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RECAP

* CBS

® Parameterized Programs
®* Sketches : A language to write Parameterized Programs
® Language

®* Imperative language

®* Unknown Constants

® Harness/ Test-harness

® Generators : Allow complex parametrized programs

® Recursive

® Higher-order



Constraint-Based Search

ldea: encode the synthesis problem as a SAT/SMT problem and
let a solver deal with it



Whatis an Encoding

parameter space

C = {Cl, ...,Cn}

\_/ {C] wi(C) }
— well-formedness constraint

{C| wf(C) Asem(C) }
~

program space

solutions

—~ @

semantic correctness
constraint

Sem(C) — /\ (P(C, i’ 0) C denotes a program that gives

output o on input
(i,0)EE



How to define an encoding

Define the parameter space C = {cq, ..., Cp, }
» decode : C > Prog (might not be defined for all C)

Define a formula wf(cy, ..., C,)
e that holds iff decode[C] is defined

Define a formula @(cq, ..., Cy, 1, 0)
e that holds iff (decode[C])(i) = o



Solve the constraints

constraint-based (wf, ¢, E = [1 2 0]) { Find a satisfying assignment
match SAT(Wf(C) A /\(i,O)EE (p(C, i, 0)) with < forcy, «.., C,
Unsat -> return “No solution” (1 and o are fixed)

Model C* -> return decode[C*]



SAT encoding: example

orogram space X is a two-bit word parameter space

{x, Xx & 1}

(x = xwx) C = {c: Bool}
E = [11 > 01]

decode[@0] =2 X
wf(c) =T decode[1l] 2 x & 1
(P(C; ;";Oh,Ol) = (—|C = 0, =1, N0; = )
/\(C = OhZO/\Olz')
SAT ¢, 1, 10;1
((P( )) SAT solver

SAT((=c = 0=1A1=1)A(c =20=0A1=1)) —» Model {c>1}

return decode[1l] ie. X & 1



SMT encoding: example

N is an in integer literal parameter space
X IS an integer input

E=1[2 > 9]

program space

C = {cop: Bool,cy: Int}

decode[O,N] = x + N
decode[1,N] = x * N

X + N | x *

Wf(Cop, CN) =T

(p(cop, CN) ,o) = (—ICOp = 0=1+ CN) N\ (cop = 0=1% CN)

SAT((P(Cop: CN) ,9)) SMT solver

SAT((—cop = 9=2+cy)A (cop 9 =2%cy)) —> Model {coF,;e},
C
return decode[0,7] ie. X + 7 N



Program Sketching

2. How to encode the behavior of complex programs?

Symbolic execution

Behavioral constraints
= assertions / reference
implementation

\
encoding

—  3( .spec((C)
A

Structural constraints
A

3. How to solve for complex specs?
CEGIS

1. How to specify for complex programs?
Sketches



A small change: specs rather thani/o

“C denotes a program that gives
output o on input /”

program space encoding /
—> '
C . ,1,0)

}L/‘)o/] (i,0)EE

' v

Vio.y(io) 3C .Viol.o(C,i,0) = Y(i,0)

doubly-quantified constraint:
not solver-friendly



Example : Sketches

3C .Vio.p(C,i,o0) = Y(i,o0)

dcic, VX Y.y =C1*X+ Cy
=y—1l=x+x

harness void main(int x) {

) encoding
inty :=??2 * X + ??; :
assert y - 1 == x + X;

| l
simplify

dcicy) VX .Cixx+Ccr,—1=x+x



Constraint-based search
Over sketched Space



Overall Strategy

@

Sketch
with
harnesses

>

)

Symbolic

Execution

> Simplification §

> Encoding

:>> |IHHHHH||



Symbolic Execution

Semantics of a simple imperative language
How to use it for symbolic execution?
Adding while loops

Adding holes



Semantics of a simple language

e=n|x|e +e,|e;>e,
cc=x:=e|c ;¢ | ifethenc,elsec, | whileedoc

What does an expression mean?
« An expression reads the state and produces a value

* The state is modeled as a map o from vars to values
e | -] ;e > X — int

EX:
« I ||x|]| = Ao. o(x)
e d||n|| = Ao. n

-527[:81+ez[| = Ao . Qf”elﬂa+ﬂﬂezﬂa
-Qf[:el > ezﬂ = Ao . ifgziﬂelﬂa>gz{[|e2ﬂathen 1 else O




Semantics of a simple language

e=n|x|e+e,
cc=x:=e|c ;¢ | ifethenc,elsec, | whileedoc

What does a command mean?
« A command modifies the state
e G|-|| ic> XX
EX:
¢« Glx:=e|| = Ao. o[x = (L]e|o)]
. %[:61;02]] = /10.%”62 H(%”cl Ha)
. %[:if e then cyelse 02]] =
Ao . Ax . ifdl|e||lc =1 then (%Hcl Ha)x else(%ﬂcz Ha)x




Semantics of assertions

e = n| x| e +e,
c := X := e | assert e
| ¢, ; ¢, | if e then c, else c, | while e do c

What does a command mean?

e Commands also generate constraints on valid executions
* Cl[]:c—> E W) - (W)

[ Constraints on values in initial o ]

EX:
» Cllassert e] = A(o,¥).{o,Y A A|e]o # 0)




Symbolic Execution

Semantics of a simple imperative language
How to use it for symbolic execution?
Adding while loops

Adding holes



Concrete execution: Example 1

Let’s run this with X = 2

void main(int x){
int y = 2 * x;
assert y > Xx;

}

o={x - 2} Yy=T
o={x—-2,y—->4}, =T
o={x-2,y->4yY={4> 2}

l

Test passed



Symbolic execution : Example 1

void main(int x){
int y = 2 * x;
assert y > X;

}

c={x->X},LYy=T
o={x->X,y—- 2X}
Y ={2X > X}

Clpl{{}3, T) = ({x = X,y - 2X},2X > X)

l Verification constraint

SMT solver
X0} Q VX.2X > X

https://madhu.cs.illinois.edu/cs598-fall10/king76symbolicexecution.pdf



Symbolic execution : Example 2

void main(int x, int u){

}

i:t(ﬁ i g; { oc={x->X,u->U,y—-0}

y =2 %X o={x->X,u->Uy—- 2X}
} else {

y = X+ X, c={x->X,u->Uy->X+X}
;Sser‘t y == 2%¥x; |\ o={x->X,u->Uy->U>0?72X: X+

og={x->Xu- U}

Y={(U>0?2X:X+X) =2X} @



Symbolic Execution

Semantics of a simple imperative language
How to use it for symbolic execution?
Adding while loops

Adding holes



What about loops?

Semantics of a while loop
e letW:X - X = C|while edo c]

W satisfies the following equation:
Wo = Alelc#0 ? W(C|clo) : o

* One strategy: find a fixpoint (see later in class)
 We'll settle for a simpler strategy: unroll k times and then give up



Symbolic Execution : example 5

void main(int x){ if (1 < 2) {

int y = 0; y =Yy + X;

int 1 = 0; i=1i+1;
i 1

hil 1 < 2 '
" )1, 2 )(/1+ X,) { Step 1: unroll if (1 < 2) {
. . ? with depth =2 y =Y+ X
1 =1+ 1; i=14+ 1;
} assert (i < 2);

assert y == 1 * x; }
} }



Symbolic Execution : example 5

void main(int x){

int y = 0; o ={x - X}
int 1 = 0; c={x->X,y—>0,i-0
if (i < 2) { { ¢ }
y =y + X;
i=1+1; :
i (1< 2) { oc={x->X,y->X,i > 1}
y =¥y * X . Simplified from0<2?2(1<2?X+X:X):0 |
i=1+1; a={m+XgX IR 2}
assert|!(i < 2% 24
} > Y=122>2)]
}
assert|y == i*x;l c={x->X,y->X+X,i—>2}
}

~>

Yv={-(2>2) A X+X=2X} D



Symbolic Execution

Semantics of a simple imperative language
How to use it for symbolic execution?
Adding while loops

Adding holes



Semantics of sketches

e = n| x| e +e,| ??
c := X :=e | assert e
| ¢, ; ¢, | if e then c, else c, | while e do c

What does an expression mean?
* Like before, but with a “hole environment” ¢ ¢ - H — J

c Al ]:e> D -2 > Z
EX:
c Alx] = A¢. Ao.o[x]
e A?7?; | = Ad. Ao. ¢p[i]
c Ale; + e, = A¢p.Ao. Ale ]| dpo + Ale,|do




Symbolic Evaluation of Commands

Commands have two roles

* Modify the symbolic state
* Generate constraints

Cl-]l:c—>®-> &Y - (2,¥)



Symbolic Evaluation of Commands

Example: assighment and assertion

Cllx = elld(o, ) = (a[x = Alel¢po], )

Classert e]| (o, V) = (o, A Aleldo # 0)



Symbolic Evaluation of Commands

If statement

C[if e then ¢q else ¢ (o, @) = (o, ")

O, ={oped: Ale|"cp = true}

P ={0ecd: Ale|"0p = false}
(01, P1) = Cler] (o, Py)

(02, P2) = Clea]" (0, Py)

P = (P1) U (P2)

o' = e p. Ale]"0¢ ? o120 : o210



Symbolic execution of sketch : example

void main(int x){

int z = 2?2, * Xx; o ={x - X} Y=T
int y = 0;
int 1 = 0; c={x->X,z-> ¢, X,y - 0,i > 0}
if (1 < 2) {
y =Yy + X
i_;(i:;‘)'{ oc={x->X,z-o¢;*X,y-> X,i = 1}
y =Y + X,
;s;e:'tilh < 25— 0=X->Xz>¢1 %X,y > X+X,i- 2]
} —> 1/)={—|(2>2)}
}
assertly == 2; I > P ={-(2>2) A X+X = xX}

CEGIS
{1 > 2} «——3P. VXX +X = ¢, X



Controls for generators

harness void main(int x, int y){

S z = mono(x) + mono(y); 0=1{z2->(P1? ¢P2: XxP)+ (P17 P : Y x )}

assert z == X + X + 3;
} No solution!

generator int mono(int x) {
if (??,) {return ?2?,;} unroll with if (??,) {return ??,;}
else {return x * mono(x);} depth =1 else {return x * ??,;}

} -

We need to map different calls to mono to different controls!



Controls for generators: context

harness void main(int x, int y){

z = monol(x,1) + mono?(y,2); _ 1 1., 1.3 2 2 . 2.3
> L amenotbed) x o) c={z> ($17 ¢ X+ pI%) + (627 93+ X+ $2%))

}

generator int mono(int x, context t) {
if (??%) {return ??%;}
else {return x * mono3(x, t.3);}

}

{¢p1 » 0,¢03° > 2,01 = 1,¢3° o 3}



Example

® Goal: Find a function from holes to values
® Easy in the absence of generators

bit[W] 1solateSk (bit[W] x) implements i1solatelO {

return !'(x + ¢(?2?27)) & (X + 4(?27?,))

® Finite set of holes so function is just a table



Framing the synthesis problem

® Generators with recursion need something more

generator bit[W] gen(bi1t[W] x, 1int bnd) {
assert bnd > O;
if(??,) return x;
i1f(??,) return ?7?g;
if(??;) return ~gen, (x, bnd-1);
if (22,)

J
J

b1t [W] 1solatelOsk (bit[W] x) implements 1solate(0 {
return geng (x, 3);

J

because the same syntactic instance of a hole is supposed to have different values for different instances of the generator.



Framing the synthesis problem

® Generators need something more

generator bit[W] gen(bit[W] x, int bnd) {

assert bnd > 0; Make ¢ a function of a hole
1f(s(??,)) return x;

if (4(??,)) return ,(2?7?5); and a Context

if(4(??3)) return ~geng (x, bnd-1);

1 (s (?274)) {

J
J

b1t [W] 1solatelOsk (bit[W] x) 1implements 1solatel {
return geng (x, 3);

J



Framing the synthesis problem

®* Generators need something more

® The value of the holes depends on the context

generator bit[W] gen (context ., bit[W] x, int bnd) {
assert bnd > 0O;

1f(s(:,??1)) return x;
if (s (-
if(s(-,??3)) return ~gengy (-5, %X, bnd-1);
1€ (s (c,?224)) {1

r - -4

, ?2?,)) return 4(.,?%2c) ;

J
J

b1t [W] 1solatelOsk (bit[W] x) implements 1solate(O {
return gengy (s, x, 3);

J



Solving Constraints:
CEGIS




CEGIS

dc.Vx.Q(c,x)

ldea 1: Bounded Observation Hypothesis
* Assume there exists a small set of inputs X = {x4, X5, ... X, } such that

whenever c satisfies
ANIGED

IE1.n

Vx.Q(c, x)

¥~ No quantifiers here, can give to

. o SAT / SMT
it also satisfies

39



Example

This is a linear constraint, two
inputs are enough!

dcic) VX.C1*Xx+c—1=x+Xx <«

Q(Cl,CZ,O) = Cyp — 1=0

X={0,1
o4 Q(c1,c1) = ¢+ —1=2

harness void main(int x) {

{Cl—)Z,Cz—)l} inty:=2*X+1;
assert y - 1 == Xx + X;

}

How do we find X in a general case?

40



CEGIS

dc.Vx.Q(c, x)

ldea 2: Rely on verification oracle to generate counterexamples

lxo

Synthesize Ci Verify
Unsat
3¢ . Aieo.n Q(C, X;) ” dx.=Q(¢ci,x) >
i ;
\ is the solution!

Unsat l no solution!

41



Example

dcic, VX .ci*x+c,—1=x+x

lo

Synthesize

dcic,.c;—1 =0

(0,1}

Validate
dx . =(1—-1=x+x)

42




Example

dcic, VX .ci*xx+c,—1=x+x
l 0
Synthesize 2,1} Validate
—
dcic.c2—1=0 3x.22*x+1-1=x+x) Unsat
Aertep—1=2 (2,1} is the
\ solution!

43



Program Sketching

2. How to encode the behavior of complex programs?

Symbolic execution

Behavioral constraints
= assertions / reference
implementation

v

encoding

——  3C.Vx.0(C,x)

Structural constraints
A

3. How to solve for complex specs? @
CEGIS

1. How to specify for complex programs?
Sketches

44



Sketch: contributions

Expressing structural and behavioral constraints as programs
e the only primitive extension is an integer hole ??
* why is it important to keep extensions minimal?

Synthesis by translating to SAT
CEGIS

* became extremely popular!

Handles imperative programs with loops
* and proposes an encoding for those

Can discover constants

45



Sketch: limitations

Everything is bounded

* loops are unrolled
* integers are bounded
e are any of the above easily fixable?

Too much input from the programmer?
* but: as search gets better, less user input is required

CEGIS relies on the Bounded Observation Hypothesis
Sketches hard to debug
No bias, no non-functional constraints

46



Logistics

®* Reading assignment due on Sunday.
® The 1-2 page proposal, due on next Friday.
®* Something similar to the Sec. 1 and 2 in the papers.
® A concrete example showing inputs to the synthesizer.
® How does algorithm roughly works on the example.
® A class test 10 marks:
® October 1, Tuesday
* Syllabus, TBA



