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Predicate Logic ( 1§1a%Z48 )

- — 1 1.2 First Order Logic —

Step 2. Ask the computer
to solve the formula.




Outline — This Lecture

e SMT Solver
e SMT
 From DPLL to DPLL(T)

« EUF



SMT

- DEFINITION
The SMT problem (abbreviated satisfiability modulo theories) is the

problem of determining If there exists an interpretation that satisfies a

\given predicate logic formula.

4 )
We can use SAT solvers to solve SAT

probLems au’coma‘c’waLLg. cawn we solve
SMTprobLems au‘comat’waug?

\_




el MathSAT 5

An SMT Solver for Formal Verification & More

SMT solver can do it!

CVC4

25




-
There are some powerful SAT solvers based

on. DPLL. Can we build SMT solvers based N
own these SAT solvers? N\ je

\_

First, we consider the case of quantifier-free formulas.



A Quick Recap

@ || 1v2, 2v3, 1v3v4, 2v3v4d, 1v4d — (Decide)
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A Quick Recap
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A Quick Recap

0 v2, 2v3, 1v3v4, 2v3v4, 1v4 = (Decide)
19 1v2, 2v3, 1v3v4, 2v3v4, 1v4d = (UnitPropagate)
192 || 1v2, 2v3, 1v3v4, 2v3v4, 1v4d = (UnitPropagate)
1923 | 1v2, 2v3, 1v3v4, 2v3v4, 1v4d = (UnitPropagate)
19234 || 1v2, 2v3, 1v3v4, 2v3v4, 1vd = (Backtrack)




A Quick Recap

0 V2,

19 1v2,

192 || 1v2,
1923 || 1v2,
19234 || 1v2,
1 1v2,

2V 3,
2V 3,
2V 3,
2V 3,
2V 3,
2V 3,

1v4
1v4
1v4
1v4
1v4
1v4

(Decide)
(UnitPropagate)
(UnitPropagate)
(UnitPropagate)
(Backtrack)
(UnitPropagate)

Leeell



A Quick Recap

0 V2,

19 1v2,

192 || 1v2,
1923 || 1v2,
19234 || 1v2,
1 1v2,

14| 1v2,

2V 3,
2V 3,
2V 3,
2V 3,
2V 3,
2V 3,
2V 3,

1v4
1v4
1v4
1v4
1v4
1v4
1v4

(Decide)
(UnitPropagate)
(UnitPropagate)
(UnitPropagate)
(Backtrack)
(UnitPropagate)
(Decide)

Leesell



A Quick Recap

0 v2, 2v3, 1v3v4, 2v3v4, 1v4 = (Decide)
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14 | 1v2, 2v3, 1v3v4, 2v3v4, 1vd — (Decide)
143% | Tv2, 2v3, Tv3v4, 2v3vad, 1v4 —> (UnitPropagate)
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A Quick Recap

0| 1v2, 2v3, 1v3v4, 2v3v4d, 1v4d = (Decide)
19| 1v2, 2v3, 1v3v4, 2v3v4, 1v4 — (UnitPropagate)
192 || 1v2, 2v3, 1v3v4, 2v3v4, 1v4d = (UnitPropagate)
1923 || 1v2, 2v3, 1v3v4, 2v3v4, 1v4d = (UnitPropagate)
19234 || 1v2, 2v3, 1v3v4, 2v3v4d, 1v4d — (Backtrack)
1| 1v2, 2v3, 1v3v4, 2v3v4, 1vd = (UnitPropagate)
14 | 1v2, 2v3, 1v3v4, 2v3v4, 1vd — (Decide)
143% | Tv2, 2v3, Tv3v4, 2v3vad, 1v4 —> (UnitPropagate)
1432 | Tv2, 2v3, Tv3v4, 2V3Va, 1v4
(

The bnput of & SAT solver is CNF and it
uses PPLL to solve the problem.




Eager SMT converts a theory
into a SAT problem



Eager SMT Techniques




Eager SMT Techniques




Eager SMT Techniques




Eager SMT Techniques

-

\_

The bnput formula can be translated using
a satlsfinbility-preserving transformation

into a propositional CNF formula,




Eager SMT

Technigques

\_

Represent X, Y and z by
two variables each.

Theg are stmatlar to bits. P

~N




Eager SMT Techniques

(z=1Vzx=3)A
(y=1Vy=2Vy=3)A
— (z =3)A
K (z # YA
, | (2 # 2)A
((=pL A p0) Vv (p1 A p0))A / (y # 2)
S X mmp [p1]p0
=((p1 < q1) A (0 > q0))A y mmp |gl|q0
~((g1 & 1) A (g0 < r0))A S [ I

—((pl > r1) A (p0 < r0))



Eager SMT Techniques

(xr=1Vz=3)A
(y=1Vy=2Vy=3)A
(z =3)A
L (z # y)A

((=p1 A p0) V (pl A pO))A / (y # 2)

(=gl A g0) Vv (g1 A—q0) V (g1 A gO))A

(r1 A r0)A . X =) pl

=((p1 <+ q1) A (p0 4> q0))A Leave the rest to

~((g1 € 11) A (40 & TO)A _ powerful SAT solvers.

—((pl <> r1) A (p0 < r0))



Eager SMT Techniques

Eager SMT techniques require to encode problems to SAT:

1) Represent the state space
2) Convert the problem into the new representation

3) (Optional) Reduce redundancy



what if theve are
uninterpreted functions?

\_




Eager SMT Techniques

( )

X, Y andl z are
bool type.

Fuwctio$ (k ~N

uwéw‘cemre’ced. we wawnt to encode Lt to

SAT, including f.
\__ J

.




Eager SMT Techniques

/RﬁpLaoe functions with
fresh variables. Fresh (Y & )N

variables are variables (<> fr)A
that n st
ac EVer eXLSt L ~(z < f,)
original formula.

\_ /

[ s the result eouisatistinble
with the original formula?

.




Eager SMT Techniques

)\x=f<f<z>> =f(5)J
y=£(2) Ax = F(F(2)) A(z = £y)

(oAt '




Eager SMT Techniques
)\x=f<f<z>> =f(5)J

y=fz)Ne=f(f(z)) A=(x = fy))

(coisar] '
N
(y & f)A <[yz~.sz‘mT
T4 1)\ fr=="T,f, =F
[ ot ] (< fr2) f )




Eager SMT Techniques
/[x=f<f<z>> =f(5)J

y=fz)Ne=f(f(z)) A=(x = fy))

(coisar) '

~
% & fn A?JTJZT‘&?T
x> fr)A\ fro=T, f,=F
[ SAT ] ( f) f ,
ﬂ(ﬂﬁ(—)fy)

g
Without the relation between

£y and £(f@): fy) =F(f)).




Eager SMT Techniques

~
Property of

function f:

ﬁaﬂw fla)=10)




Eager SMT Techniques

We can always use the best available SAT solver off the shelf.



Eager SMT Techniques

We can always use the best available SAT solver off the shelf.

Issues:
Not very flexible to make them efficient,
Sophisticated translations are required for each theory.

On many practical problems the translation process or the SAT solver run out of time or

memory.




Lazy SMT integrates theory support
into the propositional search



Lazy SMT Techniques

e DEFINITION
An atomic formula in predicate logic is a formula without propositional

connectives or quantifiers.

= V=3
=3
-fz = I { atom formutas]




Lazy SMT Techniques

(r=1Vx=3)A (Pl V p2)A
(y=1Vy=2Vy=3)A (p3V pd V p5)A
(E = )/\ (pﬁ)f\,
ﬁ
~(z = y)A P
—(xz = 2)A\ p8A
(

\

Stepd: veplace atomle
formulas with fresh
L propositional variables.

J




Lazy SMT Techniques

[ ifitis unsatisfiable,
(z=1vz=3)A (1 V P2 the original formula is
lso unsatisfiable,

(y=1Vy=2Vy=23)A (p3 V pd V p5)A d\/ J
(z = 3)A (P6)A DPLL
ﬁ

= UNSAT
—(z = y)A —pTA
—(xz = 2)A\ —p&A
~(y = 2) —p9

~
StepR: use SAT solvers to

pet asstgnments.
\. J




Lazy SMT Techniques

(x=1Vz=3)A (pl V p2)A

(y=1Vy=2Vy=3)A (p3 V pd V ph)A

(2= 3)A (p6)A ppL. Pl=1lp2=Lp3i=1.pl=1F
(= y)A _>ﬂp7,«\ > p5 = F,pb =T,p7 = F,p8 = F,
—(x = 2)A —p8A pI=F

—(y = 2) —p9

~
StepR: use SAT solvers to

pet asstgnments.
- y




Lazy SMT Techniques

(r=1Vaz=3)A (p1V p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(2 = 3)A (pEIA DPLL pl=T,p2=F.p3=1,p4d = F,
(2= y)A _>ﬂp7f\ el b = F,p6 =T,p7 = F,p8 = F,
—(x = 2)A\ —p8A i
-(y = z) —p9
4 r=1,z#3,y=1,y # 2,
Step3: use T-solvers to T S
check the satisfiability). Y42

\_




Lazy SMT Techniques

(r=1Vazx=3)A (p1V p2)A
— 4, = 1'po=41,pt=1r,
(z =3)A (p6)A oPLL - F ’
—— el b = F,p6 =T,p7 = F,p8 = F,
~(z = y)A —PTA o_
p =
(z = 2)A “PSA
~(y = 2) —pY
- 3: +3 y # 2,
Step3: use T-solvers to y#3z=3ls £yl #2,
check the satisfiability). y# 2 oy

- ""’yfg-’li




Lazy SMT Techniques

(r=1Vzx=3)A (pl V p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(- = 3)A (P6)A opry Pl=Llp2=FEps=1pi=1F
: A —— ST pb =F,p6 =T,p7 = F,p& = F,
=l r = ’y =
9=F
—I(:E = z)/\ —pSA P
~(y = 2) —p9
(it is unsatisfiable, =172
tell SAT solver to give v#3z=3fs £yl # 2,
L another asstognment. V7 %




Lazy SMT Techniques

(r=1Vaz=3)A (pl V p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(2 = 3N (56)A opry Pl=Llp2=FEps=1pi=1F
: A e ST pbh=F,p6 =T,p7 = F,p8 = F,
=l r = ’y =
9=F
—I(:E = z)/\ —pSA P
~(y = 2) —pY
" o2 fr=1]y 2
But how to tell the SAT EE _ 3*1" 2.
solver this assignment vy \
doesn’t work? | YATST;

g /




Lazy SMT Techniques

(z=1vz=3)A (p1 V p2)A
(y=1Vy=2Vy=3)A (P3V paV p5)A
(z — 3)/\ (pﬁ)/\ DPLL pl = T, pQ = F,pg — T; p4 — F!

( )f\ TA pd = F,p6 =T, ,p7 = F,p8 = F,
~(z =y —p

p9 = F
(@ =2N —p8A
=(pl A =p2 A p3 A —pdA

—(y = 2) —p9

=ph A pb A —p7 A —p8A

—p9)
r . = 1o # 3y = 1]y # 2.
[t mag b@ redundant. \% | EE _ 3*1" s
Clever T-solvers can ? 2, " |
Y E-rf\,

\@ Lve stimpler farmutas.j LTSy




Lazy SMT Techniques

(z=1Ve=3)A (p1 V p2)A
(y=1vy=2vy =3 (p3V pAV PS)A
(323) (pﬁ)/\ DPLL pl:T,pZ:F,pS:ij,gL:F?
= 1": _|p
p9 = F

. \% | o O e
It may be redundant. 23 z_gr#z‘

Clever T-solvers can
y7z 7#""'

\@ Lve stmpler farmutas.j \




Lazy SMT Techniques

(r=1Vx=3)A (pl V p2)A

(y=1Vy=2Vy=3)A (p3 V pd V p5)A

( = 3)A (p6)A TR ) “=i T
(2 = y)A e ST ph = F.p6 =T,p7 = F,p8 = F,
o p9 =F

—I(.T = z)/\ —pSA

~(y = 2) —pY —(pl A p3 A —pT)

| r=1z#3y=1y#2,
y#3,z=3,x#y,x#z,

Yy F z E?W§M



Lazy SMT Techniques

(r=1Vx=3)A (pl V p2)A

(y=1Vy=2Vy=3)A (p3 V pd V p5)A

( = 3)A (p6)A TR ) “=i T
(2 = y)A e ST ph = F.p6 =T,p7 = F,p8 = F,
o p9 =F

—I(.T = z)/\ —pSA

~(y = 2) —pY —(pl A p3 A —pT)

r=1,r+#3 ,_
Ly%&z—&m#y,m#a

SR




Lazy SMT Techniques

The main advantage of the lazy approach is its flexibility, since it can easily

combine any SAT solver with any T-solver.

Several refinements exist that make the SMT procedure much more efficient

when the SAT solver uses DPLL.



Incremental T-solver

In the original algorithm, T-solver checks unsatisfiability after DPLL finishes.

Can we discover errors earlier and notice SAT solver?

4 , )
If we can do it, we can save a

large amount of useless

work and time. »




Incremental T-solver

(r=1Vx=3)A (pl V p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(z=3)A (p6)A

—(x = y)A ‘ A

( )
—(x = 2)A\ —p8A
( ) —p9



Incremental T-solver

(xr=1Vx=3)A (pl V p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(2 =3)A (p6) A
—(z = y)A - —pTA
—(z = 2)A —p8A
~(y = 2) —p9
4 | 1v2, 3v4av5s, 6, 7, 8, 9 = (UnitProp)
lgnore pure

Literal rule here.
\_




Incremental T-solver

(r=1Vz=3A (pl V p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(z =3)A (p6)A
—(z = y)A d —pTA
—(x = 2)A —p8A
—(y = 2) —p9
\/ 0| 1v2, 3v4vVv5h, 6, 7, 8,
eIV =e| e 6 789 1v2, 3v4v5h, 6, 7, 8,

9
9

— (UnitProp)

— (Decide)



Incremental T-solver

(x=1Vax=3)A (pl V p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(z = 3)A (p6) A
~(z = y)A d —pTA
—(x = 2)A —p8A
~(y = 2) —p9
\/ D) 1v2, 3v4vh, 6, 7, 8, 9 = (UnitProp)

6 783 1v2 3V4AV5, 6, 7. 8, § — (Decide)
eV ¢eam 6 7801 1v2, 3v4v5s, 6, 7, 8 9 = (UnitProp)




Incremental T-solver

-

\_

N
Restart the

SAT solveyr.

—

T-solver

(p1V p2)A
A (p3 V pd V p5)A
(P6)A
- —pTA
—p8A
~p9
1V2 3v4vVv5, 6, 7, S,
1V2 3v4vVv5, 6, 7, S,
1v2, 3v4v5h, 6, 7, 8,
1v2, 3v4vh, 6, 7, 8

g

=/ e]

el

— (UnitProp)
— (Decide)
= (UnitProp)



Incremental T-solver

It can be done fully eagerly, detecting unsatisfiability as soon as

they are generated. But it may be much too expensive.

How to make Lt more
efficient?




Incremental T-solver

It can be done fully eagerly, detecting unsatisfiability as soon as

they are generated. But it may be much too expensive.

Detection can be done at reqular intervals, for example, once

every Kk literals added to the assignment.



Theory Propagation

1v2, 3v4vh, 6, 7, 8, 9 = (UnitProp)

1v2, 3v4vh, 6, 7, 8, 9 = (Decide)

1v2, 3v4vh, 6, 7, 8 9 = (UnitProp)
T-solver 1v2 3v4v5h, 6, 7, 8, 9 = (UnitProp)

[ T-solver just checks satisfiability.
can T-solver provide more
information to guide SAT solver t
9 produce assignment?




Theory Propagation

(r=1Vvaz=3)A (Pl V p2)A
(y=1Vy=2Vy=23)A (p3 V p4d V p5)A
(P6)A

A

—pSA

—p9

DI 1v2, 3v4V5,

, 7, 8, 9 = (UnitProp)
7, 8, 9

kK

T-solver



Theory Propagation

(

x # 3

S

T-solver

(x=1Vax=3)A (pl V p2)A
N =1vy=2vy=3)A (p3V pd V pB)A
(p6)A
- —pTA
—p&A
—p9
D) 1v2, 3v4vh, 6, 7, 8, 9 = (UnitProp)
€ 6 7 8 9 || 1V 2, 3V4V5, 6, 7, 8, 9



Theory Propagation

(x=1Vax=3)A (pl V p2)A
4 N\ w=1vy=2vy=3)n (3 V AV p5IA
(p6)A
—pTA

—p8A

—p9

D) 1v2, 3v4vh, 6, 7, 8, 9 = (UnitProp)
Ar— G 7 8 9 || 1V 2, 3V4VD5, 6, 7, 8 9
67395 1v2 3v4vs, 6, 7, 8, 9



r

EUF LS O T-
Solvey.

4 .
E-matching Theories
based
Quantifier 4 . .
Instantiation S Arithmetic
Ve
Arrays
W N
BUE S SAT Jﬂ [ Bit-vectors
[ Datatypes
Model
based
Quantifier Strings/Sequences
Instantiation

NN AN N AN

N

/

-

I additlon t

~

0

EUF, there are
many other
Qheorg solvers.

/

Architecture of Z3's SMT Core solver



Theory Solver

What does T-Solver looks Like?



EUF

The logic of equality and uninterpreted function, EUF, is a basic

iIngredient for (first-order) predicate logic.

a=bb=c,d=eb=s,d=1

-
How to check Lf it is

satisfiable?




EUF

While formulas are not empty:
remove a=Db;

merge(a, b);



EUF

While formulas are not empty:
remove a=Db;
merge(a, b);

If find(a) = find(b) for some a+b
return false;

else

return true;




EUF

While formulas are not empty:
remove a=Db;
merge(a, b);

If find(a) = find(b) for some a+b
return false;

else

return true;

[ sar |

a=bb=c,d=c¢e
b=s,d=t,a#d



EUF

While formulas are not empty:
remove a=Db;
merge(a, b);

If find(a) = find(b) for some a+b
return false;

else

return true;

unsat|

a=bb=c,d=c¢

b=s,d=tlc#s




EUF

a=bb=c,d=c¢
b=s,d=1

f(a,g(d)) # f(b,g(e))

-
what Lf there ave
uninterpreteol functions?

\_




EUF

. THEOREM

Congruence rule:

L1 =Ylyeery Tn = Yn = f(i:la ::En) — f(yla XX yﬂ)
\_

a=bb=c,d=ce

b=s,d=1

f(a,g(d)) # f(b,g(e)) [ We can construct the
oraph with

congruence rule,

\_




EUF

1) introduce constants that can be used as shorthands for sub-terms.

a=bb=c,d=ce

b=s,d=t m)
f(a,g(d)) # f(b,g(e))

a=bb=c,d=c¢
b=s,d=1tv3# vd

|
=

.
S

vl :=g(e),v2:
v3 := f(a,v2),vd := f(b,vl)



EUF

2) Working bottom-up, the congruence rule dictates how to merge groups
a=bb=c,d=ce
b=s,d=t,v3#vd
vl :=g(e),v2 := g(d)
v3 := f(a,v2),v4 := f(b,vl)

(1) @ & ® @



EUF

2) Working bottom-up, the congruence rule dictates how to merge groups

a=bb=c,d=ce

N
b=s,d=1t,v3 # v4d

. Je:d:»me):g(d)
vl :=g(e),v2 := g(d) )

v3 := f(a,v2),v4 := f(b,vl)

(1) @ & ® @




EUF

2) Working bottom-up, the congruence rule dictates how to merge groups

a=bb=c,d=ce

N
b=s,d=1t,v3 # v4d

. Je:d:»me):g(d)
vl :=g(e),v2 := g(d) )

v3 := f(a,v2),v4 := f(b,vl)

(o) () (o) @ @




EUF

2) Working bottom-up, the congruence rule dictates how to merge groups

a:bjb:(jﬂdze
- N
a:bij:vli b:de:tjUi};&’U’—i
fla,v2) = f(b,v]) ol = g(e),v2 == g(d)
v3 1= f(a,v2),v4 := f(b,vl)

(o) () (o) @ @




EUF

2) Working bottom-up, the congruence rule dictates how to merge groups

- \a:bjb:cjd:e
a=0,v2=vl= |p=3gd=1t03+v4
2) = f(b,vl - -
\f(a,,fu ) = f(b,01) | y1:= g(e),v2 := g(d)
v3 := f(a,v2),v4 := f(b,vl)




EUF

3) Check satisfiability like before

a=bb=c,d=ce
b=s,d=1t,p3 £+ v4
vl :=g(e),v2 := g(d)

v3 := f(a,v2),v4 := f(b,vl) AMNSAT

J
L
| V3,04 ]
N
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Predicate Loglc

formulas

.

[ solve it and

return sat

context ctx;

expr X = ctx.int_const(“x”);
expr y = ctx.int_const(“y”);
expr z = ctx.int _const(“z”);

solver s(ctx);

s.add(x==1 || x==3);
s.add(y==1 || y==2 || y==3);
s.add(z==3);

s.add(x !=vy);

s.add(x != z);

s.add(y !'= z);

;
;

if(s.check()
else cout <«

sat) cout << “sat”;
“unsat”;




Arrays

EUF + SAT

Bit-vectors

. N
E-matching Theomes
based
Quantifier WC QYC .
Instantiation rithmetic
, here. |
_J

NN AN N AN

TN NN

Datatypes
Model
based
Quantifier Strings/Sequences
Instantiation
o J

Architecture of Z3's SMT Core solver | sz have been 'ngor’mg& £,
quantifiers so far. 87
\ J




Arrays

EUF + SAT

Bit-vectors

. N
E-matching Theomes
based
Quantifier W@ QYC .
Instantiation rithmetic
, here. |
_J

NN AN N AN

TN NN

Datatypes
Model
based
Quantifier Strings/Sequences
Instantiation
o J

( ’ ’ v =N
Architecture of Z3's SMT Core solver It is very difrioult & aQy
because domain of 5]

discourse is infinite.

\_ J




Quantifier

4 A

To make things easter, we can
eliminate all existential

quantifiers. } R
\




Quantifier

1) Move “not” inwards.
2) Use skolemization to eliminate existential quantifiers.

3) Now we obtain a formula with only positive universally-quantified literals.

( e
There Ls no “not”
 before quantifiers.




A Quick Recap

(Vx)(Fy)(32)S(a,b,x,y, )
. J aependis ow x L(Vm)(ﬂz)S(aﬁ b, x, f(x),z)

4 i Z depends on x
(Vx)S(a,b,z, f(x),g(x)) y

4 wWe don’t need to move all the
quantifiers to the front of all o

formulas. We directly do 7

_ skolemization on quantifiers. y

7

~\




Quantifier

Now there are only universal quantifiers.

Intuitive approach: replace x with a

g9(f(a)) = 0N (V)(g(f(z)) = 1)



Quantifier

Now there are only universal quantifiers.

Intuitive approach: replace x with a

g9(f(a)) = 0A|(Vz)(g(f(z)) = 1)

g(f(a)) =1



Quantifier

Now there are only universal quantifiers.

Intuitive approach: replace x with a

g9(f(a)) = 0 A|(Vz)(g(f(x))

Theory Solvers

UNSAT



Quantifier

Now there are only universal quantifiers.

Intuitive approach: replace x with a.

g9(f(a)) = 0A|(Vz)(g(f(2)) =1)

Theory Solvers

How to combine lnstantiation
with SMT?




Quantifier

DEFINITION
A quantified literal is a formula (Vx)P(x) or its negation =(Vx)P(x) .

—\

r ~
Now, there are om,Lg pos’u’c’we

universally-quantiftied Literals.
\_ J

(V) (z > 0) (Vz)(f(z) = g(x))

(Vo)(f(z) =3V g(z) =5)



Quantifier

DEFINITION
[A guantified literal is a formula (Vx)P(x) or its negation =(Vx)P(x) . ]

DEFINITION
[An extended clause is a disjunction of literals and quantified literals. ]

Vz)(z >0)Va=5VvVb>3



Quantifier
DEFINITION
L |

quantified literal is a formula (Vx)P(x) or its negation =(Vx)P(x) .

DEFINITION
[An extended clause is a disjunction of literals and quantified literals. ]

DEFINITION
[A formula is in extended CNF iff it is a conjunction of extended clauses.]

( we can convert a formuta to
extended CNF with method tn
S propositional Logic,




Quantifier

0<b

A Vx.(x 20V f(z)=a)

A fb) #a

[ SMT formula )

SMT solver




Quantifier

0<b

AN NYz.(x 20V f(z)=a) AN f(b)F#a

3

l1 Nla N

Abstract
CNF

]

E‘||| gl: 52: l'%

[ SMT formula )

SMT solver

SAT solver

— (UnitProp)




Quantifier

0<b

AN NYz.(x 20V f(z)=a) AN f(b)F#a

]

2 Abstract
A Ly Al CNF
O 1y, Loy I3

ll !’2 {"3 || ll: l?: l'%

( SMT formula )

SMT solver
( HSSi«@ V\/VM—CV\/t O"C SAT solver
‘PYDPDS£tLDWaL Boolean Mudel)/
_ variables

= (UnitProp)



Quantifier

[ SMT formula )

0<b A Va.(z20Vf(@)=a) A fb)#a SMT solver
‘ Ground SMT solver
AbStYa Ot /b@onﬂict cIause)N
61 /N 62 A a{q Theory
CNF reasoner SAT solver
k{Bﬂﬂlean MGdED/
Ol 1y, Loy 13 —> (UnitProp)

ll !’2 {"3 || ll: lZ: l'%



Quantifier

[ SMT formula )

,

0<b A VaJeZ0V f(z)=a AN [f(b)#a SMT solver

3

l1 Nla N

by Lo 13
lhla 3

Ground SMT solver
Instance )—)-
Abstract (V< /bﬁjonﬂict cIause}N
Instantiation Theory
CNF module reasoner SAT solver

\( Assignment je— &(B{mlean Mndel)/
by Loy U = (UnitProp)
b, 2, 13 = (V — Inst)

hy oy U3, |2l VO 20V f(b) =a preserve the
satistiability

of formula




Quantifier

0<b

AN Yz (x 20V f(x)=a) AN f(b)#a

2 Abstract
A Ly Al CNF

]

@ ll: 521 l'%
ll !’2 {"3 lla 521 l'%

hole 3| by loy s, —leMb 2OV f(b) =a

[ SMT formula )

,

SMT solver

('c Instance )—)-

Instantiation
module

\( Assignment ){—

Ground SMT solver

/bﬁjonﬂict cIause}N

Theory
reasoner

SAT solver

k(B{mIean Mndel)/

= (UnitProp)
— (V — Inst)

ll lg lg 620 El, lz, lg, _'EQVE)EO\/‘]((E))={1

— (T — Prop)




Quantifier

( SMT formula )

0<b A Vz(zZ0Vf(z)=a) A }Jf(b)#a SMT solver
netance ) »/Ground SMT solver
‘ AbStYa ct' (< /-D@Dnﬂict clau53>\
Lo Al Al Instantiation Theory
1 2 3 CNF module reasoner SAT solver
}\( Assignment Je— \—(B{mlean MDdED/
N\
[LVL’CBY‘PYB’CQ‘CLOV\«J> Model ; ; UNSAT(pmof.r‘cnre))
@ ll: 52, l'g > (Uﬂ’ﬂtP?"Op)
ll zg Iz*g ll: lz, lq — (V I‘H‘S‘t)
l1 1o I3 fl, fz, 3, _IEQ\/E)%O\/‘}( b)—{l :>(T P?“Op)

faail



p
The remaining problem is how to

penerate instances,

&




Trigger Matching

r DEFINITION
A trigger Is a term t, satisfying the following criteria:

1) t must contain all of the variables quantified by the quantifier

6) t must contain at least one non-constant function symbol

(Vo {f(x)})(f(z) > 0) (Ve {g(f(x))})(g(f(x)) =1)

X trigger ] X trigoer ]




Trigger Matching

DEFINITION
[A ground term Is a term containing no quantified variables.

(Va.{f()})(f(z) > 0) f(3) £ ground J
[ Not groun term
term

( wecan compare the form of

triggers and grownd terms to
penerate instances




Trigger Matching

DEFINITION
[A ground term Is a term containing no quantified variables.

(Va.{f()})(f(z) > 0) f(3) £ ground J
[ Not groun term
term
g(f(a))|=0A (V. P(g(f(x)) =1)
g Term g (F(@))
matehes the trigger , 9(f(a)) =1
e using the instantiation.




Trigger Matching

Without a matching ground term, no information will be deduced from the

qguantifier body.

(Vz.p(z))(p(z) = 1) A (Va.p(z))(p(z) = 0)

’ N

wWith trigger matching,
solver returns unkmnown

vather thaw sat,
\_ ),




Thanks & Questions
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