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Abstract

The complexity of any optimisation problem depends critically on the form of the
objective function. Valued constraint satisfaction problems are discrete optimisation
problems where the function to be minimised is given as a sum of cost functions defined
on specified subsets of variables. These cost functions are chosen from some fixed set of
available cost functions, known as a valued constraint language. We show in this paper
that when the costs are non-negative rational numbers or infinite, then the complexity of
a valued constraint problem is determined by certain algebraic properties of this valued
constraint language, which we call weighted polymorphisms. We define a Galois connection
between valued constraint languages and sets of weighted polymorphisms and show how
the closed sets of this Galois connection can be characterised. These results provide a
new approach in the search for tractable valued constraint languages.
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1 Introduction

1.1 Background

Classical constraint satisfaction is concerned with the feasibility of satisfying a collection
of constraints. The extension of this framework to include optimisation is now also being
investigated and a theory of so-called soft constraints is being developed.

Several alternative mathematical frameworks for soft constraints have been proposed
in the literature, including the very general frameworks of ‘semi-ring based constraints’
and ‘valued constraints’ [6]. For simplicity, we shall adopt the valued constraint frame-
work here as it is sufficiently powerful to model a wide range of optimisation problems [21].
In this framework, every tuple of values allowed by a constraint has an associated cost,
and the goal is to find an assignment with minimal total cost.

The general constraint satisfaction problem (CSP) is NP-hard, and so is unlikely
to have a polynomial-time algorithm. However, there has been much success in find-
ing tractable fragments of the CSP by restricting the types of relation allowed in the
constraints. A set of allowed relations has been called a constraint language [31]. For
some constraint languages the associated constraint satisfaction problems with constraints
chosen from that language are solvable in polynomial-time, whilst for other constraint
languages this class of problems is NP-hard [35, 34, 27]; these are referred to as tractable
languages and NP-hard languages, respectively. Dichotomy theorems, which classify each
possible constraint language as either tractable or NP-hard, have been established for
constraint languages over 2-element domains [15], 3-element domains [9], for conserva-
tive constraint languages [I1], maximal constraint languages [13], languages comprising
of a single binary relation without sources and sinks [1] (see also [2]), and languages
comprising of a single binary relation that is a special triad [3].

The general valued constraint satisfaction problem (VCSP) is also NP-hard, but again
we can try to identify tractable fragments by restricting the types of allowed cost functions
that can be used to define the valued constraints. A set of allowed cost functions has been
called a valued constraint language [21]. Much less is known about the complexity of the
optimisation problems associated with different valued constraint languages, although
some results have been obtained for certain special cases. In particular, a complete
characterisation of complexity has been obtained for valued constraint languages over a

2-element domain with real-valued or infinite costs [21]. This result generalises a number
of earlier results for particular optimisation problems such as MAX-SAT [22] and MIN-
ONES [23].

One class of cost functions has been extensively studied: the so-called submodular
functions. The problem of minimising a submodular objective function occurs in many
diverse application areas, including statistical physics [25], the design of electrical net-
works [11], and operations research [12, 14, 48]. One of the first problems to be recog-
nised as a case of submodular function minimisation was the MAX-FLow/MIN-CUT
problem [24]. Another class of examples arises in pure mathematics: the rank func-
tion of a matroid is always a submodular function [28]. After the first two combinatorial
polynomial-time algorithms were proposed for submodular function minimisation [46, 32],



a series of faster, fully combinatorial and strongly polynomial-time algorithms for this
problem has appeared, see [31] for a survey. The complexity of the best of these algo-
rithms is O(n% 4+ n°L) where n is the number of variables and L is the time required to
evaluate the function [13], see also [33]. More practical cubic time algorithms have been
developed for many special cases [20, 39, 10], including the MAX-FrLow/MIN-CUT prob-
lem [24], the minimisation of a symmetric submodular function [11], the minimisation of
a {0, 1}-valued submodular function over a 2-element domain [23] and the minimisation
of any sum of binary submodular functions over an arbitrary finite domain [18]. There
exists a class of submodular functions (of arbitrary arity) which can be expressed as cut
functions of graphs, and hence minimised in cubic time. However, not all submodular
functions can be expressed in this way, and hence not all VCSPs with submodular cost

functions are solvable in cubic time by this reduction (see [19] for details).

The results of [23] show that submodularity is essentially the only property giving rise
to tractable {0, 1}-valued constraint languages over a 2-element domain, see [21]. Jonsson
et al. [30] generalised this result to 3-element domains, and Deineko et al. [20] recently

generalised this result to {0, 1}-valued constraint languages over arbitrary finite domains
containing all constants. Kolmogorov and Zivny have recently shown that submodularity
is essentially the only reason for tractability for conservative finite-valued VCSPs [38].
However, for more general valued constraint languages, very little is known about the
possible tractable cases.

In the classical CSP framework it has been shown that the complexity of any con-
straint language over any finite domain is determined by certain algebraic properties
known as polymorphisms [35, 34]. This result has reduced the problem of the identifi-
cation of tractable constraint languages to that of the identification of suitable sets of
polymorphisms. In other words, it has been shown to be enough to study just those
constraint languages which are characterised by having a given set of polymorphisms.
Using the algebraic approach, considerable progress has now been made towards a com-
plete characterisation of the complexity of constraint languages over finite domains of
arbitrary size [27, 12, 4, 1, 3, 5].

In the VCSP framework it has been shown that a more general algebraic property
known as a multimorphism can be used to analyse the complexity of certain valued con-
straint languages [19, 15, 21]. Multimorphisms have been used to show that there are
precisely eight maximal tractable valued constraint languages over a 2-element domain
with real-valued or infinite costs, and each of these is characterised by having a particu-
lar form of multimorphism [21]. Furthermore, it was shown that many known maximal
tractable valued constraint languages over larger finite domains are precisely charac-
terised by a single multimorphism and that key NP-hard examples have (essentially) no
multimorphisms [21, 17]. We discuss the notion of multimorphism in more detail in Ap-
pendices A and B, where we show that multimorphisms alone are not sufficient to capture
the expressive power of valued constraints.

Cohen et al. [10] later generalised the notion of a multimorphism slightly, to that of
a fractional polymorphism. They showed that fractional polymorphisms, together with
the polymorphisms of the underlying feasibility relations, characterise the complexity of
any valued constraint language with non-negative rational or infinite costs over any finite
domain [16].



1.2 Contributions

In this paper, we extend the results of [16] by introducing a new algebraic construct which
we call a weighted polymorphism. We are able to show, using the ideas of [1(], that the
weighted polymorphisms of a valued constraint language are sufficient on their own to
determine the complexity of that language. In addition, we are now able to define a Galois
connection between valued constraint languages and sets of weighted polymorphisms, and
characterise the closed sets on both sides (see Figure 1 below, on page 12; the terms used
in this figure, e.g., wPol, Imp, are defined in Section 4).

The Galois connection we establish here can be applied to the search for tractable
valued constraint languages in a very similar way to the application of polymorphisms to
the search for tractable constraint languages in the classical CSP. First, we need only con-
sider valued constraint languages characterised by weighted polymorphisms. This greatly
simplifies the search for a characterisation of all tractable valued constraint languages.
Second, any tractable valued constraint language with finite rational or infinite costs
must have a non-trivial weighted polymorphism. Hence the results of this paper provide
a powerful new set of tools in the search for a polynomial-time/NP-hard dichotomy for
finite-domain optimisation problems defined by valued constraints.

The structure of the paper is as follows. In Section 2 we describe the Valued Constraint
Satisfaction Problem and define the notion of expressibility. In Section 3 we recall the
so-called algebraic approach to the classical Constraint Satisfaction Problem and show
how it fits in the VCSP framework as a special case. In Section 4 we consider valued
constraint satisfaction problems with non-negative rational or infinite cost values, and
show how the complexity of valued constraint languages in this general framework is
characterised by weighted polymorphisms. In Section 5 we give a proof of the main new
theorem establishing the Galois connection.

2 Valued Constraint Satisfaction Problems

In the valued constraint framework each constraint has an associated function which
assigns a cost to each possible assignment of values and these costs are chosen from some
valuation structure, satisfying the following definition.

Definition 2.1. A valuation structure, (), is a totally ordered set, with a minimum
and a mazimum element (denoted 0 and oo), together with a commutative, associative
binary aggregation operator (denoted @), such that for all a, 3,7 € Q, a ®0 =« and
a®y > &~y whenever a > 3.

Definition 2.2. Let D be a set and 2 a valuation structure. A function ¢ : D" — € is
called a cost function of arity v on D taking values in €.

Definition 2.3. An instance of the valued constraint satisfaction problem, (VCSP),
is a 4-tuple P = (V,D,C,Q) where:

e V is a finite set of variables.



e D is a set of possible values that may be assigned to those variables.
e () is a valuation structure representing possible costs.

e C is a multi-set of constraints. FEach element of C' is a pair ¢ = {0, ¢) where o
is a tuple of variables called the scope of ¢, and ¢ is a |o|-ary cost function on D
taking values in Q.

Definition 2.4. For any VCSP instance P = (V,D,C,Q), an assignment for P is a
mapping s : V. — D. The cost of an assignment s, denoted Costp(s), is given by the
aggregation of the costs for the restrictions of s onto each constraint scope, that is,

Costp(s) def @ o(s(v1),8(v2), ..., 8(vm)).

((v1,02,...,Um),$)EC

A solution to P is an assignment with minimal cost, and the question is to find a
solution.

Definition 2.5. A valued constraint language is any set I' of cost functions from
some fized set D to some fized valuation structure Q. We define VCSP(L') to be the set
of all VCSP instances in which all cost functions belong to T'.

The complexity of a valued constraint language I' will be identified with the com-
plexity of the associated VCSP(T"), as the following definition indicates.

Definition 2.6. A wvalued constraint language 1" is called tractable if, for every finite
subset I'y C T', there exists an algorithm solving any instance P € VCSP(I'y) in polyno-
mial time. Conversely, I' is called NP-hard if there is some finite subset I'y C I' for
which VCSP(I'y) is NP-hard.

We now define a closure operator on cost functions, which adds to a set of cost
functions all other cost functions which can be expressed using that set, in the sense
defined below.

Definition 2.7. For any VCSP instance P = (V,D,C,Q), and any list L = (v1,...,v,)
of variables of P, the projection of P onto L, denoted nr,(P), is the r-ary cost function
defined as follows:

. (P)(x1,...,xp) = min Costp(s) .
L( )( ! ) {s:V—=D | (s(v1),....,s(vr))=(1,....2r) } tp( )

We say that a cost function ¢ is expressible over a constraint language T if there exists
a VCSP instance P € VCSP(T') and a list L of variables of P such that np(P) = ¢. We
define Express(I') to be the expressive power of I'; that is, the set of all cost functions
expressible over I.

Note that the list of variables L may contain repeated entries, and we define the
minimum over an empty set of costs to be oc.



Example 2.8. Let P be the VCOSP instance with a single variable v and no constraints,
and let L = (v,v). Then, by Definition 2.7,

0 ifx=y
oo otherwise

mu(P)(en) = {

Hence for any valued constraint language I', over any set D, taking values in any valu-
ation structure ), Express(I') contains this binary cost function, which will be called the
equality cost function.

The next result shows that expressibility preserves tractability.

Theorem 2.9 ([10]). A valued constraint language T is tractable if and only if Express(I")
is tractable; similarly, T' is NP-hard if and only if Express(I") is NP-hard.

This result shows that, when trying to identify tractable valued constraint languages,
it is sufficient to consider only languages of the form Express(I"). In the following sections,
we will show that such languages can be characterised using certain algebraic properties.

3 Classical Constraint Satisfaction

In this Section we shall consider the special case when the valuation structure €2 consists of
just two elements, 0 and co. In this case, there is only one possible aggregation operation
that satisfies the required conditions, which we will refer to as addition and denote by +.
Note that 0 +0 =0 and 0 4 00 = 00 + 0 = 00 + 00 = o0.

Definition 3.1. We denote by Rp the set of all cost functions on a set D taking values
in Q ={0,00} and by Rg) the k-ary cost functions in Rp.

With this very simple valuation structure there is a one-to-one correspondence be-
tween the set of cost functions Rp and the set of all finitary relations over D. In this
correspondence each cost function ¢ in Rp is associated with the corresponding relation

e {r e D": ¢(x) < o0} .

R(¢)
Cost functions in Rp can also be thought of as predicates. Subsets of Rp are sometimes
referred to as crisp constraint languages [21] and can be used to model the classical
constraint satisfaction problem, or CSP, where each assignment is either allowed (cost 0)
or disallowed (cost o).

The addition of two cost functions ¢1, ¢p2 € Rp corresponds to performing a relational
join operation on the associated relations R(¢1) and R(¢2) [30]. It also corresponds to
taking the conjunction of the associated predicates [12]. Moreover, minimising a cost
function ¢ € Rp over one of its arguments corresponds to taking a relational projection
of R(¢) onto its remaining co-ordinates. It also corresponds to existential quantification
of the corresponding predicate over that argument.



Definition 3.2. A set I' C Rp is called a relational clone if it contains the equality
cost function and is closed under

e rearrangement of arguments;
e addition of cost functions;
e minimisation over arbitrary arguments.
For eachT' C Rp we define RelClone(I") to be the smallest relational clone containing I

It is a straightforward consequence of Definitions 2.7 and 3.2 that the expressive power
of a crisp constraint language is given by the smallest relational clone containing it, as
the next result indicates.

Proposition 3.3. For any I' C Rp, Express(I') = RelClone(T").

This alternative characterisation for the expressive power of a crisp constraint lan-
guage was first observed in [34], and used to study the complexity of such languages
using tools from universal algebra. We will now give a brief summary of this algebraic
approach.

For any finite set D, a function f : D¥ — D is called a k-ary operation on D.

Definition 3.4. We denote by Op the set of all finitary operations on D and by O%)
the k-ary operations in Op.

Definition 3.5. The k-ary projections on D are the operations

egk)ZDk%D, (al,...,ak)r—>ai.

We denote by Jgf) the set of all k-ary projections on D.

Definition 3.6. Let f € Og) and gi,...,gr € O([l)). The superposition of f and
gi,---, 9k 1S the l-ary operation

flor,--vge) : D' = D, (21,..,2) = flo(@n, @), k(@ @)

Definition 3.7. A set F' C Op is called a clone of operations if it contains all the
projections on D and is closed under superposition.

For each F C Op we define Clone(F) to be the smallest clone containing F. We
denote by Clone™ (F) the k-ary operations in Clone(F).

We can extend k-ary operations to operate on tuples in a natural way, as follows. Let
z1,...,T, be tuples of length r over a set D. We can obtain another element of D" by
applying f to the x; co-ordinatewise, as follows:

Flar o) Y (flara,. . ap) |i=1..7).



Definition 3.8. Let ¢ be a cost function of arity r on a set D and let f € Osjk). We say
that f is a polymorphism of ¢ if, for any x1,xz2,...,x € D" such that ¢(x;) < oo for
1=1,...,k, we have

O(f(z1,22,...,21)) < 00.

If f is a polymorphism of ¢ we say ¢ is invariant under f.

Definition 3.9. For any valued constraint language T’ over a set D, we denote by Pol(T")
the set of all operations on D which are polymorphisms of all cost function ¢ € I' and by
Pol®)(I") the k-ary operations in Pol(T").

Definition 3.10. For any F' C Op, we denote by Inv(F') the set of all cost functions in
Rp that are invariant under all operations f € F.

For any set D, the mappings Pol and Inv form a Galois connection between Op and
Rp. A characterisation of this Galois connection for finite sets D is given by the following
two theorems, originally obtained for sets of relations [29, 7].

Theorem 3.11. For any finite set D, and any F C Op, Pol(Inv(F')) = Clone(F).
Theorem 3.12. For any finite set D, and any I' C Rp, Inv(Pol(T")) = RelClone(T").

As with any Galois connection [8], this means that there is a one-to-one correspon-
dence between clones and relational clones. Together with Proposition 3.3, this result
shows that the expressive power of any crisp constraint language I" on a finite set D cor-
responds to a particular clone of operations on D. Hence, by Theorem 2.9, the search for
tractable crisp constraint languages corresponds to a search for suitable clones of opera-
tions [12]. This key observation paved the way for applying deep results from universal
algebra in the search for tractable constraint languages [13, 11, 10, 9].

4 VCSPs with Rational Costs

In this section we consider the somewhat more general case where the valuation structure
contains all positive rational numbers, as well as zero and infinity.

We shall denote by Q4 the set of all positive rational numbers together with 0. For
the remainder of this paper we will consider the case when the valuation structure 2 =
Q4+ U{o0}, and the aggregation operation is the standard addition operation on rationals,
+ (extended so that a+ oo = oo and aco = oo, for all a). This valuation structure will be
denoted Q. It is sufficiently general to encode many standard optimisation problems;
see, for example [21].

Definition 4.1. We denote by ®p the set of cost functions on D taking values in Q.
and by @g) the r-ary cost functions in ®p.
Definition 4.2. Any cost function ¢ : D" — Q has an associated cost function which

takes only the values 0 and 0o, known as its feasibility relation, denoted Feas(¢), which
1s defined as follows:

Feas(¢)(z1,...,2r) = 0o otherwise

def { 0 if¢($1,...,$r)<00



We now define a closure operator on cost functions with rational costs, which adds to
a set of cost functions all other cost functions which can be obtained from that set by a
certain affine transformation.

Definition 4.3. We say ¢,¢' € ®p are cost-equivalent, denoted by ¢ ~ ¢', if there
exist a, B € Q with a > 0 such that

¢=a¢ +5.

We denote by I'~ the smallest set of cost functions containing I' which is closed under
cost-equivalence.

The next result shows that adding feasibility relations or cost-equivalent cost functions
does not increase the complexity of T

Theorem 4.4 ([16]). For any valued constraint language T, we have:

1. T'UFeas(") is tractable if and only if I is tractable, and I' U Feas(I") is NP-hard if
and only if I' is NP-hard.

2. '~ is tractable if and only if I' is tractable, and '~ is NP-hard if and only if I is
NP-hard.

We now introduce an algebraic theory for valued constraints based on the notions of
weighted polymorphisms, weighted clones and weighted relational clones.

Definition 4.5. We say a set I' C ®p is a weighted relational clone if it contains
the equality cost function and is closed under

e cost-equivalence and feasibility;

e rearrangement of arguments;

e addition of cost functions;

o minimisation over arbitrary arguments.

For each T' C ®p we define wRelClone(T") to be the smallest weighted relational clone
containing .

It is a straightforward consequence of Definitions 2.7 and 4.5 that, for any valued
constraint language I' C ®, the set of cost functions that are cost equivalent to the
expressive power of I', together with all associated feasibility relations, is given by the
smallest weighted relational clone containing I', as the next result indicates.

Proposition 4.6. For any I' C ®p, Express(I' U Feas(I")).. = wRelClone(T").

Hence, by Theorem 2.9 and Theorem 4.4, the search for tractable valued constraint
languages taking values in Q, corresponds to a search for suitable weighted relational
clones. As has been done in the crisp case (Section 3), we will now proceed to establish
an alternative characterisation for weighted relational clones which facilitates this search.



Definition 4.7. We define a k-ary weighted operation on a set D to be a partial
function w : Og) — Q such that w(f) < 0 only if f is a projection and

> w(f)=0.

fedom(w)

The domain of w, denoted dom(w), is the subset of O(Dk) on which w is defined. We
denote by ar(w) = k the arity of w.

We denote by Wp the finitary weighted operations on D and by W(Dk) the k-ary

weighted operations on D.

Definition 4.8. We say two k-ary weighted operations w, i € W(Dk) are weight-equivalent

if dom(w) = dom(u) and there exists some fized positive rational ¢, such that w(f) =
cu(f), for all f € dom(w).
(k)

Definition 4.9. For any wi,ws € Wg , we define the sum of w1 and we, denoted wi+wa,
to be the k-ary weighted operation w with dom(w) = dom(w;) U dom(ws) and

wi(f) +wa(f) f € dom(w)Ndom(ws)
w(f) =9 wi(f) f € dom(w;)\ dom(wy) . (1)
wa(f) f € dom(w;)\ dom(wy)

Definition 4.10. For anyw € Wg) and any 91,92, .- ., gk € O(l), we define the translation

ofw by g1,...,9k, denoted w[g1, ..., gx|, to be the partial function w(gi, ..., gx| from O%)
to Q defined by

ef

wlgn ol E S W), (2)
f'€édom(w)
=F"lg1,-9k)

The domain of wlgi, - . ., gk) is the set of l-ary operations { f'[g1,92,. .., 9] | f € dom(w)}.
Example 4.11. Let w be the 4-ary weighted operation on D given by

e g@
wg):{ ~1 it fedlt |

+1 if f € {max(z1,x2), min(z1,x2), max(zrs, x4), min(zs, x4)}
and let
(91, 92,93, 94) = <6(13)a€§3)76(33)ama><($1,$2)> -
Then, by Definition 4.10 we have
—1 iffed®

wlg1,92,93,94)(f) = +1 if f € {max(z1, e, x3), min(z1, x2), min(z3, max(z1, x2))}
0 if f = max(z1,x2)

Note that wlg1, g2, g3, g4] satisfies the conditions of Definition /.7 and hence is a weighted
operation.



Example 4.12. Let w be the same as in Example 4.11 but now consider

4 . 4
<givgl27gé7g4/1> = <€§ ),max(:cg,xg),mm(xg,xg),efl )> .

By Definition 4.10 we have

-1 if fe {654),max(a:g,xg),min(mg,a:g),6514)}
wlg1, 92, 95, 941 (f) = +1 iffe max(z1, vz, ¥3), min(z1, max(rz, ¥3)),
max(min(zsa, x3), 4), min(ze, x3, x4)

Note that w(g}, g5, g5, g4 does not satisfy the conditions of Definition J.7 because, for
example, w(g}, g5, 95, 94](f) < 0 when f = max(x2,x3), which is not a projection. Hence
wlgl, 95, 95, g4) is not a weighted operation.

Definition 4.13. If the result of a translation is a weighted operation, then that transla-
tion will be called a proper translation.

Remark 4.14. For any w € Wg), if g1,...,9k are projections, then it can be shown
that the function wlgi,...,gk] satisfies the conditions of Definition 4.7, and hence is a
weighted operation. This means that a translation by any list of projections is always a
proper translation.

We are now ready to define weighted clones.

Definition 4.15. Let C' be a clone of operations on D. We say a set W C Wp is a
weighted clone with support C' if it contains all zero-valued weighted operations whose
domains are subsets of C and is closed under weight-equivalence, addition, and proper
translation by operations from C.

For each W C W p we define wClone(W) to be the smallest weighted clone containing
w.

Remark 4.16. The support of wClone(W) is the clone generated by the domains of the
elements of W. That is, the support of wClone(W) is given by Clone(U,cw dom(w)).

Example 4.17. For any clone of operations, C, there exists a unique weighted clone
which consists of all weighted operations assigning weight O to each subset of C.

Definition 4.18. Let ¢ € i’g) and let w € W([I;). We say that w is a weighted polymorphism
of ¢ if, for any x1,xa, ...,z € D" such that ¢(x;) < oo fori=1,...,k, we have

ST w(De(f(ar, a2, @) <0, (3)

fedom(w)
If w is a weighted polymorphism of ¢ we say ¢ is improved by w.

Note that, because w(f)oo = oo for any value w(f), then, if inequality (3) holds we
must have ¢(f(x1,...,2)) < oo, for all f € dom(w). In other words, if ¢ is improved
by w, then every element of dom(w) must be a polymorphism of ¢.

10



Example 4.19. Consider the class of submodular set functions [/2]. These are precisely
the cost functions on {0,1} satisfying

¢(min(z1, v2)) + ¢p(max(z1, x2)) — d(x) — ¢(y) < 0.

In other words, the set of submodular functions are defined as the set of cost functions
on {0,1} with the 2-ary weighted polymorphism wgy defined by

wsm (f) = { AR S

+1 if f € {min(x1,z2), max(x1, z2)}

Definition 4.20. For any I' C ®p, we denote by wPol(T") the set of all finitary weighted
operations on D which are weighted polymorphisms of all cost function ¢ € T’ and by
wPol¥)(I') the k-ary weighted operations in wPol(T').

Definition 4.21. For any W C W p, we denote by Imp(W) the set of all cost functions
i ®p that are improved by all weighted operations w € W and by Imp(r)(W) the r-ary
cost functions in Imp(W).

It follows immediately from the definition of a Galois connection [3] that, for any
set D, the mappings wPol and Imp form a Galois connection between Wp and ®p. A
characterisation of this Galois connection for finite sets D is given by the following two
theorems (see Figure 1 for a diagram).

Theorem 4.22. For any finite set D, and any finite I' C ®p,
Imp(wPol(I")) = wRelClone(I').

Theorem 4.23. For any finite set D, and any finite W C Wp,
wPol(Imp(W)) = wClone(W).

As with any Galois connection [3], this means that there is a one-to-one correspon-
dence between weighted clones and weighted relational clones. Hence, by Proposition 4.6,
Theorem 2.9, and Theorem 4.4, the search for tractable valued constraint languages tak-
ing values in Q. corresponds to a search for suitable weighted clones.

5 Proof of Theorems 4.22 and 4.23

A key tool in proving Theorems 4.22 and 4.23 is the Farkas Lemma from Linear Pro-
gramming [12, 17]. We state below the variant we use in our proofs.

Lemma 5.1 (Farkas 1894). Let S and T be finite sets of indices, where T is the disjoint
unton of two subsets, T> and T—. For alli € S, and all j € T, let a; j and b; be rational
numbers. Fzxactly one of the following holds:

11



Sets of
weighted operations

Sets of
cost functions

Imp(wPol(T")) @
= wRelClone(I)

Sets of
weighted operations

Sets of
cost functions

o wPol(Imp(F))
= wClone(F)

Figure 1: Galois connection between ®p and W p.
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o FEither there exists a set of non-negative rational numbers {z; | i € S} and a rational
number ¢ such that

for each j € T, Zai’j z; > bj+c, and,
€S

for each j € T, Zam— z; = bj+ec
€S

e Or else there exists a set of integers {y; | j € T} such that 3 ,;cry; =0 and:
for each j €T>, y; > 0,

for each i € S, Zyj a;; < 0, and
JET
Zyj bj > 0.
JjeT
Such a set is called a certificate of unsolvability.

A similar result to Theorem 4.22 was obtained in [16, Theorem 4] using the related
algebraic notion of fractional polymorphism. The proof given in [1(] can be adapted in a
straightforward way, so we omit the details.

We will prove Theorem 4.23 in two parts. First, we show in Proposition 5.2 that the
weighted polymorphisms of a set of cost functions form a weighted clone. Then we show
in Theorem 5.4 that any weighted operation that improves all cost functions in Imp(W)
is an element of the weighted clone wClone(W).

Proposition 5.2. Let D be a finite set.
1. For allT C ®p, wPol(I") is a weighted clone with support Pol(T").

2. For all W C Wp, wClone(W) C wPol(Imp(WW)).

Proof. Certainly wPol(I") contains all zero-valued weighted operations with domains con-
tained in Pol(T"), since all of these satisfy the conditions set out in Definition 4.18. Simi-
larly, wPol(T") is closed under addition and weight-equivalence, since both of these oper-
ations preserve inequality (3). Hence, to show wPol(T") is a weighted clone we only need
to show wPol(I") is closed under proper translations by members of Pol(T").

Let w € wPol® (T") and suppose w’ = w(g1, ..., gk is a proper translation of w, where
q1,92, ..., gk € Pol®) (T"). We will now show that v’ € WPOl(l)(F). Suppose ¢ is an r-ary
cost function satisfying w € wPol({¢}), i.e., ¢ and w satisfy (3) for any x1,x9,..., 2% €
Feas(¢). Given any z/,),...,2; € Feas(¢), set x; = g;(2), 2}, ..., 2]) for i=1,2,... k.
Then, if we set f' = f[g1,...,gx), we have f'(z],2,...,2)) = f(z1,x2,...,x1), for any
fe Og). Hence, by Definition 4.10, we have

Z w'(f’)qﬁ(f’(x'l,xé,...,x;g) = Z w(f)d)(f(xlax?a"'vxk) <0.

f'edom(w’) fedom(w)
For the second part, we observe that W C wPol(Imp(W)) and, therefore, wClone(W) C
wClone(wPol(Imp(W))) = wPol(Imp(W)). O

13



We will make use of the following lemma, which shows that a weighted sum of arbitrary
translations of any weighted operations w; and ws can be obtained by translating w; and
wo by projection operations, forming a weighted sum, and then translating the result.

Lemma 5.3. For any weighted operations wy € W%) and wy € W%) and any g1, ...,g% €

Ogn) and g,...,q] € O%n),

Clwl[gl""7gk}+ C2w2[gi7"'7gz] :w[gl7"‘7gkhg/17""gﬂ? (4)
k+l1 k+l1 k+1 k+l1
wherew:clwl[eg+),...,e,(€+)]—|— czwg[e,(cﬂ),...,e,(ﬁjl)]

Proof. For any f € dom(w), the result of applying the right-hand side expression in
equation (4) to f is:

Z Z clwl(h/) + Z CQLUQ(h/)

f'edom(w) h'edom(w1) h'edom(wsz)
f:f/[gl7~--’gkvg/1:"'7gl/] f’:h/[egk+l)’,,,7el(€k+l)] f’:h’[el(cliql),,,,,e;zjl)

Replacing each f’ by the equivalent superposition of A’ with projections, we obtain:

Yoo awh)+ ) cw(d),

h'edom(wr) h'edom(wsz)
F=h'[g1,....9%] f=h'g},-.9]]
which is the result of applying the left-hand-side of Equation 4 to f. O

Theorem 5.4. For all finite W C W p, wPol(Imp(W)) C wClone(W).

Proof. We prove the theorem as follows. Given a weighted operation wqy € Wg), we show

that either there exists a cost function ¢ € Imp(W) such that wy ¢ wPol({¢}) or else
wo is equal to a positive weighted sum of translations of weighted operations in W, and
hence wy € wClone(W).

Let M = |D|*. We first observe that it is sufficient to consider ¢ € Imp™) (). To
see this, suppose there exists a cost function ¢ € Imp(W) with arity N > M such that
wo & wPol({¢}) and let z1,..., 2, € DY be any set of tuples for which the inequality
(3) does not hold for wy and ¢. Let X be the & x N matrix whose rows are the tuples
T1,...,2TE. Since N > M it follows that some of the columns in this matrix must be
equal. Moreover, if the i-th and j-th column of X are equal, then so will be the ¢-th and
j-th entry of the tuple f(x1,...,z)) obtained by applying any f € Og) to these k tuples.

Now let ¢’ be the cost function of arity < M that depends only on the first of each
of these repeated columns, and takes the same values as ¢ takes on arguments with the
appropriate entries repeated. Let X’ be the reduced form of X (with repeated columns
deleted). By this approach, we can construct ¢’ so that ¢’ € Imp(W), but X’ gives a
certificate for wy & wPol({¢}), i.e., the rows of X’ form a list of tuples for which (3) is
violated for wy and ¢'.

14



Moreover, if we have a cost function ¢ € Imp(W) with arity N < M such that
wo & wPol({¢}), then ¢ can be extended to a cost function ¢’ of arity M that does
not depend on the M — N added inputs, and, hence, is also contained in Imp(WW') but
wo & wPol({'}).

By the argument given above, there exists a cost function ¢ € Imp(W) such that
wy & wPol({¢}) if and only if there exists a cost function ¢y € Imp™) (W) such that
wo € wPol({¢ar}). Furthermore, by reordering the arguments of ¢,/ if necessary, we can
assume that ¢ps and wy violate (3) on the particular list of tuples z1,...,z) given by
taking the rows of a matrix, X, whose columns are precisely the tuples in D, ordered
lexicographically.

By Definition 4.18, such a cost function ¢, exists if and only if the following system
of inequalities can be satisfied, for all w € W and all #1,...,t4 ) € DM such that
oum(t;) <oofori=1,...,ar(w),

Z w(g) ¢M(g(t17--~7tar(w)>) < 0, (5)

gedom(w)
and, for the tuples z1, ...,z forming the rows of Xy, ¢pr(z;) < oo fori=1,...,k and
> wolf) dm(f(xr,... 7)) > 0. (6)

f€dom(wp)

Every tuple t € DM can be viewed as the list of values for a function ¢ : D* — D.
Hence, to satisfy the above system of inequalities, we need to find values in Q, for the
set of variables {¢n(t) | t : D — D}.

We now observe that, by inequality (5), for any w € W, if ¢p(t;) < oo for i =
L,...,ar(w), then ¢nr(g(t1;- -, tar(w))) < oo for all g € dom(w). Hence ¢ (t) < oo for
all t € Clone(k)(Uwew dom(w)). All other values of ¢5; can be set to oo, as this just
reduces the number of inequalities in the system.

Set Cp(W) = Clone(k)(Uwew dom(w)). Using translation of weighted operations
(Definition 4.10), we can rewrite the inequalities (5) to obtain the following equivalent
system: for all w € W, and all t1,..., 2,y € Cx(W),

> Wt1, -y tarwy] (B) ar (h(z1, ... 2)) < 0. (7)

hedom(w[tlz"'vtar(w)])

Now, by applying Lemma 5.1 to the resulting system of inequalities, we conclude that
either a solution ¢y exists, in which case wy ¢ wPol(Imp(W)), or else there exists a set
of non-negative rational numbers

{Cw[tl,...,tar(w)] ’ we Wit,... 7tar(w) € Ck(W)}

such that for every f € Ci(W),

DD Cultita) @l )] (F) = wo(f) (8)
weWw <t17~~-atar(w)>
t;€Cr(W)
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By Definition 4.7, adding the left-hand side of these inequalities over all f gives 0, and
so does adding the right hand sides, so each inequality must actually be an equality. In
other words, wy is equal to a positive weighted sum of translations of weighted operations
in W.

Hence, by Lemma 5.3 and Remark 4.14, wy is equal to a translation of some element
w(, € wClone(W), so wy € wClone(W). O

6 Conclusions

We have presented an algebraic theory of valued constraint languages analogous to the
theory of clones used to study the complexity of the classical constraint satisfaction
problem. We showed that the complexity of any valued constraint language with rational
costs is determined by certain algebraic properties of the cost functions allowed in the
language: the weighted polymorphisms.

In previous work [35, 34] it has been shown that every tractable crisp constraint
language can be characterised by an associated clone of operations. That work initiated
the use of algebraic properties in the search for tractable constraint languages, an area
that has seen considerable activity in recent years; see, for instance, [13, 11, 12,9, 36, 26, 4,

, 3, 5]. The results in this paper show that a similar result holds for the valued constraint
satisfaction problem: every tractable valued constraint language is characterised by an
associated weighted clone. We hope that our results here will provide a similar impetus
for the investigation of tractable valued constraint satisfaction problems.
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A Multimorphisms

In previous work [19, 15, 21, 17, 37] the algebraic notion of a multimorphism has been
used to study the complexity of valued constraint languages. In this appendix, and the
following one, we explain how multimorphisms are related to weighted polymorphisms,
and show that a simple approach using multimorphisms does mot establish a suitable
Galois connection for valued constraints.

Definition A.1 ([19]). A k-ary multi-function on D is a function F : D¥ — DF.
Each k-ary multi-function F corresponds to a tuple of functions (f1,..., fx), where each

For any r-ary cost function ¢, we say that a k-ary multi-function F' is ¢ multimorphism
of ¢ if, for all x1,...,x € D",

k
Zgbxl ZZ fley--a k))

For any set of cost functions I, we will say F' is a multimorphism of I if F' is a multi-
morphism of every ¢ € I'. The set of all multimorphisms of T will be denoted Mul(T").

The submodular cost functions are characterised by having the binary multimorphism
(min, max). In fact, every known tractable valued constraint language has been shown
to be characterised by a single multimorphism [21], or two multimorphisms [37].

Definition A.2. We call a multi-function F' o multi-projection if there exists some
permutation ™ on {1,2,...,k}, such that F(z)[i] = z[r(i)] for each i =1,... k.

Note that every cost function has every multi-projection as a multimorphism.
Definition A.3. Let F = (f1,..., fx) and G = (g1,...,9xk) be a pair of k-ary multi-
functions. We define the composition of F' and G as follows:

GoF={(filg1,--- 9l felgr, -, gk]) -
Definition A.4. Let F = (f1,..., fx) and G = (g1,...,q1) be a pair of multi-functions.
We define the addition of F' and G as follows:
F+G=(filz1,. - ar)s s [l @), 1 (Tht1s s Tet) s -+ G Tkt 1, -+ o, Thpt))

Definition A.5. We call a set of multi-functions F o multi-clone if it contains all
multi-projections and is closed under composition and addition.

For any set of multi-functions F, we define the multi-clone generated by F, which we
denote MClone(F), to be the smallest multi-clone containing F.

It will be convenient to associate each multi-function with a weighted operation in the
following way. Let F' = (f1,..., fx) be a k-ary multi-function, and define a corresponding

weighted operation wp, with domain {f1, fa,..., fx} U J(k), as follows:

def countp(f) — 1 f:el(k) for somei=1,...,k
wrlf) = { countp(f) fe{fi,.- fx}
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where countp(f) = |{i : fi = f}|. It is straightforward to check that F € Mul(T") if and
only if wp € wPol(I).

By identifying F' with wp, we can consider the multimorphisms of a valued constraint
language I to be a (strict) subset of the weighted polymorphisms of I". This identification
allows us to extend Definition 4.21 to sets of multi-functions, and hence define Imp(F)
for any set of multi-functions F.

A natural question to ask is whether MClone(F) is equal to Mul(Imp(F)). If this
were true, it might provide a simpler Galois connection than the one we have considered
earlier in this paper.

It is straightforward to check that MClone(F) C Mul(Imp(F)). However, in this
appendix we will show that the reverse inclusion does not hold. More precisely, we will
show that there exists a multi-function on a domain of size 2 which is a multimorphism of
every submodular cost function, but which is not contained in MClone((min, max)). This
result explains why it was necessary to introduce the more general notion of translation
(Definition 4.10) in order to derive the Galois connection in Theorem 4.23.

To establish this result, we first derive certain structural properties of the elements of
MClone((min, max)). In the following, we restrict our attention to the Boolean case and
use the binary Boolean operations z A y and z V y to represent min(z,y) and max(zx,y),
respectively. Since we are interested in multi-functions which are multimorphisms of all
submodular functions, we can restrict our attention to elements of Clone(A, V), i.e., the
monotone Boolean functions. Any element ¢ € Clone(k)(/\, V) can be represented as

where I; is a set of indices and {T; : i € I;} is a Sperner family of subsets of {1,...,k}.!

Definition A.6. The Boolean multi-function SORT?, where j > 1, is defined as follows:

z[p] ifp & {i,j}
[ifAz[j] p=i

SORT! (z)[p] = { [i] Az
i vzlj] p=3j

x
x
This operation sorts the values in positions ¢ and j into ascending order.

The multi-function SORT{ can be seen as the multi-function obtained by adding the
multi-function (min, max) and a (k—2)-ary multi-projection, and then composing with an
appropriate multi-projection. Thus, we can view every element of MClone({min, max))
as a composition of some sequence of SORT] functions and multi-projections. In fact,
the next result shows that every element of MClone((min, max)) can be represented as a
composition of SORTY functions composed with a single multi-projection.

'A Sperner family of {1,...,k} is a set of subsets of {1,...,k} such that no set is contained in any
other set.
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Proposition A.7. Every element of MClone(({min, max)) can be represented as
SORT{I1 0.0 SORT{: oT,
for some i1, j1, ..., %m, jm, and some multi-projection .

Proof. By our discussion above, it is sufficient to show that any multi-function of the
form 7o SORT? is equivalent to a multi-function of the form SORT?,, orr’. Hence in any
composition sequence of SORT{ functions and multi-projections, the multi-projections
can be moved to the end, and combined to form a single multi-projection.

Applying 7o SORT? to the tuple x yields the tuple

Tr(l)s---s (xﬂ(l) A xw(j)), RN (.Tﬂ(l) V .’L‘W(j)), s Tr(k) -

There are two cases to consider. If w(i) < 7(j) then we can obtain the same sequence by

applying SORT;FE%) om.

On the other hand, if 7(7) > m(j) we must apply SORT:E?). We then need to apply
the multi-projection obtained by composing m with the transposition (i j) to get the same
result as m o SORT}. O

Definition A.8. We say k-ary multi-function F' on D is conservative if, for all z € D"
the multi-sets of values {z[i] : 1 < i <k} and {F(x)[i] : 1 <i <k} are equal.

Definition A.9. We shall call a k-ary Boolean multi-function F' lowering if, for each
x € {0,1}* we have that F(x) is lexicographically less than or equal to x.

It is straightforward to check that each function SORT{ is conservative and lowering,
and the composition of any two conservative lowering functions is itself conservative and
lowering.

Proposition A.10. If a conservative multi-function F is lowering, and 7 is a permuta-
tion such that F ow #£ F, then F ow is not lowering.

Proof. Since 7 is not the identity, we know there must exist some value i € {1,2,..., k}
such that 7(i) < 4. Let s be the smallest such value and let z = 05~11%=5+1  Since F is
both conservative and lowering, we have F(z) = z. Applying 7 to x gives a tuple 2’ with
2'[m(s)] = 1. Thus, since 7(s) < s, we have &’ >, . O

We are now able to prove the main result of this appendix.

Theorem A.11. There exists a multi-function which is a multimorphism of every sub-
modular cost function, but which is not contained in MClone(({min, max)).

Proof. We prove this result by exhibiting a 4-ary multi-function F' on a domain of size
2, which is a multimorphism of all submodular functions, but which is not equal to a
composition of SORT functions.
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We define F' = (f1, fa, f3, f4), where

fi=z1ANzz ANy,
fo=(x1 ANza Ax3) V(22 A 2y),
fa=(x1 ANx2) V(1 ANxg) V23,
fai=x1VIaVay.

Viewed as a table, we have

z1 | 0000000011111111
2 | 0000111100001111
x3 | 0011001100110011
x4 | 0101010101010101
f1 | 0000000000010001
f2 | 0000010100000111
f3 1 0011001101111111
fa | 0101111111111111

It is straightforward to check from this table that F' is conservative and lowering.
Hence by Proposition A.7 and Proposition A.10, F' belongs to MClone((min, max)) if
and only if it is equal to a composition of SORT functions.

Suppose F' = F'oSORTY, where F” is obtained as the composition of SORT functions.
Then, we must have f; < f; (in the lattice of terms generated by A and V), and, moreover,
there must be a pair s,t € Clone(4)(\/, A) such that f; = s At and f; = sV t. The only
pairs (i,7) that satisfy f; < f; are (1,3), (1,4) and (2,4).

Consider first the possibility that ¢ = 1 and j = 3, and suppose f1 = sAt and f3 = sVt
for some s,t € Clone™® (v, A). We can write

s=\ [ A\ =

i€ls \jES;
t=V (A
e jETi

where the sets {S; : i € I;} and {T; : ¢ € I;} are both Sperner families of subsets of
{1,...,k}.

We must have each of {1,2}, {1,4}, {3} equal to some S; or T}, since f3 = sV t.
Moreover, since f; = x1 A 3 A x4, we can assume (w.lo.g.) that S; = {1,4} and
Ty = {3}. Setting So = {1, 2} implies that

SNt > (xl/\xg/\xg)\/(xl/\xg/\m) > f1;
hence we cannot have Sy = {1,2}. On the other hand, setting T = {1, 2} gives

SAt> (1 Axa Axg) V (z1 Az Axzy) > fi1.
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Thus, we cannot have that ' = F’ o SORTS. A similar argument can be used to show
that F = F' o SORT{ and F = F’ o SORT} are also both impossible.

Hence, we have shown that F' cannot be generated as the composition of SORT
functions, and hence cannot belong to MClone((min, max)).

Finally, we show that F' is a multimorphism of all submodular functions. Let W =
{wsnar}, where wgps is the weighted polymorphism associated with the multimorphism
(min, max) that characterises the set of submodular cost functions (Example 4.19),

() = 4 L e e )
+1 if f e {$1A$2,$1vx2}

Now consider the following 4 translations of wgns: wsar|xi, yi], where the y; are given by

ylz(:vl/\:vg)\/xg\/m,
Y2 = (1 N x3) Vg,
ys = (x1 Ax2) V (x1 Axg) V (21 A xyg),

Ygs =1 N T3.

Note that the following equalities hold:

T1AY1L = Y3, T Vyr = fa,
T2 NY2 = fa, T2 VY2 =y1,
T3 N Y3 = Y4, r3Vys = [3,
Ty Nys = f1, T4V Ys=ya.

Thus, if we let ' = Z?Zl ws[xi, yi] we have

-1 fe{r;:1<i<A4}
() =¢ 0 fefy:1<i<A4}

Since ' € wClone(wgys), we know, by Theorem 4.23, that w’ is a weighted polymorphism
of every cost function improved by wgys. Hence F' satisfies the inequality in Defintion A.1
for all such cost functions, and so is a multimorphism of all submodular functions. O

B Multimorphisms are not enough

As explained in Appendix A, the multimorphisms of a valued constraint language can be
viewed as a subset of the set of weighted polymorphisms. This raises the natural question
of whether the multimorphisms of a valued constraint language are sufficient in all cases
to capture the expressive power of the language.

In this appendix we show that this is not true. We will call a weighted polymorphism
w trivial if w(f) =0 for all f € dom(w). We will construct a cost function, ¢p, with a
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non-trivial weighted polymorphism. However, we will also show that the only multimor-
phisms of ¢p are multi-projections. Hence, the expressive power of ¢p is not captured
by considering its multimorphisms alone.

For any domain D = {1,2,...,d} where d = |D| > 2 we define a binary cost function
¢p as follows:

0 ifzr=1and y=2,
1 ifr=2and y=1,
2d% +x ify=2and z > 2,
def 2d% +y ifx=2andy > 2,

2d3+1/y ifx=1andy > 2,
243 +1/z  ify=1and z > 2,
23 +d+1 ifx=y,
2d° otherwise.

Theorem B.1. The cost function ¢p has a non-trivial unary weighted polymorphism.

Proof. For any p,q € D,p # q, let f,, be the unary function from D to D where

1 ifx=p>2
Ip.qa(x) def 2 ifx=q>2,

x otherwise.

Now consider the weighted operation w € Wg) defined as w(egl)) =—land w(fpq) =

1/(d(d — 1)) for every p # q. We will prove that w € wPol(¢p) by showing that ¢p and
w satisfy Inequality (3) from Definition 4.18, for every (x,%) € D?.
If (z,y) € {1,2}? then f,, is the identity so

1
Ta—1) 2 40 Upa@):oals)) = G0(o:0).
For any a € D, we have that ¢p(a,a) = 2d> + d + 1. Hence, if x = y,
1
Za—1) 2P0 nale) ralo) = 0l ).

Now consider (z,y) ¢ {1,2}? satisfying = # y. In all such cases there is some f, , for
which ¢p(fpq(x), fpqe(y)) < 1; these are given in the table below.

(z,y) | (p,q)
(1,b) | (1,b)
(2,b) | (b, 1)
(a,1) | (1,a)
(a,2) | (a,1)
(a,b) | (a,b)

25



Hence, for any z,y ¢ {1,2}? satisfying = # y, the sum > ptq D (fp,q(®), fp,q(y)) has
at least one term with value < 1. Then, since the maximum value of ¢p is 2d® +d + 1,
we have

Cl((f_l)quD(fp,q(:c),fp,q(y)) < (1_d(dl_1)> (2d3+d+1)+d(dl_1)

p#q
d?+2
=2d° —
d—1
< 2d3
< ¢D (.’E, y)
The last inequality comes from the fact that ¢p(x,y) > 2d° for all z,y € DF. O

Next we show that every multimorphism of ¢p is a multi-projection. We first show
that every multimorphism of ¢p must behave like a multi-projection on tuples from

{1,2}*.

Lemma B.2. Any k-ary multimorphism of ¢p acts as a multi-projection when applied
to tuples in {1,2}*.

Proof. Let F be a k-ary multimorphism (k > 1) of ¢p. We will first show that F' is
conservative on all tuples in {1,2}*. Using this result, we are then able to show that F
must behave like a multi-projection on {1,2}*.

We start by observing that since (1, 2) is the only assignment with cost 0, F' must fix
1% and 2*. Next, suppose = € {1,2}* and let (z},...,z}) = F(x). We will consider two
tableau in our analysis of F: the 2 x k tableau with i-th row equal to (1, z[i]), and the
2 x k tableau with i-th row (z[i],2). By considering how F' must behave on these two
tableaux, we are able to show that F' is conservative.

Suppose x has r 1s and k — r 2s and 2’ has v’ 1s, s’ 2s, and ¢’ values > 2. The total
cost of applying ¢p to the rows in the first tableau is

k
> oL ali]) =r(2d® +d+1), (9)
i=1
and the corresponding cost for the tableau obtained by applying F' to the first tableau is
k
> oL 2/[i]) = r'(2d% + d + 1) + 2t'd®. (10)
i=1

Here we are using the fact that ¢p(a,b) > 2d®> when a # b and (a,b) ¢ {1,2}%. Since F
is a multimorphism of ¢p, we must have (9) > (10), by Definition A.1; this implies that

(r—r)2d®* +d+1) > 2t'd>. (11)
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Similarly, the total cost of applying ¢p to the rows in the second tableau is

k
S ép(alil,2) = (k—r)(2d® +d+1), (12)
=1

and the corresponding cost for the tableau obtained by applying F' to the second tableau

1S
k

> op(@'li],2) > s'(2d° + d + 1) + 2t'd®. (13)
=1

Again, the fact that F' is a multimorphism implies (12) > (13); hence,
(k—r—s)2d® +d+1)>2d>. (14)
Combining (11) and (14) gives
(k=7 —8&)(2d® +d+1) > 4t'd> . (15)

But ¢ = k — 1" — &', so (15) can only be true when ¢ = 0. Then (11) and (14) can only
hold when r = r/. Hence, F is conservative on {1,2}*.

Let v; be the element of {1,2}* with exactly one 1 at position i. We define a permu-
tation on {1,2,...,k} according to the action of F' on the tuples v;, by setting (i) to
be the unique j € {1,2,...,k} such that F(v;)[j] = 1. We will now show that F' behaves
like the multi-projection defined by 7, when applied to any tuple in {1, 2}’“.

Since ¢p has maximum cost when its two arguments are equal it follows that if

z,y € {1,2}* have no 1s in common, i.e., there isno i € {1,2, ..., k} with z[i] = y[i] = 1,
than F'(x) and F(y) also have no 1s in common.
Now suppose z € {1,2}* satisfies z[i] = 2 for some i € {1,2,...,k}. Then, since v;

and z have no 1s in common, it follows that F'(v;) and F'(z) have no 1s in common, i.e.,
F(2)[n(i)] = 2. Since this holds for each i with z[i] = 2, we can conclude that F' behaves
like the permutation 7 when applied to any z € {1,2}*. O

Theorem B.3. The only multimorphisms of ¢p are multi-projections.

Proof. Let F be a k-ary multimorphism of ¢p. By Lemma B.2, we know that there exists
a permutation 7 on {1,2,...,k} such that F' behaves like 7 when applied to tuples in
{1,2}*. Hence, if we compose I with the multi-projection corresponding to the inverse
permutation, 71, we get a multimorphism F’ of ¢p that behaves like the identity on
{1,2}*. We will now show that F" is, in fact, the identity. Then, since the inverse of any
multi-projection is itself a multi-projection, we are able to conclude that F' must be a
multi-projection.

Let € D* and let y = F'(x). We define a new tuple z = z(x,%) according to the
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following table.

(@], yli]) z[i] | ¢p(=[1), z[i]) | ¢p(yli], z[4])
(2,1) 1 1 2d° +d +1
{a,1) where a > 2 1| 2d3+1/a | 2d®+d+1
(1,2) 2 0 2d3 +d+1
{a,2) where a > 2 2 2d3 + a 2d3 +d+1
(1,b) where b > 2 2 0 2d3 + b
(2,b) where b > 2 1 1 2d% 4+ 1/b
(a,b) where 2 <a <b| 2 2d3 +a 2d3 + b
(a,b)y where a >b>2| 1 2d3 +1/a 2d3 4+ 1/b
<a7a> 1 ¢D(a’ 1) ¢D(aﬂ 1)

Consider the tableau whose columns are given by z and z. Since F’ is a multimorphism
of ¢p, we must have

k
> on(zlil,2[i]) > Y op(yldl, 2[i]) , (16)
i=1 ‘
since F'(z) = z. As demonstrated in the above table, whenever z[i] # y[i] we will have

¢p(zli], z[i]) < ¢p(yli, 2[i]) -

Thus, in order for (16) to hold, we must have z[i] = y[i] for i = 1,..., k. In other words,
we must have z = F/(x) for all z € D¥. O
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