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B — 1 1.2 First Order Logic —

Step 2. Ask the computer
to solve the formula.




Outline — This Lecture

e SMT Solver
 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.
\

(
We can use SAT solvers to solve SAT

probLems automatioaLLg, can we solve
SMT probLemg au’comatioaLLg?

\_




I\ A thSAT 5

An SMT Solver for Formal Verification & More

SMT solver can do it!
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-
There are some powerful SAT solvers

based on DPLL, Can we bulld SMT
solvers based on these SAT solvers?

\_

We only consider the case of quantifier-free formulas.
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A Quick Recap
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19 1v2, 2v3, 1v3v4, 2v3v4, 1vd == (UnitPropagate)
192 || 1v2, 2v3, 1v3v4, 2v3v4, 1v4d = (UnitPropagate)
1923 || 1v2, 2v3, 1v3v4, 2v3v4, 1vd = (UnitPropagate)
19234 || 1v2, 2v3, 1v3v4, 2v3v4, 1v4 = (Backtrack)
1| 1v2, 2v3, 1v3v4, 2v3v4, 1vd = (UnitPropagate)
14| 1v2, 2v3, 1v3v4, 2v3v4, 1vd — (Decide)
T43° | Tv2, 2v3, Tv3v4, 2V3VvEd, 1vd —» (UnitPropagate)
143%2 || TV2, 2v3, Tv3v4, 2V3Vva, 1v4




A Quick Recap

@ 1v2, 2Vv3,

19 || 1v2, 2Vv3,
192 || 1v2, 2Vv3,
1923 || 1v2, 2Vv3,
19234 || 1v2, 2Vv3,
1 1v2, 2Vv3,

14| 1v2, 2Vv3,
143 || Tv2, 2v3,
143 2| 1v2, 2Vv3,

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

1Vv4
1v4

I

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

(UnitPropagate)

3°
The tnput of @ SAT solver s CNF and it
uses DPLL to solve the probLem.




Eager SMT converts a theory
into a SAT problem
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Eager SMT Techniques

(" The input formula can be translated
using a satisfiability-preserving
transformation tnto a propositional CNF
\_ formula,

(r=1
(y =1
(z=3
(z #y
(z # 2
(y # 2




Eager SMT Techniques

(z=1Vz=3)A
(y=1Vy=2Vy=3)A
(z=3)A
(z # y)A
(z #£ 2)A
(y # 2)
-
Represent x, Y and z by X wep |pl|p0
two varﬁab/Les each: y = |01]q0
They are similar to bits,
9 z wm) (rl|r0




Eager SMT Techniques

O i e=1ve =31
\ T (y=1Vy=2Vy=3)A
N -] -,
Q (z # y)A
(z #£ 2)A
((=p1 Ap0) V (p1 A p0))A / (y # 2)
((=q1 A q0) V (g1 A =q0) V (g1 A g0))A
(r1 A TO)A X mmp (pl|p0o
=((p1 > q1) A (pO ¢ q0))A y =) ql|qg0
=((ql <> r1) A (g0 <> 7r0))A z wmmp 1|10

—((pl <> r1) A (p0 < 10))



Eager SMT Techniques

((=p1 A p0) V (p1 A p0))A /

((—q1 A q0) V (g1 A =q0) V (g1 A q0))A

(ri Ar0)A X p1|p0O

(1 ¢ 1) A (p0 <+ qO))A Leave the restto 0| g
powerful SAT solvers. = g

=((ql <> r1) A (g0 <> 7r0))A

—((pl <> r1) A (p0 < 10))



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 there are
uninterpreted functions?
\




Eager SMT Techniques

X, Y anol z are
bool type.
= f(2) Aw = [(f(2) A=(e = F))

Function f is (k N
umw’cevpre’ced wWe want to encode Lt

to SAT, tncluding f.
\_ y,




Eager SMT Techniques

4 Replace functions l
with fresh variables. (y <> f2)A

Fresh variables ave
) (@ < fr2)A
variables that never
exist tn original —(z < fy)

\_ formula. Y [

s the result equisatisfiable
with the original formula?




Eager SMT Techniques
Zx=f(f(z)) =f(g)]

y=[f(z) A= f(f(z) AN(z = f(y))

(cisat] '




Eager SMT Techniques
Zx=f(f(z)) =f(g)]

y=[f(z) A= f(f(z) AN(z = f(y))

(cisat] '
~
(nyz)/\ <[yT,sz,:I:T
Xr < z/\ .f'z:T:.fy:F
[ e ] (z <> fr2) f )




Eager SMT Techniques
Zx={(f(z)) =f(g)]

y=[f(z) A= f(f(z) AN(z = f(y))

(cisat] '

N
sy W& JA <[?/T,sz,a:T
T <2 2 )N fz:T:fy:F
[ AT ] (z <> ff2) 7 )
—1(33<—>fy)

r

Without the relation between

f(g) and £(£(2)): f(Yy) =1 ().




Eager SMT Techniques

Property of
function f:

a=b— fla) = f(b)j
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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.

[memorg 3




Lazy SMT integrates theory support
into the propositional search



Lazy SMT Techniques

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

connectives or quantifiers.
\

. \//\
C - - ) -vn\//\

{ atom {ormuLas]




Lazy SMT Techniques

(r=1Vz=3)A (p1V p2)A
(y=1Vy=2Vy=23)A (p3V pd V p5)A
(z=3)A (p6)A

ﬁ
—(x = y)A —pTA
—(z = 2)A —p8A
(.

y=z )(_% —p9
\

Step1: replace atomie
formulas with fresh
L propositional variables,

J




Lazy SMT Techniques

[ If it Ls unsatisfiable, A
(z=1Vx=3)A (pl V p2)A the OVL@f,V\zaL '[COVV\/U/LLQ

’/

ls also unsatisfiable.

(y=1Vy=2Vy=3)A (p3 V pd V p5)A ;\/ )
(z=3)A (p6)A DPLL
ﬁ

—> UNSAT
—(x = y)A —pTA
—(x = 2)A —p8A
~(y = 2) —p9

N
StepR: use SAT solvers to

get assignments.
\. y




Lazy SMT Techniques

(x=1Vz=3)A (pl VvV p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(z=3)A (p6)A ppLL  Pl=1p2=rLp3=1T.pl=1F,
( ) — - e ])5:,1'7"])6::Z“qp'?:_lf_"pg:I-T’q
-z =y)A —pTA
p9 = F
~(z = 2)A —p8A
~(y = 2) -p9

N
StepR: use SAT solvers to

get assignments.
\- J




Lazy SMT Techniques

(r=1Vax=3)A (pl V p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(2 = 3)A (46)A opLL Pl=T1p2=Fp3=1pl=1F,
: ) — A mml- b = F,p6 =T,p7 = F,p8 = F,
p9 = F
—(x = 2)A —p8A
~(y = 2) —p9
4 r=1lxz#3,y=1y#2,
Step3: use T-solvers to I R
check the satisfiability. y 4 2

\_




Lazy SMT Techniques

(z=1Vax=3)A (pl V p2)A
(y=1Vy=2Vy=3)A (p3 VvV pd V p5)A
1=T,p2=F p3=T,p4=F,
(= N (D6 opLL P P p p
—] mml- b = F,p6 =T,p7 = F,p8 = F,
(z = y)A “pTA
9=F
—(x = 2)A —p8A P
~(y = 2) —p9
Step3: use T-solvers to y#32=3[z 2] # 2,
check the satisflability.
eck € f 8 Yy # 2 EW

\ w




Lazy SMT Techniques

(z=1Vax=3)A (pl V p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(223)/\ (pG)/\ DPLL pl=T,p2=F,p3=T,pd = F,
: A — JTA pb = F,p6 =T,p7 = F,p8 = F,
NI = 'y -
9=F
—(x = 2)A —p8A P
~(y = 2) —p9
f!f it is unsatisfiable, 'T 73 y72
tell SAT solver to give A et gl
| another assignment. v 7 E\{E




Lazy SMT Techniques

(z=1Vax=3)A (pl V p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A - -
1=T,p2 = F,p3 =T,pd = F,
(= = 3)A (46) 7 DPLL 7 R R
— pb = F,p6 =T,p7 = F,p8 = F,
~(z = y)A —pTA
p9 = F
—(x = 2)A —p8A
~(y = 2) —p9
~ But how to tell the (=T #3fy=1y #2
SAT solver this y#3,z=3fx#ylx # 2,
L ’ y# 2 >
asstgnment doesn't E\QE
\_ work?




Lazy SMT Techniques

(z=1Vz=3)A (plV p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(2 = 3)n (V6)A ppLL  Pl=T.p2=Fp3=Tpi=F,
: A — A pb = F,p6 =T,p7 = F,p8 = F,
P9 = F
—(x = 2)A —p8A
=(pl A =p2 A p3 A =pdA
~(y = 2) —p9

—pd A pb A —pT7 N ~p8A

—p9)
4 L = 1Jr #3 y # 2,
It may be redundant, | -

y#3,z2=3Jz #yf # 2,
Clever T-solvers can

y F# 2 v
K@ive stmpler formulas, E{IE




Lazy SMT Techniques

(z=1Vz=3)A (plV p2)A

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

(2 = 3)n (V6)A ppLL  Pl=T.p2=Fp3=Tpi=F,
: A — A pb = F,p6 =T,p7 = F,p8 = F,

—(x = 2)A —p8A

—(y = 2) —p9 —(pl A p3 A —p7

~ | p
It may be redundant,

Clever T-solvers can

olve stmpler formulas,
\_




Lazy SMT Techniques

(z=1Vz=3)A (P1V p2)A
(y=1Vy=2Vy=3)A (p3V pdV p5)A
(= = 3)A (P6)A ppuL. PL=TP2=F
(x = y)A pTA p5 = F,p6 =T,p7 = F,p8 = F,
| P9 = F
—(x = 2)A —p8A
-(y = 2) —p9 ~(pL A p3 A —pT)

v=LlLr#3y=1Ly#2,
y#3z=3xFy.x# 2,

Y Fz Errw



Lazy SMT Techniques

(z=1Vz=3)A (P1V p2)A
(y=1Vy=2Vy=3)A (p3V pdV p5)A
(= = 3)A (P6)A ppuL. PL=TP2=F
(x = y)A pTA p5 = F,p6 =T,p7 = F,p8 = F,
| P9 = F
—(x = 2)A —p8A
-(y = 2) —p9 ~(pL A p3 A —pT)




Lazy SMT Techniques

The main advantage of the lazy approach is that 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 notify SAT solver?

4 ,
If we can do it, we can save

a large amount of useless
work and time.

\_




Incremental T-solver

(x=1Vax=3)A (pl VvV p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(z =3)A (p6)A

—(x = y)A ‘ —pTA

—(x = 2)A —p8A

(y = 2) -9



Incremental T-solver

(z=1Vax=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 ‘ —pTA

—(x = 2)A —p8A

—(y = 2) —p9

O] 1v2, 3v4avh, 6, 7, 8 9 = (UnitProp)
([Qnore pure

Literal rule
here,




Incremental T-solver

(z=1Vz=3)A (plV p2)A
(y=1Vy=2Vy=23)A (p3 V pd V p5)A
(z=3)A (P6)A
= yY)A ‘ —pTA
= 2)A\ —p8A
= z) —p9
Ol 1v2, 3v4avh, 6, 7, 8,
@m 6789 1v2, 3v4Vv5, 6, 7, 8,

9
9

= (UnitProp)

= (Decide)



Incremental T-solver

(z=1Vz=3)A (plV p2)A
(y=1Vy=2Vy=23)A (p3 V pd V p5)A
(z=3)A (p6)A
—(z = y)A - ~pTA
—(z = 2)A —p8A
—(y = 2) —p9
J O] 1v2, 3v4avh, 6, 7, 8 9 = (UnitProp)

6 789 1v2, 3v4v5h, 6, 7, 8 9 = (Decide)
)V @m 6 7SI T 1v2 3V4V5, 6, 7, 8, 9 = (UnitProp)




Incremental T-solver

(z =1V = 3JA (plV p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(z=3) (p6) A
-(z = y)A - “pTA
4 N —(x =z —p8A
Restart the -(y = z2) —p9
SAT solver.
9 1V2, 3V4V5, 6, 7, §,
1v2, 3v4vVv5h, 6, 7, 8,
1v2, 3v4vVv5h, 6, 7, 8,
1v2, 3v4vVv5h, 6, 7, 8,

el e BN« N ]

= (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 malke Lt miore
efficlent?




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 regular intervals, for example, once

every K literals added to the assignment.



Theory Propagation

1v2, 3v4vs, 6, 7, 8 9 = (UnitProp)

1v2, 3v4vVv5h, 6, 7, 8, 9 = (Decide)

1v2, 3v4vVv5h, 6, 7, 8, 9 = (UnitProp)
T-solver 1v2, 3v4vh, 6, 7, 8 9 = (UnitProp)

(T‘-soLver\j ust checks satisﬁabuitg.\
cawn T-solver provide more
tnformation to guide SAT solver t

\ produce asstgnment?




Theory Propagation

(z=1Vz=3)A (plV p2)A
(y=1Vy=2Vy=23)A (p3 V pd V p5)A
(P6)A

—pTA

—p8A

—p9

Dl 1v2, 3v4av5h, 6, 7,

Gr— G T 8 9 || 1V 2, 3V4V5, 6, 7
T-solver

ool

9 = (UnitProp)

=~
ol
Nel



Theory Propagation

-

x % 3

~

S

T-solver

Gr— G 7 8 9| 1V 2, 3V4V5, 6,

(z=1Vax=3)A (plV p2)A
(y=1Vy=2Vy=3)A (p3 V pd V p5)A
(p6)A

—pTA

—p8A

—p9

D 1v2, 3v4avh, 6, = (UnitProp)

oA
0| pol

Y

NelINe]



Theory Propagation

(z=1Vz=3)A (plV p2)A
4 N\ w=1Vy=2vy=3)A (p3V pa v p5)A

x #£ 3 (p6)A

y # 3 o
-

“p8A

—p9

Ol 1v2, 3v4avs, 6, 7, 8, 9 = (UnitProp)
Gr— G 7 8 9| 1V 2, 3V4V5, 6, 7, 8, 9
T-solver
|—>67§§| 1V2, 3V4V5, 6, 7, 8, 0



[motath @
A

Predicate Logt
formulas

Solve it and
returwn sat

from z3 import *
x = Int('x")
y = Int('y")
z = Int('z2’)

= Solver()
.add(Or(x =
.add(Or(y =
.add(z == 3
.add(x !=vy)
.add(x != 2z)
.add(y != z)

n n . n n n n n

result = s.check()

print(result)

if result == sat:
print(s.model())




Z3

from z3 import *
x = Int('x")
y = Int('y")
z = Int('z")

= Solver()
.add(Or(x == 1,
.add(Or(y == 1
.add(z == 3)
.add(x !

.add(x != z)
.add(y !

n nu . n n nu n

result = s.check()

print(result)

if result == sat:
print(s.model())

N W
~

< X
Il
-

> python3 example.py

sat
[y =2, z =3, x =1]




r

EUFLs a T-
Solver.

4 .
E-matching Theories
based
Quantifier 4 . .
Instantiation L Arithmetic
/
Arrays
o
/
EUEF + SAT Bit-vectors )
-
/
Datatypes
Model -
based 4
Quantifier Strings/Sequences
Instantiation \
\

)

i adoition toN
EUF, there are
many other

Z\ theory
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

ingredient for (first-order) predicate logic.

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

-
How to check Uf it is

satisfiable?




EUF

While formulas are not empty:
remove a=b;

merge(a, b);



EUF

While formulas are not empty:

remove a=b;

merge(a, b);
[ SAT L
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;

oo L

a=bb=c,d=ce
b=s,d=ta#d

4



EUF

While formulas are not empty:

remove a=b;

merge(a, b);
[MNSATL
If find(a) = find(b) for some a+b

return false;

else

return true;



EUF

a=b,b=c,d=c¢e
b=s,d=1

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

-
what if there are

uninterpreted functions?
\_




EUF

) THEOREM

Congruence rule:

T1 = Y1,y Tn = Yn = [(@1, s 20) = fF(Y1, ooy Yn)

\.

a=bb=cd=c¢e

b=s,d=1

f(a,g(d)) # f(b, g(e)) fwe can construct the
graph with

congruence rule.




EUF

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

a=bb=c,d=c¢e

b=s,d=1 =)
fla,g(d)) # f(b,g(e))

a=bb=cd=ce
b=s,d=t,v3# vd

v3 := f(a,v2),v4d := f(b,vl)



EUF

2) Working bottom-up, the congruence rule dictates how to merge groups
a=b,b=c,d=c¢e
b=s,d=1tv3 # v4
vl :=g(e),v2 := g(d)
v3 := f(a,v2),v4d := f(b,vl)

(1) D & @ @



EUF

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

a=b,b=c,d=c¢e

b=s,d=1t,v3 # v4 . o) —
vl :=g(e),v2 := g(d) 4 =) g(d)J

v3 := f(a,v2),v4d := f(b,vl)

(1) D & ® @




EUF

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

a=b,b=c,d=c¢e

b=s,d=1t,v3 # v4 . o) —
vl :=g(e),v2 := g(d) 4 =) g(d)J

v3 := f(a,v2),v4d := f(b,vl)

(o) (@) () © @




EUF

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

- \a:b,b:c,d:e
a=bv2=vl= |p_gd=1t0v3#0v4
2) = f(b,vl - _
kf(aav ) = [(b,v1) | 41 := g(e),v2 := g(d)
v3 := f(a,v2),v4d := f(b,vl)

(o) (@) () © @




EUF

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

- \a:b,b:c,d:e
a=bv2=vl= |p_gd=1t0v3#0v4
2) = f(b,vl - _
kf(aav ) = [(b,v1) | 41 := g(e),v2 := g(d)
v3 := f(a,v2),v4d := f(b,vl)




EUF

3) Check satisfiability like before

a=bb=c,d=c¢e
b=s,d=tp3 # vd
vl :=g(e),v2 := g(d)

v3 := f(a,v2),vd := f(b,vl) AMNSAT}
£\
| U3, V4 )
NP4




All in One Example

a = bA
c= f(a)A
d= f(b)A
—(c=d)

P1 NP2 Ap3 N\ "y

DPLL



DPLL

P1 AN pa A p3 N\ py

0| p1, p2, p3, P2 = (PureLiteral)
p1 || p1, P2, P3, Pa = (PureLiteral)
p1 P2 || p1, P2, P3, D2 = (PureLiteral)
p1 P2 P3| p1, P2, P3, P2 = (PureLiteral)
P1 P2 P3, P4 || P1, P2, P3, Da



All in One Example

a = bA

c= f(a)A —_
d= f(b)A

—(c=d)

P1 A p2 A p3 N\ py

DPLL

91 = T7p2 . T7
D3 = T)p4 =F

b=,
¢ = f(a),
d= f(b),
Gt )



EUF

a = bA
c= f(a)A
d= f(b)A

—=iei=d)

a=b,c=wv,d=1vycFH#d,

v1 = f(a),v2 := f(b)



EUF

a=>b,c=v,d=1vycH#d,

v1 := f(a),v2 := f(b)

© ® © @ ® (@



EUF

C:’Ul,d:’UQ,C?éd,
v1 := f(a),v2 := f(b)

© @ 0 @



EUF

a = baad:’UZac# d,
v1 := f(a),v2 := f(b)

(ab) (on) (@ (=)



EUF

a:b,c:'vl,,c;éd,
v1 := f(a),v2 := f(b)

@) ) (e



EUF

a:b,czvl,d:7127c7éd7

[ a=b= f(a)=f(b) T v1 = f(a),ve := f(b)




EUF

a=bc=uv,d :'vz,
’Uli—f ’Ug_f

/[MNSAT



ALL IN ONE

a = bA
c= f(a)A
d= f(b)A
—(c=d)

DPLL

— P1 Ap2 Aps A\ —py T

=(p1 A p2 A p3s A —ps)

|_



DPLL

P1 ADP2 Aps A—pg A (—p1 V —pa V —p3 V py)

0

P

d d
P1 P2

P p3 ps

p{ p§ p§ pa
Py p3 b3
py P2

P1

P1, P2,
P1, P2,
P1, P2,
P1, P2,
P1, P2,
D1, P2,
D1, P2,
D1, P2,

P3,
P3,
P3,
P3,
P3,
P3,
P3,
P3,

Pa,

P1VPp2Vp3Vpa
P1VP2Vp3Vpa
P1VPp2Vp3Vpa
P1Vp2VpsVpa
P1VPp2VpsVpa
P1VPp2VpsVpa
P1VPp2VpsVpa
P1Vp2VpsVpa

L T



ALL IN ONE

a = bA
c= f(a)A
d= f(b)A
—(c=d)

@SAT
DPLL
# pl/\p2/\p3/\_'p4 T

=(p1 A p2 A p3s A —ps)

|



Second-Order Logic
. DEFINITION N

In a second-order logic formula, in addition to individuals,

predicates (functions) can also be bounded by quantifiers. E.g.

\(VP)( Vx)(P(x) V =P (x))

a=cNha=f(b)ANd= fle)AbFeAc= f(e)

The function “” is bounded by an existential
quantifier in the formula




E-matching

based
Quantifier

Instantiation

A

y

( Theories
N
WE are
prithmetic
here.
J

EUF + SAT

A

Y

Model
based
Quantifier

Instantiation

K Arrays

[ Bit-vectors

[ Datatypes

[ Strings/Sequences

NP N N D/

J

Architecture of Z3's SMT Core solver

4 we have been

Lonoring quantifiers

_ so far.




E-matching
based
Quantifier

Instantiation

A

y

( Theories
N
WE are
prithmetic
here.
J

EUF + SAT

A

Y

Model
based
Quantifier

Instantiation

K Arrays

[ Bit-vectors

[ Datatypes

[ Strings/Sequences

N7 N N/ N N

J

Architecture of Z3's SMT Core solver

(it is very diffioult

because domain of

kdt’,scowse Ls infinite.




Quantifier

/

\_

~

To make things easter, we can

eliminate all existential

quantifiers. P




Quantifier

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

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

There Ls no “not”
before quantifiers.




A Quick Recap

(Vz)(Jy)(32)S(a, b, z,y, 2)

'
[‘d epends on X L (¥2)(32)S(a.b.z. /(x). 2)

3 iz depends on x ]

(" we don’t need to move all the
quawntifiers to the front of all P

formulas. we directly do > J

\ skolemization on gquantifiers. y




Quantifier

Now there are only universal quantifiers.

Intuitive approach: replace x with a



Quantifier

Now there are only universal quantifiers.

Intuitive approach: replace x with a



Quantifier

Now there are only universal quantifiers.

Intuitive approach: replace x with a

Theory Solvers

UNSAT




Thanks & Questions



