Al: r1=0;r2=0;
int mid = LEN /2; A2: r2+4=clalrl]]
for (inti=0;i<mid;i++ A3:  rl++
su(m +=c|ali]]; a /A4 ;. it (rl!=mid) goto A2
B A5: rl=_&b|mid]|; r3=&b|LEN]; xmmO0 =0
for (inti=mid;i < LEN;i+=4){| |A6: xmmO+=~rl,. *(rl+12)
sum +=Db| 1 |; A7: rl+=16
sum += b[1_|_1] /A8: if (rl!=r3) goto A6
sum += b[i +2]; A9: xmmO0 += (xmmO0 >> 8)
sum += b[i+3]; A10: xmmO += ( xmmO0 >> 4)
) All: r2 +=xmm0 [31:0]
return sum ; EA : retr2

}



End-to-End Equivalence Check

#define LEN 1000 Al: rl=0:r2=0:
CO: Int O { A2: r2+4=cla]lrll]j
Cl: intsum = 0; A3: rl++
C2: intmid = LEN /2; A4: if (rl!=mid) goto AZ

L _ _ A5: rl = &b[mid|; r3=& b|LEN]|; xmm0 =0
C3: for (inti=0;i<LEN;i++){ A6:  xmmO0 +=*rl,.,*(rl +12)

C4: if(i<mid)sum+=clalill; A7: rl+=16

C5: if (i >=mid) sum += bJi]; A8: if(rl!=r3) goto A6
C6: ) A9: xmm0 += ( xmm0 >> 8)
A10: xmmO0 += (xmmO0 >> 4)
EC: return sum; A11: r2 +=xmmo [31:0]
} EA : retrZ
(C3-C4-C3) (C3-C5-C3)*

C0-C3 C3-C4-C3 (C3-C5-C3)*-EC
A(O-A2 A2-A6 A6-EA



Incremental Construction of the Product CFG



Incremental Construction of the Product CFG




Incremental Construction of the Product CFG

Use off-the-shelf invariant inference algorithms to infer affine, equality
and inequality invariants on bitvectors and memory states

C0-C3
A0-A2

Infer Invariants at
(C3,A2)




Incremental Construction of the Product CFG

(C3-C4-C3)
A2-A2

C0-C3
A(O-A2

Relax Invariants
at (C3,A2)




Incremental Construction of the Product CFG

(C3-C4-C3)
A2-A2

C0-C3 C3-C4-C3
A(O-A2 A2-A6




Incremental Construction of the Product CFG

(C3-C4-C3)
A2-A2

C0-C3 C3-C4-C3
A(O-A2 A2-A6

Infer Invariants at
(C3,A6)




Incremental Construction of the Product CFG

(C3-C4-C3) (C3-C5-C3)*
A2-A2 A6-A6

C0-C3 C3-C4-C3
A(O-A2 A2-A6

Relax Invariants
at (C3,A6)




Incremental Construction of the Product CFG

(C3-C4-C3) (C3-C5- ("%)'
A2-A2 A6- Aﬁ

@ C0-C3 C3-C4-C3 @ (C3-C5-C3)*-EC
A0-A2 A2-A6 A6-EA /

Check equivalence of
return values under
inferred invariants




SEARCH SPACE

(C0,A0)
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SEARCH SPACE

CO0-C2-C5H




SEARCH SPACE

(C0,A0)

@®

C0O-C2
(C0O,A0) (C2,A2)
A0-A2



SEARCH SPACE

p

»:/ N C0-C2-C5-C7 ‘, o
| @CO,AO)J s @czmﬂ |
TR PO SO S S \ o
s N C0-C2 (- N C0-C2 N C2-C5 b
@CO,AO)J b AR »@CZ,AZ) > @CO,AOb reY >@C2,A2)J Y »@C5,A38
N R r
2 - 3

Exhaustive search would take years to compute equivalence



SEARCH SPACE

Prior work on data driven

.’ @CO o CO_CZ_Ci@ ) o correlation would fail to

__________________ i | construct this required

/_ ________________ e " product-CFG

[@co,m@] »n [Co A )\CO Zz_iz CZ[C?,AZ) | .-

D S~ .
s N C0-C2 [, N C0-C2 N C2-C5
\(CO,AO)J —— »@cz,Az)/\: [co AQ)}——— {cz A2 @caA:@
2 3

Exhaustive search would take years to compute equivalence



Counterexamples

During invariant inference, we make potential GUESSes for
invariants. VWe try to prove a GUESS using an SMT Solver.

o |[f the GUESS is provable, we have found an invariant.
e If not, the SMT solver returns a counterexample

,/"\\\
Co-C3 - _Counterexamples identified at (C3,A2) during
AO-A2 invariant inference

Infer Invariants at
(C3,A2)




Counterexamples

A counterexample at a node is a potential concrete machine state
that may occur at that particular node during execution.

The concrete state would involve valuations for (related) variables of
both C and A.

C0-C3 - Counterexamplel: 1=5,R1=5

* Counterexample2: I=1003,R1=1003

Infer Invariants at
(C3,A2)



COUNTEREXAMPLE GUIDED BEST-FIRST
SEARCH

... * Counterexample-Guided Pruning




COUNTEREXAMPLE GUIDED BEST-FIRST
SEARCH

... * Counterexample-Guided Pruning
* Counterexample-Guided Ranking




Counterexample Guided Best-First Search

.Counterexample Guided Pruning



COUNTEREXAMPLE EXECUTION

ali|=cli

02-C3

(3,A2)

(0-C2
(C0,A0) ,
A-A2

altl] = bjrl




COUNTEREXAMPLE EXECUTION
alij=cli]| fm=0

(0-C2 (2-C3
(C0,A0)
A-A2

(3,A2)




Counterexample Guided Pruning

ali|=cli]| ‘eO@=10
(02-C3

(3,A2)

(0-C2
(C0,A0)
A-A2

Heap.# Heap,

aAltl] = bjrl /




Counterexample Guided Pruning

PRUNE AWAY THIS CANDIDATE a[i]=c[i] a[0] =10

CORRELATION
4

Heap.# Heap,

aAltl] = bjrl /

(-2
(C0,A0) ((2,A2)

A(-A2

J




Counterexample Guided Best-First Search

.Counterexample Guided Pruning
.Counterexample Guided Ranking



Infer Invariant Covers for Executed
Counterexamples

Infer

Q Invariants

Q Infer

Invariants




Infer Invariant Covers for Executed
Counterexamples

Q sum = r2+rl
1 =rl+1




Infer Invariant Covers for Executed
Counterexamples

j=t3
Q 1=rl Ranked

G ot S ey - B a2 i g~ e Clanie i ol G p s i 09—
' CO-C2 C2-C2-C2

> @co,A@ .Gcz,A‘z) » (C‘z,AzD
| A€
\

E (C0,A0) iggj {(c2,2) :zZA; {(c2,2) E
Rank based on Number of Live '---------====---~-~“cc@=—~—~-““""- ’
Assembly Values Correlated through Q sum = 2+
the Inferred Invariants i = rl+1




Counter Evaluation

Optimized x86

Unoptimized
- assembly code

LLVM IR

GCC-8 / Clang-11 / ICC-18.0.3

Equivalence checker
based on Counter algorithm



Counter Evaluation

* TSVC Benchmarks : TestSuite for Vectorizing

Compilers

» 208 function-compiler pairs tested

e |75 function-compiler pairs pass



Counter Evaluation

* TSVC Benchmarks : TestSuite for Vectorizing Compilers

* 208 function-compiler pairs tested

e |75 function-compiler pairs pass

* LORE Repository for Loop Nests

e 27 different vectorizable loop patterns, all pass
* |6 with multiple potentially-nested loops
* 6 where multiple control flow paths in the loop body

* |7 use multi-dimensional arrays



Peephole Superoptimization
Step |

mov 7eax, 7oecX
mov 7%ecx, /oeax

Harvest instruction sub $123, %eax
sequences that can add $456, %eax
potentially be

optimized. movl (%eax), %ecx
Canonicalize and inc 7oecx

store them movl %ecx, (7oeax)

Target Sequences
[S. Bansal, A. Aiken. Automatic Generation of Peephole Superoptimizers, ASPLOS 2006]



Peephole Superoptimization
Step 2

mov 7eeax, 7oecX mov 7eax, 7oecX
mov 7ecx, /oeax

sub $123, %eax add $333, %eax
add $456, Yoeax

movl (%eax), 7oecx inc (7oeax)

inc 7oecx

movl %ecx, (7oeax) Superoptimization

Target Sequences Optimized Sequences

[S. Bansal, A. Aiken. Automatic Generation of Peephole Superoptimizers, ASPLOS 2006]



Peephole Superoptimization
Step 3

mov 7.eax, /oecx mov 7eax, /oecx
mov 7ecX, 7oeaX

sub $123, %eax add $333, %eax
add $456, Toeax

movl (7%eeax), 7oecx inc (7eax)
inc 7oecx
movl %ecx, (7oeax)

Table of Peephole Optimizations
[S. Bansal, A. Aiken. Automatic Generation of Peephole Superoptimizers, ASPLOS 2006]



Why is this nowhere near enough?

» Invariants are not captured, e.g., x=constant

pattern replacement

/Ireg1 is known to be a constant CO mov $(C0+C1), reg2
mov reg1, reg2
add $C1, reg2




Why is this nowhere near enough?

» Local Memory Usage in the Pattern is not Modeled

pattern replacement

char x[42]; sub $42, %esp

printf(x); printf(%esp)




Why is this nowhere near enough?

 Local Memory Usage in the Replacement is not Modeled

pattern replacement

if (x ==20) { y = PrecomputedArray[x];

y =42;
telseif (x==1){

V= ...;
telseif (x=...){

y = ...
|




[V. Kurhe et. al., Automatic Generation of Debug Headers, CGO 2022]

Why is this nowhere near enough?

 No preservation of debugging information

pattern unoptimized optimized
sum += alil; addl a[i], reg psubb %mmO0O, %mm0
sum += a[i+1]; add| a[i+1], reg psadbw &ali], %omm0
movd %mm0O, reg
sum += ali+7]; addl a[i+7], reg |
Can correlate reg with sum A superoptimized
after every i”St."UCtiO” implementation erases this
Done by compiler information.

developers Can reconstruct! [CGO22]



Serious!?

- Aliasing information is not captured, e.g., heap access vs. stack
access

» Invariants are not captured, e.g., x=constant

» Loops are not supported

» Local Memory Usage is not supported



Serious!?

- Aliasing information is not captured, e.g., heap access vs. stack

dCCESS

» Invariants are not captured, e.g., x=constant
» Loops are not supported

» Local Memory Usage is not supported



Invariant Sketching

Query

1+12+C=0

N

Satisfying

1=0,12=144

C=-144

/




