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Abstract. Within constraint programming, a number of different repre-
sentations have been used for set variables. Many of these representations
are based on combining together existing representations. To understand
such combinations, we provide a formal definition of this notion of com-
bination, and of the synchronisation between representations. We char-
acterize two types of combinations, define bound consistency on these
combinations and provide some tractability results. Finally, we compare
the strength of the different combinations, positioning existing represen-
tations within our taxonomy. This systematic approach opens the door
to interesting new representations of set variables. Our results apply also
to multiset variable representations.

1 Introduction

Set variables are a useful modelling and solving construct found in some of
the earliest constraint solvers [12,4]. A representation for set variables used in
many solvers are subset bounds: a lower bound containing the set of definite
elements and an upper bound containing the set of possible elements. However,
this is a weak approximation and several new and stronger representations which
better approximate domains have therefore been proposed. Many of these new
representations are based on combining together existing representations (e.g.
[1,5,14,11]). For instance, the Cardinal set solver [1] reasons simultaneously
about subset and cardinality bounds on the set. Similar observations hold for
the multiset variable representations. In [9], for instance, cardinality and variety
bounds are incorporated to the subset bounds of multiset variables [7].

Such previous work has differed on how the representations are combined,
how consistency between the representations is maintained, and how constraints
are propagated. Unfortunately no formal framework exists to compare these
combined representations. Our goal is to provide such a framework. We use
this framework to launch a systematic study of representations. Due to lack of
space, we here focus only on set variables but our results are directly appli-
cable to multiset representations and their combinations. Our study provides
insight into existing combined representations, as well as new and potentially
useful representations. Finally, it uncovers a number of important relations. For
example, we prove that the lengthlex representation for set variables (which



combines lexicographic ordering and cardinality information and is designed to
exploit cardinality and ordering constraints) is incomparable to a representa-
tion for set variables that deal with the lexicographic ordering and cardinality
information separately or simultaneously. As a second example, we prove that
the hybrid representation of [14] (which combines lexicographic, subset and car-
dinality bounds) is tighter than one that looks at pairs of bounds at the same
time, but looser than one that looks at all the bounds simultaneously.

2 Background

In this paper, we consider finite domains and only set variables. A set variable
takes as value a subset of a universe U = {1,...,n}. The domain D(S) for a
set variable S can potentially contain up to 2" values. The representation R of
a set domain is therefore usually given by some bounds that limit the domain
to subsets of 2V that form an interval in some partial or total order on 2Y. The
approximation Dg(S) of a domain D(.S) is described by its lower bound lbg(S)
and its upper bound ubr(S). If Dr(S) is the smallest interval containing D(S),
we call it the tightest approximation of D(S).

Our first representation for set variables uses the subset partial order [12, 4].
The elements in b are the definite elements, and the elements in ub \ Ib are the
possible elements. This is the subsetbounds (SB) representation. More formally,
given a variable S, Dgp(S) = {s | lbsp(s) C s C ubgp(s)}. Given a set of sets
A C2Y, we define glbsp(A) = (,c 4 a- Similarly we define lubsp(A) = J,c 4 a-

Another approach is to define a total ordering <7 on 2V and to represent
the domain through a lower bound lb7 and an upper bound ubr. That is, in the
representation T, Dp(S) = {s | lbp(S) <r s <p ubp(S)}. This is the case in [5,
14] where the sets are ordered lexicographically, though in two different ways.
We here call minlex (also denoted by ML) the total ordering in which sets are
ordered by <, defined as follows: elements in the sets are ordered from smallest
to largest and the lists obtained in this way are ordered lexicographically. Given
a variable S, lbyrr(S) and ubprr (S) represent the smallest and the greatest sets
(wrt <psp) in D (S). lengthlex (also denoted by LL, [5]) is a representation in
which sets are ordered according to <rr, that is, by increasing size, and ties are
broken with <psr. lbr(S) and ubyy,(S) represent the smallest and the greatest
sets (wrt <pr) in Dp1(S). The hybrid domain from [14] orders elements in the
sets from greatest to the smallest element as opposed to minlex, and then orders
lexicographically the resulting lists. We refer to this ordering as maxlezx. Given
a set of sets A C 2V and a representation T defined by a total ordering <r, we
define glby(A) = min<,. (A4). Similarly we define lubr(A) = max<,.(A).

A third approach is based on a measure on the size or value of a set. We
illustrate this with the cardinality representation (card) but we could consider
other similar representations based on the cost of the set. In card, Do (S) =
{5 | Ibc(S) < |s| < ubc(S)}. Given a set of sets A C 2V, we define glbc(A) =
min({|a| | @ € A}). Similarly we define lubc(A) = max({|a| | a € A}).



We now give a uniform definition of bound consistency (BC) on any of these
representations. Given some representation R, variables Si,...,.S5, and a con-
straint ¢(S1,...,Sy,), we denote by c[S;] g the set {s; | c(s1,...,8i,...,5,)As; €
DR(SJ)V_] S 1n}

Definition 1 (Bound consistency on R). Given a representation R, vari-
ables S1,89,...,S,, and a constraint ¢(Sy...,S,), we say that S; is bound
consistent on ¢ for R iff Ibr(S;) = glbr(c[Si]lr) and ubr(S;) = lubr(c[S:|r)-

c(S1...,5n) is bound consistent for R if S; is bound consistent on ¢ for R for
1€ 1l.n.
When a constraint ¢(S;...,Sy,) is not bound consistent, enforcing bound

consistency on c is a way to reduce the search space to explore. Enforcing bound
consistency on ¢ consists of increasing lbr(S;) and decreasing ubr(S;),7 € 1..n
until bound consistency holds without throwing out solutions of ¢. When no
such lower and upper bounds exist (i.e., when Dg(S1) X ... X Dg(S,) does not
contain any solution of ¢), we say that bound consistency has failed on c.

Ezample 1. Consider two variables S; and Sy in universe U = {1,2,3} repre-
sented using R = minlex with lbar(S1) = by (S2) = {} and ubp(S1) =
ubprr(S2) = {3} and the constraint ¢ = [S1 N Se| < 2. We have ¢[Si|pr =
{{1,2},{1,2,3},{1, 3}, {2}, {2, 3}}, hence BC on minlex would update lbasr,(51)
to glbarr ({{1,2},{1,2,3},{1,3},{2},{2,3},{3}}) which is {1, 2}, and ubps,(S7)
to lubnrr ({{1,2},{1,2,3},{1,3},{2},{2,3}}) which is {2, 3}. Similarly for Ss.

3 Combinations of Two Representations

One way to have a tighter representation for a set variable is to combine several
representations by maintaining upper and lower bounds simultaneously on two
different orderings.

3.1 Synchronization of bounds

With using two representations simultaneously, a desirable property is that both
representations agree on their bounds. We call this property synchronization
of the bounds. Given two representations Ry and R, we write Dg, g,(S) for
Dg,(S) N Dg,(S). We will say that a representation R is synchronized with a
representation Ry on a set variable S when lbg, (S) and ubg, (S) are consistent
with Dg, r,(S). We say that S is synchronized for Ry and Ry iff Ry and R are
synchronized with each other.

Definition 2 (Synchronization). Given a variable S, and two representations
Ry and Ry, then Ry is synchronized with the representation Ry on S iff:

— lel (S) - glel (DR1R2 (S))7
— ubg, (S) = lubg, (DR, r,(5));



S is synchronized for Ry and R iff Ry is synchronized with Re and Rs is syn-
chronized with R;.

Ezample 2. Consider a variable S and universe U = {1, 2,3} represented using
Ry = minlex with by (S) = {1,2} and ubpy(S) = {3}, and using Re =
subsetbounds with lbsp(S) = {} and ubsp(S) = {1,3}. We have Dy/1(S) =
[11,2},{1,2,31, {1, 3}, {2} {2,3}, {3} } and D (S) = {{}, {1}, {3}, {1, 3}}. The
intersecting domain Dysrsp(S) = {{1,3},{3}}. For minlex to be synchnorised
with subsetbounds, its lower bound by (S) must be glbarn(Darrss(S)) =
{1,3}. Similarly, for subsetbounds to be synchnorised with minlez, its lower
bound leB(S) must be gleB(DMLSB(S)) = {3}

3.2 Bound consistency on pairs of representations

We consider two different ways to propagate a combined representation. In the
weak sense, we apply bound consistency on each representation independently
and synchronize them. In the strong sense, we ensure the lower and upper bounds
of a representation are bound consistent on their synchronized domains. Given
two representations R; and Ro, the weak combination will be denoted by R;+ Rs
and the strong combination by R; X R,.

Definition 3 (Bound consistency on Ry + Rs). Given variables Sy, ..., Sy,
and a constraint ¢(S1...,Sy), S; is bound consistent on ¢ for R1+Rg iff S; is
synchronized for Ry and Rs, S; is BC on ¢ for Ry and S; is BC on ¢ for Rs.

Ezample 3. Consider a variable S and universe U = {1,2,3} represented us-
ing Ry = minlex with lby(S) = {1} and ubpyr(S) = {3}, and using Ry =
subsetbounds with lbgp(S) = {1} and ubsp(S) = {1,2,3}, and the constraint
¢ =|S| = 2. The variable S is BC on ¢ for SB but is not for minlex. Enforcing
BC on ¢ for minlex would update the bounds of minlex so that their cardinality
is 2, hence we get lbprr(S) = {1,2} and ubpr(S) = {2,3}. With these domains
however, S is not synchronised for minlex and SB, because SB requires that 1
belongs to S. Ensuring synchronisation, ubasr,(S) is further updated to {1, 3}.
Now, S is BC on ¢ for minlex + SB.

Definition 4 (Bound consistency on R; x Ry). Given variables S1,..., Sy
and a constraint ¢(Sy ..., Sy), Si is bound consistent on ¢ from Ry to Ra iff:

- lel (S) = glel (C[Si]RlRQ)"
— ubg, (5) = lubg, (c[Si|r, r,);

S; is bound consistent on ¢ for Ry X Ry iff S; is synchronized for Ry and Ro and
S; is bound consistent from Ry to Ry and vice versa.

Ezample 4. Consider two variables S; and Sy and universe U = {1, 2, 3} repre-
sented using Ry = minlex with lbyr,(S1) = lbprr(S2) = {1} and wbpr(S1) =
ubprr(S2) = {3}, and using Re = card with 1bc(S1) = lbe(S2) = ube(S1) =
ubc(S2) = {1}, and the constraint ¢ = {2,3} C S; U Se. Both S; and Sy are



synchronised for minlex and card, and they are both BC on ¢ for both repre-
sentations. Hence, S7 and Sy are BC on ¢ for minlex 4+ card. However, S; and
Sy are not BC on ¢ for minlex x card. We have ¢[S1]prc = {{2},{3}}, hence
BC on minlex x card would update lbyrr,(S1) to glbarn ({{2}, {3}}) which is {2}.
Similarly for Ss.

4 Comparison of Pairwise Combinations

To compare the pruning power of the (combined) representations, we define
the stronger relation. Informally, one representation is stronger than another if
bound consistency reasoning with the first representation is more powerful than
with the second.

Definition 5 (Stronger relation >). Given two representations Ry and Ry
and a constraint ¢(S1,...,Sn), we say that Ry is stronger than Ry on ¢ (Ry =,
Rs) iff VD(S;) with Dg,(S;) and Dg,(S;) the tightest approximation of D(S;)
for Ry and R, if Dg,(S1) X ...x Dg,(S,) does not contain solutions of ¢ then
Dg,(S1) X ... x Dg,(S,) does not contain solutions of c¢. (That is, if BC fails
on ¢ for Ry then BC fails on ¢ for Ry.)

We say that Ry = R iff Ry =. Ra for all constraints c. We say that Ry is
strictly stronger than Ry on ¢ (Ry > R2) iff R1 = R2 and Rs %, R1. We say
that Ry is strictly stronger than Ro (R1 > Rs) iff R1 = R and Rs # Ry. We
say that Ry and Rs are equivalent on ¢ (R1 =. Ra) iff R1 =. Ro and Rs =, R;.
We say that Ry and Ry are equivalent (Ry = Rs) iff R1 = Re and Re = Ry.
We say that Ry and Ry are incomparable on ¢ (Ry ~. Ra) iff R1 %. Ra and
Ry % Ry. We say that Ry and Rs are incomparable (Ry ~ Rs) iff R % Ry and
Ry ¥ Ry.

To show that Ry = Ra, we could alternatively start from a domain Dg, (.S;)
for Rg, construct the tightest approximated domain Dg, (S;) of Dg,(S;) for Ry,
propagate bounds consistency on the given constraint in a way that R; fails but
not Ry. Suppose that Ry does not fail. This is because the bounds of Dp, (S;) are
supported. Since Dp, (S;) is constructed from Dpg,(S;), it necessarily contains
all sets that are in Dg,(S;), hence the same supports exist for the same bounds.

Definitions for comparing strength of propagation are sometimes based on
the values pruned. See, for example, [3]. We chose to define the strength of
representations on their ability to detect failure because we can then compare
different representations of domains that do not contain the same values. This
choice is similar to that made in [2], where different representations for integer
variables are compared.

The following theorems are useful to compare two (combined) representa-
tions.

Theorem 1. Given two representations Ry and Rs:

— (Rl + Rg) = Ry and (Rl + RQ) > Ry



— (Rl X RQ) - R1 and (Rl X RQ) ~ Rg.
Proof. Immediate from the definitions. a
Theorem 2. Given two representations Ry and Ra, (R1 X R2) = (R1 + Ra).

Proof. Let ¢(S1,...,Sy,) be a constraint. Suppose BC does not fail on ¢ for Ry x
Rs. Definition 4 tells us that BC on R; X Ry requires that for every S;, lbg, (S;) =

glbg, (C[Si]R1R2)7 lbg, (Sl) = glbr, (C[Si]RlRQ)v ubg, (SZ) = lubg, (C[Si]l'h Rz)’ and
ubg, (S;) = lubg, (¢[Si]r, r,)- These bounds are synchronized because c[S;|r, r, C

D(S;)r, r,- These bounds are also obviously BC for Ry and BC for Ry, so BC
for Ry + Rs. Therefore, if BC does not fail for Ry X Rs, then Ry + Ry cannot
fail, as in the worst case, it will converge on the same bounds as for Ry x Ry. O

5 Using the Framework

To illustrate the potential of this framework, we consider pairwise combinations
of three of the most popular representations for sets: SB, card and minlez.

5.1 Synchronisation and BC
The synchronization property of Definition 2 gives rise to the following synchro-
nisation rules between every pair of minlex, SB, and card representations.
Representations minlex and card

— 1bc(S) < |lbarn(S)| < ube(S) and b (S) < |ubpsr(S)| < ube(S);

— Ibc(S) € {|s| | s € Dy (S)} and ubc(S) € {|s| | s € Dpr(S)}.
Representations minlex and subsetbounds

- leB(S) g leL(S) g ubSB(S) and leB(S) Q ubML(S) g ubSB(S);

= WbsB(S) 2 Nsepyr(s){s}t and ubsp(S) € Usepy . (s){s}
Representations subsetbounds and card

- lbc(S) = |ubSB(S)| — leB(S) = ubSB(S);
- ubc(S) = |lb53(5)| — ubSB(S) = leB(S);
— Ibe(S) > |Ibsp(S)], ubc(S) < |ubsp(S)|.

All these synchronization rules are polynomial to enforce. However, synchroniza-
tion is not a trivial property. Indeed, it is intractable to achieve in general.

Theorem 3 (Complexity of Synchronization). Given a variable S and two
representations Ry and Rs, enforcing synchronization of S for Ry and Ry is
NP-hard even if Ry and Ry are defined by total orderings for which computing
the successor of an element is polynomial.

Proof. The proof is omitted for space reasons. O

Corresponding BC rules instead follow immediately Definition 4.



Minlex x Card Minlex x SB SB x Card

Minlex + Card Minlex + SB SB + Card

Minlex Card Minlex SB SB Card

Fig. 1. Pairwise comparison of representations minlex, SB and card. H; — H> means
Hy > Hos.

5.2 Pairwise Comparison

We undertook a pairwise comparison of minlex, SB, and card and their com-
binations. Results are summarised in Figure 1. Similar results hold for mazlex
instead of minlex.

Theorem 4 (Comparing minlex and card combinations).
1) (minlex x card) = (minlex + card)

2) (minlex + card) = minlex

3) (minlex + card) > card

Proof. By Theorem 1 and Theorem 2, (minlex x card) = (minlex + card),
(minlex + card) = minlex and (minlex + card) > card.

To show that (minlexxcard) = (minlex+card), take the constraint S;USs D
{1,3} and universe U = {1,2,3}. Assume that D(S;) = D(S2) = {{1},{2}}.
Then minlex and card domains are: Dy, (S1) = Dy (S2) = {{1}, {1, 2}, {1, 2,3},
{1,3},{2}}; Ibc(S1) = ubc(S1) = Ibe(S2) = ubc(S2) = 1. BC on minlex x card
fails whilst BC on minlex + card does not prune.

To show that (minlex + card) > minlex, take the constraint S; U Sy D
{1,2,3} and universe U = {1,2,3}. Assume that D(S;) = D(S2) = {{1},{2}}.
Then minlex and card domains are: Dy, (S1) = Dy (S2) = {{1}, {1, 2}, {1, 2,3},
{1,3},{2}}; Ibc(S1) = ubc(S1) = Ibe(S2) = ubc(S2) = 1. BC on minlex + card
fails whilst BC on minlex does not prune.

Finally, to show that (minlex + card) > card, take the constraint S >, {2}
and universe U = {1, 2,3}. Assume that D(S) = {{1}, {1,2}}. Then minlex and
card domains are: Dy (S) = {{1},{1,2}}; lbc(S) = 1 and ube(S) = 2. BC on
minlex + card fails since the constraint has no solution in the minlexr domain.
However BC on card alone does not prune. a

Theorem 5 (Comparing minlex and SB combinations).
1) (minlex x SB) = (minlex + SB)

2) (minlex + SB) = minlex

3) (minlex + SB) >~ SB

Proof. By Theorem 1 and Theorem 2, (minlexxSB) = (minlex+SB), (minlex+
SB) = minlex and (minlex + SB) = SB.

To show that (minlex x SB) = (minlex + SB), take the constraint |S1| 4+
|S2| = 5 and universe U = {1,2,3,4,5}. Assume that D(S;) = D(S2) =



{{1,5}, {3}}. The minlex and SB domains are: Dy;1,(S1) = Darr(S2) = {{1,5},
{2}’ {2’ 3}’ {2’ 3, 4}5 {2’ 3,4, 5}7 {27 3, 5}7 {27 4}7 {27 4, 5}7 {27 5}7 {3}}7 leB(Sl) =
Ibsp(S2) = {}, ubsp(S1) = ubsp(S2) = {1,3,5}. BC on minlex x SB fails since
the constraint has no solution in the joint domain whilst BC on minlex + SB
does not prune.

To show that (minlex + SB) = minlex, take the disjoint constraint Sy @ So
and universe U = {1,2,3}. Assume that D(S1) = D(S2) = {{1,3},{3}}. Then
minlex and SB domains are: D1 (S1) = Dy (S2) = {{1,3},{2},{2,3}, {3} };
lbsp(S1) = lbsp(S2) = {3}, ubsp(S1) = ubsp(S2) = {1,3}. BC on minlex+SB
fails whilst BC on minlex alone does not prune.

Finally, to show that (minlex+ SB) > SB, take the constraint S >, {1,4}
and the universe U = {1, 2, 3,4}. Assume that D(S) = {{}, {1}, {1, 2},{1,2,4}}.
Then minlex and SB domains are: Dy, (S) = {{}, {1}, {1,2}, {1,2,3},{1,2,3,4},
{1,2,4}}; lbsp(S) = {} and ubsp(S) = {1,2,4}. BC on minlex + SB fails since
the constraint has no solution in the minlex domain. However BC on SB alone
does not prune. a

Theorem 6 (Comparing SB and card combinations).
1) (SB x card) > (SB + card)

2) (SB + card) - SB

3) (SB + card) > card

Proof. By Theorem 1 and Theorem 2, (SBx card) = (SB+card), (SB+card) +
SB and (SB + card) = card.

To show that (SB x card) = (SB + card), take the constraint S; U Sy D
{2,3,4} and universe U = {1, 2, 3,4}. Assume that D(S;) = D(S2) = {{1,2},{1, 3},
{1,4}}. The SB and card domains are lbsp(S1) = lbsp(S2) = {1} and ubsp(S1) =
ubSB(SQ) = {1,2,3,4}; lbc(Sl) = ubc(Sl) = lbc(Sg) = ubc(Sg) = 2. BC on
SB x card fails whereas BC on SB + card does not prune.

To show that (SB + card) = SB, take the constraint S; U Sy 2 {1,2,3} and
universe U = {1, 2,3}. Assume that D(S1) = D(S2) = {{1},{2},{3}}. Then SB
and card domains are: lbgp(S1) = lbsp(S2) = {} and ubsp(S1) = ubsp(S2) =
{1,2,3}; Ibc(S1) = ubc(S1) = lbe(S2) = ubc(S2) = 1. BC on SB + card fails
whereas BC on SB alone does not prune.

To show that (SB + card) > card, take the constraint S O {2} and universe
U = {1,2,3}. Assume that D(S) = {{1},{1,3}}. The SB and card domains are:
lbgp(S) = {1}, ubsp(S) = {1,3}; bc(S) = 1, ube(S) = 2. BC on SB + card
fails whereas BC on card alone does not prune. a

6 Generalising the Framework

Our framework for combining representations can be generalised to combina-
tions of more than two representations. Thanks to this generalisation, we will
be able to reason with, for instance, the hybrid domain representation [14] and
the multiset representations of [9,10]. The extension of the strong combination
operator is straightforward as we can take the domain of S in R; X Rs to be



Dg, r,(S). The extension of the weak combination operator is more problem-
atic as the domain of S in Ry + R is not defined explicitly. This necessitates a
generalization of the definitions of synchronization and bound consistency.

6.1 Combinations of Representations

Given n representations, R; to R,,, we write Dg, g, (S) for Dg,(S)N...N
Dg, (S).

Definition 6 (Synchronization for R; x ... x R,). Given a variable S, the
representation R; is synchronized with Ry X ... X R, on S iff:

— Ib,(S) = glbr,(Dr,. &, (9));
— ubg, (S) = lubg, (Dg,..r, (5)).

S is synchronized for Ry X ... X R, iff Vi € {1,...,n}, R; is synchronized with
Rl X XRi,1 XRiJrl X o, XRn on S.

Definition 7 (Synchronization for R; + ...+ R,). Given a variable S, and
the combination (Rq X ... X R;)+ (Rjt1 X... X Ry,), we say that R1 X ... x R; is
synchronized with Rj11 % ... x R, on S iff S is synchronized for Ry x ... X R;
and Vi € {1,...,j}, R; is synchronized with Rj 1 X ... X R, on S.

S is synchronized for (R1 x ... X R;) + ...+ (Rr X ... x Ry,) iff every pair of
strong combinations is synchronized with every other on S.

Definition 8 (Bound consistency on R;x...xR,). Given variables S1, ..., Sm,
and a constraint ¢(S1, ..., Sm), S; is bound consistent on ¢ from R; to Rq x...X
Rj_l X Rj+1 X ... X Rn Zﬁ

- lej (S) = glej (C[Si]Rl---Rn);
— ubg, (S) = lubg, (c[Si|Rr,...r,.);

S; is bound consistent on ¢ for Ry X...x Ry, iff S; is synchronized for Ry X...xX R,
andVj € {1,...,n}, S; is bound consistent from R; to Ry X ... x Rj_1 X Rj11 X
... X R,.

Definition 9 (Bound consistency on Ry +...+R,;). Given variables Sy, ...,
Sm and a constraint ¢(S1...,Sm), S; is bound consistent on ¢ for (R X ... X
Rj)+ ...+ (Rg x ... x Ry,) iff S; is BC on c for every strong combination and
S; is synchronized for (R1 X ... x Rj) 4+ ...+ (R X ... X Ry).

6.2 Comparison of Multiple Combinations

We give some algebraic identities that are useful in comparing (combined) repre-
sentations. We first give a generalization of the result that (R x Rg) > (R1+R2).
Replacing a weak combination operator with a strong combination operator
strengthens the representation.



Minlex x Card x SB

SR

(Minlex x Card)& }Card) + Minlex

Minlex + SB + Card

Fig. 2. Comparison of triple combinations with minlex, SB and card. Hi — H> means
H, = H> whilst Hi = H> means that Hi ~ Hs.

Theorem 7. (R;X...XRpXRpi1X...XRy) = (RiX... X R)+(Rpt1X...xRy).

We also give a generalization of the result that (R; + Rs) = Ry and (Ry +
Rs) = Rs. Multiple weak combinations are stronger than their constituent parts.

Theorem 8. (Ry +...+ R,) = Ry, forallk € {1,...,n}.

Finally, we give a generalization of the result that (R; X Ry) > R; and
(Ry1 X R2) = Ry. Multiple strong combinations are stronger than their parts.

Theorem 9. (Ry X ... X R,) = Ry, forallk € {1,...,n}.

6.3 Example

We illustrate this general framework with triple combinations of minlex, SB,
and card. By using the weak and the strong combination operators in the ways
permitted, we obtain 5 different combined representations: minlex x card x SB,
(minlex x SB) + card, (minlex x card) + SB, (SB x card) + minlex, and
minlex+S B+card. The necessary synchronisation and BC rules can be obtained
by instantiating Definitions 7 and 9. In addition, using the identities given in
Theorem 7 to Theorem 9, we can compare the strength of these combinations
and contrast with (combined) representations involving a subset of the three
representations, i.e. minlex x SB, minlex X card, SB X card, minlex, SB, and
card. In Figure 2, we show how the triple combinations compare. Due to space,
we prove here only one of the results.

Theorem 10. (minlex x SB) + card ~ (minlex x card) + SB .

Proof. We first show (minlex x card) + SB % (minlex x SB) + card. Take
the constraint |S; N S3| = 1 on variables S; and S, and the universe U =
{1,2,3,4,5}. Assume that D(S;) = D(S2) = {{1,5},{3,4}}. The minlex, SB
and card domains are:

- DML(SI) = DML(SZ) = {{175}7 {2}7 {273}7 {27374}7 {27374,5}, {27375}7 {2a4}a

{2’ 4, 5}7 {27 5}’ {3}7 {37 4}}?
- leB(S1) = leB(Sg) = {}, ubSB(S1) = ubSB(Sg) = {1,3,4,5};



- lbc(Sl) = le(SQ) = ubc(Sl) = UbC(SQ) =2

(minlex x SB) + card fails ({3} is pruned thanks to synchronization with card)
but (minlex x card)+ SB does not prune.

We now show (minlex x SB) + card ¥ (minlex x card) + SB. Take the
constraint S; U Sy 2 {2,3,4} on variables S; and Sy. Assume that D(S;) =
D(S2) = {{1,2},{1,3},{1,4}}. The minlex, SB and card domains are:

- DML(Sl) = DML(SQ) = {{1’2}’{1’253}5{1’2a374}7{17274}7{173}7{17374}7
{174}}§

- 1553(51) = leB(Sg) = {1},ub53(51) = ubSB(SQ) = {1,2,3,4};

- lbc(Sl) = lbc(SQ) = ubc(Sl) = ubc(Sg) = 2.

(minlex x card) + SB fails but (minlex x SB) + card does not prune. O

7 Related Work

Jefferson has provided in his Ph.D. thesis [6] a framework for comparing set rep-
resentations and their combinations. Differently from [6], our framework allows
the study of many different ways of combining multiple representations most
of which were not previously known. In addition, the ordering we have defined
on representations lets us compare the pruning power of the (combined) rep-
resentations and consequently measure their ability to prune the search space
under static variable ordering. [6] instead discusses search size comparison only
briefly by showing representations which can represent more and produce smaller
search trees. Altogether, in our work we can see what kind of combinations can
be built, how they compare and which ones already exist or not. In the following,
we show which of the existing combined representations are precisely situated
by our framework.

7.1 Combination of two representations

The SB + card representation is used in the Cardinal set solver [1]. The repre-
sentation SB x card has been previously referred to as subset-cardinality [11]
or sbe-domain [15]. A similar BC definition for SB x card is given in [15].

The representation lengthlex, although using both cardinality and lexico-
graphic information, corresponds in our framework only to a single representa-
tion 7' defined by a total order. Given that both lengthlex and combinations
of minlex and card representations focus on the same information, we might
ask how they compare in general. Interestingly, the lengthlex representation,
which simultaneously captures cardinality and lexicographic ordering informa-
tion, is not better than two representations which deal with cardinality and
lexicographic ordering information separately or simultaneously.

Theorem 11. lengthlex is incomparable to minlex, minlex+-card and minlex x
card.



Proof. We first show lengthlex % minlex. Consider a conjunction of a lexico-
graphic constraint and two cardinality constraints, such as (S7 <jer S2 A |S1] =
2 A |SQ‘ = 2) Assume U = {1727?”4}3 D(Sl) = {{2}3{233}3 {2a3’4}}a
D(S2) = {{1},{1,2},{1,3},{1,2,3}}. The minlex and lengthlex domains are:

= Dy (S1) = {{2},{2,3},{2,3,4} };;

- DIV[L(SQ) = {{1}3 {172}7{172a3}v{132a374}7{172>4}’{1’3}};

- DLL(Sl) = {{2}’ {3}7 {4}7 {172}7 {173}7 {134}5 {233}’ {2’4}’ {3’4}’ {1a253}a
{1,2,4},{1,3,4},{2,3,4}};

= Dpu(S2) = {{1}, {2}, {3}, {4}, {1, 2}, {1, 3}, {1, 4}, {2,3},{2,4},{3,4},{1,2, 3} }.

BC on minlex fails for both domains whilst BC on lengthlex does not fail:
Dri(S1) = {{1,2}, {1,3},{1,4},{2,3},{2,4} } and D (S2) = {{1,3},{1,4},{2,3},
{2,4},{3,4}} are BC. Thus, lengthlex % minlex, and obviously we deduce
lengthlex ¥ (minlex 4+ card) and lengthlex # (minlex X card).

We now show (minlex X card) ¥ lengthlex. Take again the constraint
(S1 <gex S2 A |S1| =2 A |S2| = 2) and U = {1,2,3,4}. Assume that
D(51) = {{2,3},{2,4},{3,4}, {1,2,3}} and D(S2) = {{4},{1,2},{1,3},{1,4}}.

The minlex, lengthlex and card domains are:

- DML(SI) = {{17273}7 {1727374}7 {17274}7 {173}7 {17374}7 {174}7 {2}» {273}a
{2,3,4},{2,4}, {3}, {3, 4} };

- DML(SZ) = {{172}’ {1a273}7 {1727374}7 {17274}7 {173}7 {17374}7 {174}7 {2}7
{233}7{27374}7 {274}v {3}7{374}7{4}}5

- DLL(Sl) = {{273}a {2a4}a {3a4}a {1a2a3}};

- DLL(S2) = {{4}’ {1’2}’{173}7{174}};

— lbc(Sl) = 2, ubc(sl) = 3;

- lbc(Sz) = 1, UbC(SQ) = 2.

With BC on minlexx card, we obtain Dy, (S1) = {{1,3}, {1, 3,4}, {1, 4}, {2}, {2, 3},
{2a 3, 4}’ {27 4}}3 DML(SQ) = {{17 4}7 {Q}a {2’ 3}’ {27 3, 4}7 {2’ 4}’ {3}a {3a 4}}§ le(Sl)
= ubc(S1) = lbc(S2) = ubc(S2) = 2. BC on lengthlex fails. Thus, (minlex x
card) % lengthlex, and obviously we deduce (minlex 4+ card) % lengthlex and
minlex % lengthlex. O

Even though the proof has focused on a conjunction of a lexciograhic constraint
together with cardinality constraints, there are many other basic constraints, like
subset, disjoint, atleast-k, and atmost-k, where lengthlex and the minlex and
card combinations are incomparable. It is not difficult to prove that lengthlex
is stronger than card. Figure 3 summarises these results.

7.2 Combination of three representations

In [11], a representation length-lex* is introduced which corresponds to lengthlex x
SB in our framework. In [15], the authors refer to this as the /s-domain; however
they experiment with only lengthlex+SB. As lengthlex x SB and combinations
of the minlex, SB and card represent similar information, we might ask how
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Fig. 3. Comparison of minlex and card combinations with lengthlex. Hi — Hz means
H, = H, whilst Hi = H> means that Hi ~ Hs.
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Fig. 4. Comparison of minlex based triplets against lengthlex x SB. H;—H> means
that H1 ~ H2

they compare in general. In Figure 4, we compare the various combinations of
minlex, SB and card against lengthlex x SB. As we prove next, lengthlex x SB
is incomparable to any minlex based combination, including minlex alone.

Theorem 12. lengthlex x SB is incomparable with minlex, minler x SB,
minlex X card, minlex+SB+card, (minlex x card)+SB, (minlex x SB)+card,
(SB x card) + minlex and minlex X card x SB.

Proof. First we show that (lengthlex x SB) # minlex. Take the constraint
S >iex {1,3} on the variable S and the universe U = {1,2,3}. Assume that
D(S) ={{},{1},{1,2},{1,2,3}}. The lengthlex, SB and minlex domains are:

- DML(S) = {{}a {1}7 {172}{17273}}7
- DLL(S) = {{}v {1}7 {2}7 {3}ﬂ {132}3 {133}3 {233}a {13233}};
~ lbsn(S) = {1, ubsn(S) = {1,2, 3.

Enforcing BC for minlex fails whereas for lengthlex x SB it does not. Thus
lengthlex x SB is not stronger than any combination of minlex.

We now show that (minlex x card x SB) % (lengthlex x SB). Take the
constraint S; U Sy = {1,2,3,4} on two variables S; and Sy and the universe
U ={1,2,3,4}. Assume that D(S1) = D(S2) = {{3},{4},{1,2}}. The minlex,
lengthex, SB and card domains are:

— Dpp(S1) = Drr(S2) = {{3},{4},{1,2} };

- 1553(51) leB(Sg) = {} ubSB(S1) = UbSB(SQ) { s , ,4},

— Dyr(S1) = D (S2) = {{1,2},{1,2,3},{1,2,3,4},{1, 2,4}, {1, 3}, {1, 3,4},
{1,4},{2},{2,3},{2,3,4}, {2, 4}, {3}, {3, 4}, {4} };



- lbc(Sl) = lbc(S1) =1, ubc(Sz) = UbC(SQ) =2.

lengthlex x SB fails whereas minlex x card x SB does not (note that the
lower bound of card is updated to 2). Thus all minlex based combinations with

SB and card are not stronger than lengthlex x SB.
O

In [14], a combination of mazxlex, SB and card, called a hybrid domain, is intro-
duced and associated inference rules are given to maintain consistency between
the bounds as well as to enforce some form of local consistency on common set
constraints. By looking at these inference rules, we can see that this hybrid do-
main is a representation between mazxlex 4+ .SB + card and mazlex X SB X card.
The reason is that two of the bounds in a hybrid domain are updated by looking
at the other two at the same time, which is stronger reasoning than considering
them pairwise as we do in maxlex+ S B+ card. However, reasoning about hybrid
domain does not consider globally all the bounds at the same time. Consider for
instance a variable S with the domain Ibyamie2(S) = {4,2,1}, ubmaziex(S) =
{4,3,1}, lbsp(S) = {4}, ubsp(S) = {1,2,3,4}, lbc(S) = ubce(S) = 3. The
inference rules will not change the subset bounds, but 1 must be in lbgp for
the three bounds to be synchronized together. Similary, consider a variable S
with the domain 1byamie2(S) = {4,3}, ubmaziex(S) = {5,1}, lbsp(S) = {},
ubsp(S) = {1,2,3,4,5}, bc(S) = ubc(S) = 2. The inference rules for hybrid
domain will not change the subset bounds, but 2 must be removed from ubsp(S)
for the three bounds to be synchronized together. Thus, hybrid domain provides
between the weak and strong combination of its participating representations.

7.3 Combination of four representations

The authors propose in [9] a combined representation for multiset variables
which corresponds to SB + card + variety in our framework where variety
is a representation based on the value of a multiset a set determined by its dis-
tinct number of elements ||a||. Similar to card, in variety we have Dy (S) =
{s | by(S) < ||s|| < uby(S)} and given a set of multisets A C 2V, we define
glby (A) = min({||al|,a € A}) and uby (4) = max({||a||,a € A}). In [10], this
representation is expanded further by considering 8 different forms of lexico-
graphic orderings on multisets. The authors compare theoretically these totally
ordered representations in terms of expressiveness and compactness, and finally
compare them experimentally wrt SB + card + variety. Our framework lets us
conceive various ways of combining SB, card, variety and the totally ordered
representations as well as compare their pruning power.

8 Conclusions

We have provided a general framework for combining together different repre-
sentations of set and multiset variables. Within this framework, we have defined
the notion of synchronization between representations. We have considered two



different ways to propagate a combined representation: a weak method which
considers each representation independently, and a strong method which consid-
ers them together. To compare representations, we have proposed an ordering on
representations that measures their ability to prune the search space. Finally, we
have undertaken a detailed study of combinations of representations. This iden-
tified several new relations. For example, the lengthlex representation, which
simultaneously captures cardinality and lexicographic ordering information, is
not better than a representation which deals with cardinality and lexicographic
ordering information separately or simultaneously. As a second example, the hy-
brid domain of [14] provides between the weak and strong combination of the
constituent representations. This paper opens doors to a number of interesting
future work. First, we intend to study in depth different combined representa-
tions for multiset variables. Second, we want to explore what effects does com-
bining representations has on the hardness of reaching fixed point [13]. Third,
we will investigate efficient propagation algorithms for interesting combined rep-
resentations and experiment with them.
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