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Abstract

This document lists in a compact way all the rewrite rules used in the constraint
solver for Lz, a constraint language which provides both extensional finite sets and
binary relations, along with basic operations on them. The constraint solver for Lz
takes the form of a rewrite system acting on BR-formulas, i.e., quantifier-free con-
junctions and disjunctions of positive and negative BR-constraints. A BR-constraint
is any atomic predicate based on a set of predicate symbols II, respecting the sorts.
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1 Conventions and notation

The set of primitive predicate symbols II is composed by the following collections of sym-
bols:

e {=} (equality constraints)

{€,un, ||, C, inters, diff } ((positive) set constraints)

{id, inv, comp, dom, ran, dres, dares, rres, rares, apply, rimg, oplus, cp} ((positive) re-
lational constraints)

{¢, nun, |}, nsubset, ninters, ndiff } (negative set constraints)

{nid, ninv, ncomp, ndom, nran, ndres, ndares, nrres, nrares, napply, nrimg, noplus, ncp}
(negative relational constraints)

o {pair, set, rel, pfun, npair, nset, nrel, npfun} (sort constraints).

We will call 7-constraint any literal w(x1,...,2,) where 7 is a symbol in II.
A rewrite rule for w, m € I, is a rewrite rule of the form:

¢ —

where ¢ is a w-constraint and ® is a BR-formula. If ® has more than one disjunct then
the rule is non-deterministic. Conjunctions occurring in ® have higher precedence than
disjunctions.

A rewriting procedure for w-constraints consists of the collection of all the rewrite rules
for m-constraints. For each rewriting procedure, the solver selects rules in the order they
are presented (see figures below). The first rule whose left-hand side matches the input
m-constraint ¢ is used to rewrite ¢. If no rules applies to ¢, then c is left unchanged (i.e., ¢
is irreducible).

Lpr defines also two sorts Set and O which, intuitively, represent the sort of set and
non-set terms, respectively. For notational convenience, the following synonym is also
defined: U = O U Set.

Notational conventions.
e V denotes a denumerable set of variables partitioned as V = Vg U Vo;

e variable names n and N (possibly with sub and superscripts) are used to denote fresh
variables of the proper sort;

e {1 # o, for any terms t; and ¢y, means that ¢; is syntactically distinct from ¢s;
e 1, for any name z, is a shorthand for x € V;

e vars(ty,...,t,) denotes the set of variables occurring in tq,...,t,.



2 Sort inference rules

This section lists all the rules applied by procedure sort_infer for inferring sort constraints.

2.1 Sort inference rules for (positive) set constraints

If t,u,v : U then:

teu—teun set(u) (infy)
un(t,u,v) — set(t) A set(u) A set(v) (infs)
t | u— set(t) A set(u) (inf3)
tCu—t CuAset(t) A set(u) (infy)
inters(t, u,v) — inters(t,u,v) A set(t) A set(u) A set(v) (inf5)
diff (t,u,v) = diff (t,u,v) A set(t) A set(u) A set(v) (infg)

Figure 1: Sort inference rules for (positive) set constraints



2.2 Sort inference rules for (positive) relational constraints

If t,u,v : U then:
inv(t,u) — inv(t,u) A rel(t) A rel(u) (inf7)
comp(t,u,v) — comp(t,u,v) A rel(t) A rel(u) A rel(v) (infg)
id(t,u) — id(t,u) A set(t) A rel(u) (infy)
dom(t,u) — dom(t,u) A rel(t) A set(u) (infyp)
ran(t,u) — ran(t,u) A rel(t) A set(u) (infq1)
dres(t,u,v) — dres(t,u,v) A set(t) A rel(u) A rel(v) (infy2)
rres(t, u,v) — rres(t, u,v) A rel(t) A set(u) A rel(v) (infy3)
dares(t,u,v) — dares(t,u,v) A set(t) A rel(u) A rel(v) (infq4)
rares(t, u,v) — rares(t,u,v) A rel(t) A set(u) A rel(v) (infys)
rimg(t,u,v) — rimg(t, u,v) A rel(t) A set(u) A set(v) (infy6)
oplus(t,u,v) — oplus(t,u,v) A rel(t) A rel(u) A rel(v) (infy7)
apply(t,u,v) — apply(t,u,v) A rel(t) (infig)
ep(t, u,v) — ep(t,u,v) A set(t) A set(u) A rel(v) (infy)
rel(t) — rel(t) A set(t) (infa)
pfun(t) — pfun(t) A rel(t) (infg1)

Figure 2: Sort inference rules for (positive) relational constraints

2.3 Sort inference rules for negative constraints

The sort inference rules for negative constraints are basically the same used for the positive
case, but each predicate name is replaced by its corresponding negative counterpart.

2.4 Sort inference rules for set terms

In addition, the function find_set is used to find set terms, possibly occurring inside other
terms, and to generate the corresponding set constraints. The definition of find_set is
shown in Figure 3. We assume that all the true constraints possibly generated by find_set
are immediately removed via a trivial pre-processing.



find_set(¢) :
if t = X or t is a constant symbol then return true;
ift=f(t,...,tn), n>0,and f # {:|'}
then return find_set(t1) A - -+ A find_set(t);
ift={t1,...,tn|t}
then return find_set(¢;) A - - - A find_set(t,,) A set(t);

Figure 3: Finding set terms

Remark 1 Lpr does not provide any sort declarations. Hence, literals in the input for-
mula may be ill-sorted (e.g. x € 1). All ill-sorted literals are detected by the solver at
run-time and cause the input constraint to be rewritten to false. Ill-sorted literals are de-
tected either by some rewrite rule (e.g., un(1,2,0) is rewritten to false thanks to rule (Us)),
or by sort constraints.

Sort constraints are added to the input formula either by the user or automatically by
the solver through the procedure sort_infer which applies the rules shown in this section. For
example, if the input formula is x € 1 then it is rewritten to x € 1 A set(1) by rule (infy);
in the further processing of this formula, literal x € 1 is found to be irreducible since no
rewrite rule for €-constraints applies to it (see Fig. 6), while literal set(1) is rewritten to
false by the rewrite rules for set-constraints (see Fig. 21); hence, the whole formula is
rewritten to false.



3 Rewrite rules for equality constraints

3.1 Equality

Syntazx: t, = to.
Informal semantics: t; and ty are equal.
Rewrite rules: see Fig. 4 (vars(ti,...,t,) denotes the set of variables occurring in ¢y, . .., t,).

If x,y,t,t;,u; : U; A, B : Set then:

T =2 — true (=1)
IftgVt=i—i=t (=2)
If A vars(ty,... tn), A={ti,....,tnuA} > A={t;,...,t, UN} (=3)
If & € vars(t), © =t — false (=4)
If & occurs in other literals of the input formula, & = ¢ — (=)

& = t,and substitute @ by ¢ in all other literals
It f£g, f(t1,.. . tn) = g(u1,...,um) — false (=6)
{tl,...,tmuA}:{ul,...,unuA}—>
t1:uj/\{tg,...,tmuA}:{ul,...,uj_l,uj_,_l,...,unuA}
\/tl:uj/\{tl,...,tmuA}:{ul,...,uj,l,uj+1,...7unuA} (:7)
\/t1:uj/\{tg,...,tmuA}:{ul,...,unuA}
VA={tiuN}A{ta,...,t;m uN} = {u,...,u, u N}

{zuA} ={yu B} —
r=yNA=B
Ve=yA{zuA} =B (=s)
Ve=yANA={yuB}
VA={yuN}A{zuN} =B

fla, o tn) = flur, .. un) 21 =ur A Aty = uy (=9)

Figure 4: Rewrite rules for =-constraints

Irreducible form:

e & =t and neither ¢ nor the other literals of the formula contain .



3.2 Inequality

Syntazx: t1 # to.
Informal semantics: t1 is different from to.
Rewrite rules: see Fig. 5.

Ift,t; : U; A, B : Set then:

T # & — false (#1)
IftgV, t£i— it (#2)
If & ¢ vars(ty,...,tn), & # {t1,...,th Ut} —

fHd V- Vi, i (#3)
If & € vars(t),z #t — true (4)
{tiuA} # {tau B} —

Ne{tiuA} AN ¢ {to u B} (#5)

VN ¢ {tiuA} AN €{tau B}
flt, .o tn) # glur, ..., up) — true (#6)
Fltry.oitn) # flut, - o yun) =2t Fur Vo Vi # up (#7)

Figure 5: Rewrite rules for #-constraints

Irreducible form:

e & =t and & does not occur neither in ¢ nor as an argument of any predicate p(...),
p € {un,id, inv, comp}, in the input formula.



4 Rewrite rules for (positive) set constraints

4.1 Membership

Syntax: t1 € ts.
Informal semantics: if to is a set, then ¢ is a member of ¢o.
Rewrite rules: see Fig. 6.

If 2,y : U; A: Set then:

x €0 — false (€1)
re{yvA}l sz =yvaed (€2)
reA—A={zuN} (€3)

Figure 6: Rewrite rules for €-constraints

Irreducible form: none.



4.2 Union

Syntazx: un(ty,ts,ts).
Informal semantics: if t1, t5 and t3 are sets, then t3 = t; U ts.
Rewrite rules: see Fig. 7.

Ift:U; A B,C : Set then:
un(A,A,B) - A=B
un(A,B,0) > A=0AB=10

un(@,A,B) = B=A

un({tuC}, A, B) —
t¢ ANun(Ny, A, N)
VA= {tuNz} Aun(Ny, Na, N))
AtuCh={tuNi} AB={tuN}

(
(
(
un(A,0,B) - B=A
(
(

un(A, {tuC},B) —
(t¢ AAun(Ny, A N)
VA={tuNs} Aun(Ny, Na, N))
AtuC}={tuN,} AB={tuN}

un(A4,B,{tuC}) —
(A= {tuNi} Aun(Ny, Bz, N)
VB ={tuNi}Aun(A, N1, N)
VA={tuN} ANB={tuNy} Aun(Ny, Ny, N))
AtuC}={tuN}

Figure 7: Rewrite rules for un-constraints

Irreducible form:

° un(A, B, C), A and B distinct variables.




4.3 Disjointness

Syntax: t1 || ta.
Informal semantics: if t; and ty are sets, then t; Nty = 0.
Rewrite rules: see Fig. 8.

Ift,t; : U; A, B : Set then:

0] A— true
A0 — true
AlA—A=90

(tuBY|A>td AnA|B
Al{tuB} > t¢ ANA| B
{tll_lA} || {tguB}—)tl#tg/\tl%B/\tg%A/\AHB

Figure 8: Rewrite rules for |-constraints (disjointness)

Irreducible form:

e A| B, A and B distinct variables.
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4.4 Subset

Syntazx: t1 C to.
Informal semantics: if t1 and ty are sets, then t; is a subset of ts.
Rewrite rules: see Fig. 9.

Ifz,y:U; A B : Set then:
AQA—Hfrue
0 CA— true
ACO—A=0
{xuA} C0— false
{tuA}CB—
B={zuN}ANAC{zuN}

{ru A} C{yuB} —
r=yANAC{yuB}
Ve#£yAz € BANAC {yuB}

Figure 9: Rewrite rules for C-constraints

Irreducible forms:
e A C B, A and B distinct variables

o AC{yB}.
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4.5 Intersection

Syntazx: inters(ty,ta,t3).
Informal semantics: if t1, t5 and t3 are sets, then t3 =t N ts.
Rewrite rules: see Fig. 10.

If x:U; A, B,C : Set then:
inters(A,A,B) - A= B
inters(0, B,C) - C =10

(

(

inters(A,0,C) — C =10

inters(A,B,0) — A | B
(

inters A,B,C’) —

A= {.’E U Nl}

AB = {xuNy} AC = {xuNs} A inters(Ny, No, N3)
inters(A, B,{xuC}) —

A={zuNi}AB={xuNy} Ainters(Ny, No,C)

Figure 10: Rewrite rules for inters-constraints

Irreducible forms:
o inters(A, B,C), A and B are not the same variable

o inters(A, B,C), A and B are not the same variable
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4.6 Difference

Syntazx: diff (t1,1te,t3).
Informal semantics: if t1, to and t3 are sets, then t3 = ¢1 \ ta.
Rewrite rules: see Fig. 11.

If A, B,C : Set then:
diff (A, B,C) = un(C, A, A) ANun(B,C,N) A un(A, N, N)

(4.7)

Figure 11: Rewrite rules for diff-constraints

Irreducible form: none.
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5 Rewrite rules for (positive) relational constraints

5.1 Identity

Syntax: id(t1,t2).

Informal semantics: if t1 is a set and ¢, is a binary relation, then ¢ is the identity relation
over set tq.

Rewrite rules: see Fig. 12.

If R, A: Set; z,y,%;,i,a; : U, then:
id(R,R) - R=10 (idy)
id(0,R) > R=10 (id2)
id(A,0) = A=0 (id3)
id({a1,...,a, u R}, R) — false (idy)
id(R, {(x1,71), -, (Tn,yn) u R}) — false (ids)
id({a1,...,anu R}, {(x1,11), s (Tns Ypm) U R}) — (ido)

id({ays . ant, {@1 1) - (@, ym) ) AR =0
id({zu A}, R) = R={(z,z)u N} Aid(A,N) (id7)
id(A, {(z,y)uR}) =z =yANA={zuN}Aid(N,R) (ids)

Figure 12: Rewrite rules for id-constraints

Irreducible form:

e id(A,R), A and R distinct variables.
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5.2 Inverse

Syntaz: inv(ty,ts).
Informal semantics: if t; and to are binary relations, then to = ¢7.
Rewrite rules: see Fig. 13.

If R,S : Set; z,y,x;,v;,a;,b; : U then:

inv(R,0) > R=10
inv(0,S) =S =10
inv (R, {(z1,y1), - - ., (Tn,yn) U R}) —

inv({(xl,y1), ceey (xnvyn) u S}?‘S) —

{(yhxl) U Nl} = {(ala bl)a cey (ama bm)}
A un(R, Ny, No) ANinv({(22,92); - -+ (Tny Yn) U R}, Ns)

A inv(Ng, {(a1,b1), .., (@m,bm) U N}))
V(y1,z1) € {(a1,b1), ., (am, bm)}
AM(z1,y1) u N5} ={(a1,01), ..., (am, bm)}
AR ={(y1,21) uN} A un(N, N5, Ng)
A inv({(22,92), -5 (Tn, yn) U N'}, Ne)
inv(R,{(y,x) uS}) = R={(z,y) u N} Ainv(N,S)

inv({(z,y)u R}, S) = S ={(y,2) u N} Ainv(R, N)

R = {(xlayl)a (y17x1) U N} A im)(N, {(anyZ)v RN (mnvyn) o N})

S = {(1’17211)’ 1/17901) u N} A im}({(ﬂﬂzayz)v B (In,yn) u N},N)

v ({(x1,1);s -, (T, yn) u R}, {(a1,b1), ..., (am, bm) UR}) —

V (y1,@1) ¢ {(a1,b1), -, (@m; bm) } A (1,91) € {(a1,b1), - -+, (@m, bm)}
AR ={(z1,11), (Y1, 21) UN} A ((y1, 1) & {(@1,01), - (20, yn)}
Ainv({(z2,y2), ..., (Tn,yn) u N}, {(a1,01), ..., (@m,bm) u N})
VA{(y1,21) u N3} = {(z2,92), -, (Tn,Yn)} A un(N, N3, Ng)

(57)

Figure 13: Rewrite rules for inv-constraints

Irreducible form:

e inv(R,S).
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5.3 Composition

Syntazx: comp(ty,to,ts).
Informal semantics: if t1, to and t3 are binary relations, then t3 = ¢ o t5.
Rewrite rules: see Fig. 14.

IfQ,R,S,T:Set; Q#0; t,u,z,z: U then:

comp(0,S,T) — T =)

comp(R,0,T) — T =0

comp({(z,w)},{(t 2)},T) = (u=t AT ={(z,2)}) V(u £t AT =10)
comp({(z,u) v R}, {(t,z) u S}, 0) —

A comp({(z,u)},S,0) A comp(R, {(t,2)},0) A comp(R, S, D)

comp({(z,t) u R}, {(u,2) uS},T) —
comp({(z, )}, {(u, 2)}, N1)
A comp({(x,t)}, S, No) A comp(R, {(u, 2)}, N3)
A comp(R, S, Ny)
A un(Ny, Na, N3, Ny, T))

comp(R, S, {(z,z)uT}) —
un(Ny, Npt, R) A un(N,, Ngt, S)
N, ={(x,n) u N1} AN, ={(n,z)u Na}
A comp({(x,z)}, N1, N1) A comp(Na, {(z, 2)}, Na)
A comp(Ny, Ngt, N3) A comp(Nyt, N, Ny) A comp(Ny, Ngt, Ns)
A un(Ns, Ny, N5, T)

Figure 14: Rewrite rules for comp-constraints

Irreducible forms:
o comp(R,S,T), S #0
o comp(R,S,T), R£0
(R, S,0)
o comp(R, S, 0)

e comp

16



5.4 Domain

Syntazx: dom(ty,ts).

Informal semantics: if t1 is a binary relation and t5 is a set, then to = domt;.

Rewrite rules: see Fig. 15.

If R, A: Set; z,y : U then:

dom(R,R) - R=10

dom(R,0) = R=10

dom (D, A) - A=10

dom(R,{z u A}) — un(Ny, Na, R) A dom (N1, {z}) A dom(Ny, A)
dom(R, {x})} = comp({(z,2)}, R, R)ANR#0

dom({(z,y) u R}, A) — A = {zu N1} A dom(R, Ny)

Figure 15: Rewrite rules for dom-constraints

Irreducible form:

e dom(R, A), R and A distinct variables.
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5.5 Range
Syntazx: ran(ty,ts).

Informal semantics: if t1 is a binary relation and t5 is a set, then to = rant;.

Rewrite rules: see Fig. 16.

If R, A: Set; z,y : U then:
ran(R,R) — R = ()
ran(R,0) - R =10
ran(0,A) - A=10

ran(R,{y})} — comp(R,{(y,y)}, R) AR # 0

(
(
(
ran(R, {yu A}) = un(Ny, No, R) A ran(Ny, {y}) A ran(Ny, A)
(
ran({(z,y) U R}, A) = A = {yu N1} A ran(R, Ny)

Figure 16: Rewrite rules for ran-constraints

Irreducible form:

e ran(R, A), R and A distinct variables.
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5.6 Other relational constraints

The following are relational constraints that can be expressed as BR-formulas (i.e. by
quantifier-free first order formulas). For each of them there is just a single rewrite rule
replacing the constraint with the corresponding BR-formula.

If R,S,T,A B,C, f:Set; x,y : U then:
ran(R, A) — inv(R, N) A dom(N, A) (5.1)
dres(A, R, S) — (5.2)
un(S, N1, R) A dom(S, No) A Ny C AA dom(N1,N3) ANA || N3 '
rres(R, A, S) — (5.3)
un(S, N1, R) A ran(S, N2) A Ny C A A ran(N1, N3) A A || N3 '
dares(A, R, S) — (5.4)
dres(A, R,T) Nun(S,T,R)ANS | T '
rares(R, A, S) — (5.5)
rres(R, A, T) ANun(S,T,R)ANS || T '
rimg(R, A, B) — dres(A, R, N) A ran(N, B) (5.6)
oplus(R, S, T) — dom(S, N1) A dares(N1, R, N2) A un(No, S, T) (5.7)
apply(f,z,y) = (x,y) € f A pfun(f) (5.8)
cp(A,B,R) =
dom(Ny, A) A ran(N1, N2) A No C {n} (5.9)
A dom(Nz, B) A ran(Na, N3) A N3 C {n} '
A inv(N2, Ng) A comp(N1, Ny, R)

Figure 17: Rewrite rules for other relational constraints
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5.7 Specialized rewrite rules for partial functions

The rewrite rules specialized for partial functions are listed in Figures 23 to 19.

Domain of partial functions

Syntax: dom(t1,t2).
Informal semantics: if t1 is a partial function and ¢, is a set, then ¢, = dom ;.
Rewrite rules: see Fig. 18.

If f, A: Set;x,y : U then:

dom(f,f) = f=10
dom(f,0) — f=10

0,A) - A=0

dom(f,{xuA}) = f = {(x,n) u N} A dom(N, A)

(
(
dom(
(
dom({(x,y)u f},A) > A={xu N} Adom(f,N)

Figure 18: Rewrite rules for dom-constraints over partial functions

Irreducible form:

o dom(f,A), f and A distinct variables.
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Composition of partial functions

Syntax: comp(tq,ta,t3).
Informal semantics: if t1, to and t3 are partial functions, then t3 =t o 5.
Rewrite rules: see Fig. 19.

If f,g,h, A:Set;x,y,z: U then:

comp(D,g,h) = h =10
comp(f,0,h) — h =10
0)

comp(f,g,0) = ran(f, N1) A dom(g, N2) A N1 || N2

comp({(z,y) u f},9.h)} —
g={(y,n) uN } A h= {(z,n) u Na} A comp(f, g, N2)
V- dom(g, N1) ANy & N1 A comp(f,g, h)

comp(f. g, {(x,2) uh}) =
f={(@n)uNi} A g={(n,z)uNa} A comp(Ni,g,h)

Figure 19: Rewrite rules for comp-constraints over partial functions

Irreducible forms:

L] comp(f,g, h)7 g ¢ @

L comp(f,g,h), f%@
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6 Rewrite rules for sort constraints

Sort constraint pair

Syntax: pair(t).
Informal semantics: t is a pair.
Rewrite rules: see Fig. 20.

If ¢ : U then:

pair(t) =t = (n1,ng) (pairy)

Figure 20: Rewrite rules for pair-constraints

Irreducible form: none.

Sort constraint set

Syntax: set(t).
Informal semantics: t is a set.
Rewrite rules: see Fig. 21.

If A:Set; ty:U; ty: O then:

set(D) — true (sety)
set({t; u A}) — set(A) (sets)
set(ta) — false (sets)

Figure 21: Rewrite rules for set-constraints

Irreducible form:

o set().
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Sort constraint rel

Syntax: rel(t).
Informal semantics: if t is a set, then t is a binary relation.
Rewrite rules: see Fig. 22.

If R: Set; t: U then:

rel(() — true

rel({t u R}) — t = (n1,n2) A rel(R)

Figure 22: Rewrite rules for rel-constraints

Irreducible form:

o rel().

Sort constraint pfun

Syntax: pfun(t).
Informal semantics: if t is a set, then t is a partial function.
Rewrite rules: see Fig. 23.

If f:Set;t: U then:
pfun(0) — true

pfun({tu f}) =t = (n1,n2) A comp({(n1,m1)}, f,0) A pfun(f)

(1

)

~

Figure 23: Rewrite rules for pfun-constraints

Irreducible form:

o pfun(z).
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Sort constraint npair

Syntax: npair(t).
Informal semantics: t is not a pair.
Rewrite rules: see Figure 24.

I ty,... tn, f(t1,...,tn) : U, n >0 then:

npair((t1,t2)) — false (pairsy)
If f 7_é ('7 ')? npair(f(tl, cey tn)) — true (pair?))
If n 2 2, npair(f(ti,...,t,)) — true (pairy)
Figure 24: Rewrite rules for negative pair-constraints
Irreducible forms:
o npair(x).

Sort constraint nset

Syntax: nset(t).

Informal semantics: t is not a set.

Rewrite rules: see Figures 25 and 24.

If A:Set; t1:U; s : O then:

nset(D) — false (setyq)
nset({ty u A}) — false (sets)
nset(tz) — true (setg)

Figure 25: Rewrite rules for negative set-constraints

Irreducible forms:

o nset(x).
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Sort constraints nrel and npfun

Syntax: nrel(t), npfun(t).
Informal semantics: t is not a relation, t is not a partial function.
Rewrite rules: see Fig. 31.

If R,S, T, A, f:Set then:

nrel(R) — n € R A npair(n)

npfun(f) = (n1,n2) € f A (n1,n3) € f Ang # ng V nrel(f)

Figure 26: Rewrite rules for negative relational base constraints

Irreducible forms: none.
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7 Rewrite rules for negative set constraints

7.1 Not membership

Syntax: t1 ¢ ta.
Informal semantics: if to is a set, then t; is not a member of 5.
Rewrite rules: see Fig. 27.

If z,y: U; A: Set then:

x &0 — true
r¢{yuvAt sax#ynac ¢ A
If Acvars(z),z ¢ A— true

Figure 27: Rewrite rules for ¢-constraints

Irreducible form:

o t ¢ A and A does not occur in t.
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7.2 Not union

Syntaz: nun(ty,te,ts).
Informal semantics: if t1, to and t3 are sets, then t3 #£ t1 U to.
Rewrite rules: see Fig. 28.

If A, B,C : Set then:

nun(4, B,C) —
NeCANN¢AANN¢EDB
VNeAANNEC
VNeEBANGEC

(U14)

Figure 28: Rewrite rules for negative un-constraints
Irreducible form: none.

Not disjoint

Syntazx: tq |f ta.
Informal semantics: if t; and ty are sets, then t; Nty # ().
Rewrite rules: see Fig. 29.

If A, B : Set then:

AfB—-neAAneB

()

Figure 29: Rewrite rules for negative ||-constraints

Irreducible form: none.
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7.3 Other negative set constraints

If R,S,T, A, B,C, f : Set then:
nsubset(A,B) > n€ AAn¢ B (7.1)
ninters(A, B,C) —
neCAngAVn¢gDB) (7.2)
VvneAAne BAn¢C
ndiff (A, B,C) —
neCAn¢ AvneCAneDB (7.3)
VvngCAneAAn ¢ B

Figure 30: Rewrite rules for other negative set constraints

Irreducible form: none.
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8 Rewrite rules for negative relational constraints

If R, S, T, A : Set then:

ndom(R, A) —
(n1,n2) ERANL ¢ A
Vg € AA comp({(ni,n1)}, R,0)
V nrel(R)

ninv(R, S) —
(n1,n2) € RA (n2,n1) ¢ S
V (ni,n2) ¢ RA(ng,n1) €S
V nrel(R) V nrel(S)

ncomp(R, S, T) —
(n1,n2) € RA (na,n3) € SA(ni,ns) ¢T
V(ny,ng) €T
A comp({(n1,n1)}, R, N1)
A comp(S, {(n3,n3)}, Na) A comp(Ny, Na, D)
V nrel(R) V nrel(S) V nrel(T)

nid(A, f) —
ny € AAN(ny,ny) ¢ f
Vni & AA(ni,n1) € f
Vg #ng A(np,ne) € f
Vn € f A npair(n)

(domlg)

(012)

(id13)

Figure 31: Rewrite rules for negative relational constraints

Irreducible form: none.
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If R, S, T, A, B,C, f : Set then:

nran(R, A) —
(nl,ng) € RAng ¢A

Vni € AN comp(R,{(n1,n1)},0)
V nrel(R)

ndres(A, R, S) —
(n1,n2) € SAn ¢ A
V(ni,n2) € SA(ni,n2) ¢ R
V (ni,ng) € RAny € AN (ny,ng) ¢S
V nrel(R) V nrel(S)
nrres(R, A, S) —
(n1,n2) € SAny ¢ A
V (n1,m2) € SA(n1,n2) ¢ R
V (n1,m2) € RAng € AN (n1,n2) ¢ S
V nrel(R) V nrel(S)
ndares(A, R, S) —
(n1,n2) € SAnL €A
V (ni,n2) € SA (n1,n2) ¢ R
V (n1,m2) € RAng ¢ AN (n1,n2) ¢ S
V nrel(R) V nrel(S)
nrares(R, A, S) —
(n1,n2) € SAng € A
V (n1,n2) € SA(n1,n2) ¢ R
V(ni,n2) € RAng ¢ AN (ni,ng) ¢S
V nrel(R) V nrel(S)

napply(f,z,y) — (x,y) & fV npfun(f)

(8.1)

(8.4)

Figure 32: Rewrite rules for negative relational constraints—cont’d
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If R, S, T, A, B,C, f : Set then:

nrimg(R, A, B) —
ny € BAid(A, Ni) A comp(Ny, R, N2) A comp(N2,{(ni,n1)},0)
Vng ¢ BA(ng,n;) € RAng €A
V nrel(R)

noplus(R, S, T) —
(77,1,77,2) cT N (nl,ng) ¢ S A (nl,ng) ¢ R
\Y (nl, ng) S T
A (nl,ng) ¢ S
A (n1,n2) € RA comp({(n1,n1)}, S, {(n1,n3) u N})
V (ni,n2) ¢ T A (ni,ng) €5
V (n1,n2) ¢ T A (n1,n2) € RA comp({(ni,n1)},S,0)
V nrel(R) V nrel(S) V nrel(T)
nep(A, B, R) —
ni 6A/\TL2€B/\(711,712)¢R (810)
V(ng ¢ AVng ¢ B)A(ni,ne) €R

Figure 33: Rewrite rules for negative relational constraints—cont’d
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9 The solver

The global organization of the solver for Lzr, called SAT R, is shown in Algorithm 1.

Algorithm 1 The SAT R solver. ® is the input formula.
® + sort_infer(P);
repeat

D'+ O
repeat
"+ P;
® + STEP(D)
until & = ®”;
® <« remove_neq(®P)
until & = @’;
return ¢

Procedure sort_infer

The procedure sort_infer applies all possible sort inference rules (see Sect. 2) to all con-
straints occurring in the input formula ®.

Procedure remove_neq

The procedure remove_neq deals with the elimination of #-constraints involving set vari-
ables. The rewrite rules applied by remove_neq are described by the generic rule scheme of
Figure 34.

If X € Vger; t: U; @ is the input formula then:

If X occurs as an argument of a constraint «(...) in ®,
m € {un, C, inters, id, inv, comp}, X #t — (#£s)
meXAng¢t)VinetAng X)V (X =0At#0)

Figure 34: Rule scheme for #-constraint elimination

Remark 2 The third disjunct in the rule scheme of Figure 34 is necessary when t is a
non-set term (in particular, when t is a variable which is subsequently bound to a non-set
term). In this case the second disjunct is false while the first disjunct forces X to contain
an element n; so we would miss the solution X = () which conversely is obtained through
the third disjunct.
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Procedure STEP

The key part of the solver SAT g is the procedure STEP. STEP is a function that takes
as its input a BR-formula ® and returns a new BR-formula ®'. The overall structure of
STEP is shown in Figure 35.

STEP(®) :
let ® be ®V--- V&, n>1;
® — STEP((®,) (9.9)
V STEPy(®P2)
V STEPy(®,,);
STEPy(®) :
for all w in IT: @ < rw,(P);
® + sort_check(sort_infer(®)); (9.10)
® + id_cycle_check_all(®);
return ®;

Figure 35: The procedure STEP

where ® — STEP(®;1) V --- V STEPy(®,,) generalizes the definition of rewrite rule given
in Section 1 by allowing the left-hand side to be any BR-formula; hence, ® is non-
deterministically rewritten to any of the formula resulting from calling STEPy(®;), i € 1..n.

Generic procedure rw;

The procedure rw, (see Figure 36) is a generic procedure, parametric with respect to the
BR-constraint predicate symbol 7. For each n € II, rw, implements a rewriting procedure
for m. rw, takes as its input a BR-formula ® and returns a new BR-formula &' which is
obtained from ® by repeatedly applying to it all possible rewrite rules for w. A rewrite
rule C' — @ is applicable to a constraint D if D matches C'. Applying an applicable rule
C — @ to a constraint D occurring in a formula ¥ causes D to be replaced by ® in V.
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rwy (®) :
if ® contains false then return false;
else
repeat
select any m-constraint ¢ in ®; (9.1)
if ¢ = id(A, R) then id_cycle_check(c,®);
apply any applicable rewrite rule to ¢
until there is no applicable rule for any w-constraint in ®;

return ®;

Figure 36: Rewriting procedure for m-constraints

Note that if any of the rewrite rules called within STEP rewrites its input constraint to
false, then the whole formula ® is rewritten to false. In this case, a fixpoint is immediately
detected, since STEP(false) returns false.

Procedure sort_check

The procedure sort_check applies the rewrite rules for sort checking to all possible pairs
of sort constraints in ®. If no pair exists for which the rules apply, then ® is returned
unchanged. Otherwise ® is rewritten to false. The rewrite rules applied by sort_check are
described by the generic rule scheme of Figure 37.

Let p be a predicate symbol in {set, rel, pfun}. If z € V then:

nset(x) A p(x) — false (setr)

Figure 37: Rule scheme for sort consistency checking

Procedures id_cycle_check and id_cycle_check_all

The procedure id_cycle_check is shown in Fig. 38. It checks if ® contains any id constraint
whose first and second arguments share a variable, either directly (e.g., id({X u R}, R)), or
indirectly (e.g., id({X u R}, S) A id(S, R))'. id_cycle_check uses a global graph structure,
id_graph, represented as a set of unordered pairs (z,y) where x and y are variables occurring

n the current implementation only direct sharing is detected by means of rules (id4)—(ide).
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in ®, and the following procedures: tail(t): returns the inner set part of the set term ¢, i.e.,
either ) or an unbound set variable z; add(g,p): adds the pair p to the set representing
the graph g and returns the modified graph; cycle_occurs(g): checks whether the graph g
contains a cycle and returns the set of all nodes participating in the cycle.

id_cycle_check(c, @) :
let ¢ be id(A, R);
Ta = tail(A); Tr = tail(R);
ifTh €VATr €V then (9.2)
id_graph «+ add(id_graph,{(T4,TRr));
NC + cycle_occurs(id_graph);
if NC # () then substitute any z € NC by ) in all literals of ®;

Figure 38: The procedure id_cycle_check

The procedure id_cycle_check_all checks if the formula obtained at the end of STEP
contains any id constraint sharing variables between its arguments through some other
constraints (e.g., id({X u R},T) A un(R, S, T)). Note that initially id_graph contains all
pairs resulting from the id constraints as detected by id_cycle_check. The procedure nodes(g)
returns the set of all nodes in graph g.
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id_cycle_check_all(®) :
N < nodes(id_graph);
for all ¢ in ®:
if ¢ = inv(R, S) then
Tr = tail(R); Ts = tail(S);
if TR € NVTg € N then
id_graph < add(id_graph,(Tr,Ts));
if c=un(R,S,T)V c= comp(R,S,T) then (9.3)
Tr = tail(R); Ts = tail(S); Tr = tail(T);
if TR € NATr € N then
id_graph < add(id_graph,(Tr, Tr));
if I's € NATr € N then
id_graph < add(id_graph,(Ts, Tr));
NC <« cycle_occurs(id_graph);
if NC # () then substitute any z € NC by ) in all literals of ®;

Figure 39: The procedure id_cycle_check_all
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