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THE COMPLEXITY OF GENERAL-VALUED CSPS*

VLADIMIR KOLMOGOROV', ANDREI KROKHIN!, AND MICHAL ROLINEKT

Abstract. An instance of the Valued Constraint Satisfaction Problem (VCSP) is given by a
finite set of variables, a finite domain of labels, and a sum of functions, each function depending on a
subset of the variables. Each function can take finite values specifying costs of assignments of labels
to its variables or the infinite value, which indicates an infeasible assignment. The goal is to find an
assignment of labels to the variables that minimizes the sum.

We study, assuming that P # NP, how the complexity of this very general problem depends on
the set of functions allowed in the instances, the so-called constraint language. The case when all
allowed functions take values in {0,000} corresponds to ordinary CSPs, where one deals only with
the feasibility issue and there is no optimization. This case is the subject of the Algebraic CSP
Dichotomy Conjecture predicting for which constraint languages CSPs are tractable (i.e. solvable in
polynomial time) and for which NP-hard. The case when all allowed functions take only finite values
corresponds to finite-valued CSP, where the feasibility aspect is trivial and one deals only with the
optimization issue. The complexity of finite-valued CSPs was fully classified by Thapper and Zivny.

An algebraic necessary condition for tractability of a general-valued CSP with a fixed constraint
language was recently given by Kozik and Ochremiak. As our main result, we prove that if a
constraint language satisfies this algebraic necessary condition, and the feasibility CSP (i.e. the
problem of deciding whether a given instance has a feasible solution) corresponding to the VCSP
with this language is tractable, then the VCSP is tractable. The algorithm is a simple combination
of the assumed algorithm for the feasibility CSP and the standard LP relaxation. As a corollary, we
obtain that a dichotomy for ordinary CSPs would imply a dichotomy for general-valued CSPs.

Key words. Valued constraint satisfaction problem, complexity, dichotomy, fractional poly-
morphism
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1. Introduction. Computational problems from many different areas involve
finding an assignment of labels to a set of variables, where that assignment must
satisfy some specified feasibility conditions and/or optimize some specified objective
function. In many such problems, the feasibility conditions are local and also the
objective function can be represented as a sum of functions, each of which depends on
some subset of the variables. Examples include: Gibbs energy minimization, Markov
Random Fields (MRF), Conditional Random Fields (CRF), Min-Sum Problems, Min-
imum Cost Homomorphism, Constraint Optimization Problems (COP) and Valued
Constraint Satisfaction Problems (VCSP) [7, 18, 40, 44, 53],.

The constraint satisfaction problem provides a common framework for many the-
oretical and practical problems in computer science [19, 44]. An instance of the
constraint satisfaction problem (CSP) consists of a collection of variables that must
be assigned labels from a given domain subject to specified constraints [42]. The CSP
is equivalent to the problem of evaluating conjunctive queries on databases [33], and
to the homomorphism problem for relational structures [23]. The CSP deals only with
the feasibility issue: can all constraints be satisfied simultaneously?

There are several natural optimization versions of the CSP: Max CSP (or MIN
CSP) where the goal is to find the assignment maximizing the number of satisfied
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constraints (or minimizing the number of unsatisfied constraints) [15, 19, 30, 31],
problems like MAX-ONES and MIN-HOM where the constraints must be satisfied and
some additional function of the assignment is to be optimized [19, 32, 47], and, the
most general version, valued CSP or VCSP (also known as soft CSP), where each
combination of values for variables in a constraint has a cost and the goal is to
minimize the aggregate cost [13, 17, 35, 49]. Thus, an instance of the VCSP amounts
to minimizing a sum of functions, each depending on a subset of variables. By using
infinite costs to indicate infeasible combinations, VCSP can model both feasibility
and optimization aspects and so considerably generalises all the problems mentioned
above [13, 17, 39]. There is much activity and very strong results concerning various
aspects of approximability of (V)CSPs (see e.g. [5, 8, 12, 19, 21, 22, 26, 43] for a small
sample), but in this paper we focus on solving VCSPs to optimality.

We assume throughout the paper that P # NP. Since all the above problems are
NP-hard in full generality, a major line of research in CSP tries to identify the tractable
cases of such problems (see books/surveys [16, 19, 20, 39]), the primary motivation
being the general picture rather than specific applications. The two main ingredients
of a constraint are (a) variables to which it is applied and (b) relations/functions spec-
ifying the allowed combinations of values or the costs for all combinations. Therefore,
the main types of restrictions on CSP are (a) structural where the hypergraph formed
by sets of variables appearing in individual constraints is restricted [25, 41], and (b)
language-based where the constraint language, i.e. the set of relations/functions that
can appear in constraints, is fixed (see, e.g. [10, 16, 19, 23, 49]). The ultimate sort of
results in these directions are dichotomy results, pioneered by [45], which characterise
the tractable restrictions and show that the rest are as hard as the corresponding
general problem (which cannot generally be taken for granted). The language-based
direction is considerably more active than the structural one, there are many partial
language-based dichotomy results, e.g. [9, 11, 17, 19, 30, 31, 36, 47], but many cen-
tral questions are still open. In this paper, we study VCSPs with a fixed constraint
language on a finite domain, and all further discussion concerns only such CSPs and
VCSPs.

Related Work. The CSP Dichotomy Conjecture, stating that each CSP is either
tractable or NP-hard, was first formulated by Feder and Vardi [23]. The universal-
algebraic approach to this problem was discovered in [10, 28, 29], and the precise
boundary between the tractable cases and NP-hard cases was conjectured in algebraic
terms in [10], in what is now known as the Algebraic CSP Dichotomy Conjecture (see
Conjecture 16). The hardness part was proved in [10], and it is the tractability part
that is the essence of the conjecture. This conjecture is still open in full generality
and is the object of much investigation, e.g. [2, 3, 4, 1, 6, 10, 11, 16, 27]. It is known
to hold for domains with at most 3 elements [9, 45], for smooth digraphs [6], and for
the case when all unary relations are available [1, 11]. The main two polynomial-time
algorithms used for CSPs are based one on local consistency (“bounded width”) and
the other on compact representation of solution sets (“few subpowers”), and their
applicability (in pure form) is fully characterized in [2, 4] and [27], respectively.

At the opposite (to CSP) end of the VCSP spectrum are the finite-valued CSPs,
in which functions do not take infinite values. In such VCSPs, the feasibility aspect
is trivial, and one has to deal only with the optimization issue. One polynomial-
time algorithm that solves tractable finite-valued CSPs is based on the so-called basic
linear programming (BLP) relaxation, and its applicability (also for the general-valued
case) was fully characterized in [35] (see Theorem 17). The complexity of finite-valued
CSPs was completely classified in [49], where it is shown that all finite-valued CSPs
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not solvable by BLP are NP-hard.

For general-valued CSPs, full classifications are known for the Boolean case (i.e.,
when the domain is two-element) [17] and also for the case when all 0-1-valued unary
cost functions are available [36]. The algebraic approach to the CSP was extended to
VCSPs in [13, 14, 17, 37], and was also key to much progress. An algebraic necessary
condition for a VCSP to be tractable was recently proved by Kozik and Ochremiak
in [37], where this condition was also conjectured to be sufficient (see Theorem 14 and
Conjecture 15 below). This conjecture can be called the Algebraic VCSP Dichotomy
Conjecture, and it is a generalization of the corresponding conjecture for CSP. A large
family of VCSPs satisfying the necessary condition from [37] has recently been shown
tractable via a low-level Sherali-Adams hierarchy relaxation [48].

Our proof uses the technique of “lifting a language” introduced in [34].

Our Contribution. We completely classify the complexity of VCSPs with a
fixed constraint language modulo the complexity of CSPs (see Theorem 21). Clearly,
for a VCSP to be tractable, it is necessary that the corresponding feasibility CSP is
tractable. We prove that any VCSP satisfying this necessary condition and the neces-
sary condition of Kozik and Ochremiak is tractable. The polynomial-time algorithm
that solves such VCSP is a simple combination of the (assumed) polynomial-time
algorithm for the feasibility CSP and BLP (see Theorem 22). Thus, our dichotomy
theorem generalizes the dichotomy for finite-valued CSPs from [49], and, with the
help of the CSP tractability result from [4], it also implies the tractability of VCSPs
shown tractable in [48, 50].

Our classification result has the following several unexpected features. One is
that the algorithm that solves all tractable VCSPs uses feasibility checking only as a
black-box. The other is that the algorithm is simply feasibility preprocessing followed
by BLP - this was unexpected, for example, because higher levels of the Sherali-
Adams hierarchy were used in [48] to prove tractability of a wide class of VCSPs.
Finally, the proof of our result avoids structural universal algebra present in most
CSP classifications and in [37, 38].

Our result says that any dichotomy for CSP (not necessarily the one predicted by
the Algebraic CSP Dichotomy Conjecture) will imply a dichotomy for VCSP. However,
if the Algebraic CSP Dichotomy Conjecture holds then the necessary algebraic condi-
tion of Kozik and Ochremiak guarantees tractability of the feasibility CSP (see [37]),
implying that this algebraic condition alone is necessary and sufficient for tractabil-
ity of a VCSP, and also that all the intractable VCSPs are NP-hard. In particular,
the Algebraic CSP Dichotomy Conjecture implies the Algebraic VCSP Dichotomy
Conjecture.

On the technical level, some of our proofs (e.g. those in Section 7) use techniques
established in [35, 49], while others (e.g. all of Section 6) introduce new technical
ideas.

Our result is the culmination of research into complexity classification of language-
based VCSPs in the sense that its scope cannot be widened, the yet unclassified part
of the VCSP landscape is the (non-valued) CSP. One could, of course, extend the
classification framework by looking at other forms of algorithmic tractability, say,
approximation algorithms or fixed-parameter tractability, and such extensions will
have many open questions. It is also interesting to obtain tighter and more explicit
characterisations for important special cases of VCSP (as done in [50], for example),
by deriving them from our main result or otherwise.

2. Preliminaries.
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2.1. Valued Constraint Satisfaction Problems. Throughout the paper, let
D be a fixed finite set and let Q = Q U {oo} denote the set of rational numbers with
(positive) infinity.

DEFINITION 1. We denote the set of all functions f : D™ — Q by }"g) and let
Fp = Un21 ]—'%l). We will often call the functions in Fp cost functions over D. For

every cost function f € fg), let dom f = {x | f(z) < co}. Note that dom f can be
considered both as an n-ary relation and as a n-ary function such that dom f(x) =0

if and only if f(x) is finite.

We will call the set D the domain, elements of D labels (for variables), and say
that the cost functions in Fp take walues. Note that in some papers on VCSP,
e.g. [13, 48], cost functions are called weighted relations.

DEFINITION 2. An instance of the valued constraint satisfaction problem (VCSP)
is a function from DV to Q given by

(1) fI(I) = th(x’u(t,l)a'"axv(t,np))v

teT

where V' is a finite set of variables, T is a finite set of constraints, each constraint is
specified by a cost function f; of arity ny and indices v(t, k), k =1,...,n:. The goal
is to find an assignment (or labeling) o € DV that minimizes fr. The value of an
optimal assignment is denoted by Opt(Z).

DEFINITION 3. Any set I' C Fp is called a valued constraint language over D,
or simply a language. We will denote by VCSP(I") the class of all VCSP instances in
which the constraint functions f; are all contained in T'. Instances of VCSP(T) will
sometimes be called just I'-instances.

This framework subsumes many other frameworks studied earlier and captures
many specific well-known problems, including k-SAT, GRAPH k-COLOURING, MAX
Cut, MIN VERTEX COVER and others (see [39]). Note that if every function in T'
takes values in {0, 00} (such functions are often called crisp) then VCSP(T") is a pure
feasibility problem, commonly known as CSP(T").

The main goal of our line of research is to classify the complexity of problems
VCSP(T"). Problems CSP(I') and VCSP(T') are called tractable if, for each finite
I C T, VCSP(I) is tractable. Also, VCSP(T") is called NP-hard if, for some finite
I C T, VCSP(I") is NP-hard. One advantage of defining tractability in terms of
finite subsets is that the tractability of a valued constraint language is independent
of whether the cost functions are represented explicitly (say, via full tables of values,
or via tables for the finite-valued parts) or implicitly (via oracles). Following [10], we
say that VCSP(T') is globally tractable there is a polynomial-time algorithm solving
VCSP(T'), assuming all functions in instances are given by full tables of values. For
CSPs, there is no example of CSP(T") that is tractable, but not globally tractable, and
it is conjectured in [10] that no such CSP(T") exists.

2.2. Polymorphisms, Expressibility, Cores. Let Ogn) denote the set of all

operations g : D" — D and let Op = Up,>1 (’)gn). When D is clear from the context,
we will sometimes write simply @) and O.

Any language I' defined on D can be associated with a set of operations on D,
known as the polymorphisms of ', which allow one to combine (often in a useful way)
several feasible assignments into a new one.
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DEFINITION 4. An operation g € Ogn) is a polymorphism of a cost function
f € Fp if, for any 2%, 22,..., 2™ € dom f, we have that g(z*,2?%,...,2™) € dom f
where g is applied component-wise.

For any valued constraint language I' over a set D, we denote by Pol(I") the set
of all operations on D which are polymorphisms of every f € T.

EXAMPLE 5. Let f € ]:5[75?1} be such that f(1,...,1,0) = oo and f(a1,...,a,) =0

otherwise. It corresponds to the Horn clause (x1 V...V xp—1 V Ty). Then it is well
known and easy to see that the binary operation min € (9{071} is a polymorphism of
f-

Clearly, if g is a polymorphism of a cost function f, then g is also a polymorphism
of dom f. For {0, co0}-valued functions, which naturally correspond to relations, the
notion of a polymorphism defined above coincides with the standard notion of a
polymorphism for relations. Note that the projections (aka dictators), i.e. operations
of the form e! (z1, ..., z,) = z;, are polymorphisms of all valued constraint languages.
Polymorphisms play the key role in the algebraic approach to the CSP, but, for VCSPs,
more general constructs are necessary, which we now define.

DEFINITION 6. An m-ary fractional operation w on D is a probability distribution
on Ogn). The support of w is defined as supp(w) = {g € Ogn) | w(g) > 0}.

DEFINITION 7. A m-ary fractional operation w on D 1is said to be a fractional
polymorphism of a cost function f € Fp if, for any ', 22,...,2™ € dom f, we have

(2) Yo wloflglat, . a™) < —(f(ah) +.. + f@™).

g€supp(w)

For a constraint language T, fPol(T") will denote the set of all fractional operations
that are fractional polymorphisms of each function in T'. Also, let fPolT(T') = {g €
Op | g € supp(w),w € fPol(T")}.

The intuition behind the notion of fractional polymorphism is that it allows one
to combine several feasible assignments into new feasible assignments so that the
expected value of a new assignment (non-strictly) improves the average value of the
original assignments.

EXAMPLE 8. Suppose that w is a binary fractional operation on D = {0,1} such
that w(min) = w(max) = 1/2. Then it is well-known and easy to check that the
finite-valued functions with fractional polymorphism w are the submodular functions.
Moreover, functions with this fractional polymorphism that are not necessarily finite-
valued precisely correspond to submodular functions defined on a ring family.

More examples of fractional polymorphisms can be found in [39, 35, 49].

We remark that, in some papers (e.g., in [13]), fractional polymorphisms (and
closely related objects called weighted polymorphisms) are defined as rational-valued
functions, which is sufficient for analysing the complexity of VCSPs with finite con-
straint languages. However, real-valued fractional polymorphisms are necessary to
analyse infinite constraint languages [24, 38, 49].

The key observation in the algebraic approach to (V)CSP is that neither the
complexity nor the algebraic properties of a language I' change when functions “ex-
pressible” from I' in a certain way are added to it.

DEFINITION 9. For a constraint language T, let (I') denote the set of all func-
tions f(x1,...,xk) such that, for some instance T of VCSP(T") with objective function
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fI(xlv sy Lhs Tht 1y - - - 7:677.)) we have

flay,. .. xp) = min  fz(z1,..., %k, Thtl,y .-, Tn).

We then say that T' expresses f, and call (I') the expressive power of I'.

LEMMA 10 ([14, 17]). Let f € (T'). Then
1. if w € fPol(T") then w is a fractional polymorphism of f and of dom f;
2. VCSP(I') is tractable if and only if VCSP(T' U {f,dom f}) is tractable;
3. VCSP(T') is NP-hard if and only if VCSP(I' U { f,dom f}) is NP-hard.

The dichotomy problem for VCSPs can be reduced to a class of constraint lan-
guages called rigid cores, defined below. Apart from reducing the cases that need
to be considered, this reduction enabled the use of much more powerful results from
universal algebra than what can be done without this restriction (see, e.g. [38]).

For a subset D' C D, let ups be the function defined as follows: up/(d) = 0 if
d € D" and up:(d) = oo otherwise. We write ug for ugqy. Let Cp = {{ua} | d € D}.

LEMMA 11 ([38]). For any valued constraint language T on a finite set D', there
1s a subset D C D’ and a valued constraint language T' on D such that Cp C T' and
the problems VCSP(I') and VCSP(T') are polynomial-time equivalent.

This language I' is called the rigid core of I, and it can be obtained from I
as follows. Let ¢’ be a unary operation on D’ with minimum |¢'(D’)| among all
unary operations g’ € fPol*(I"). Then D is set to be ¢g/(D’) and T is set to be
{flp: f €T’} UCp. Thus, the intuition behind moving to the rigid core is that (a)
one removes labels from the domain that can always be (uniformly) replaced in any
solution to an instance without increasing its value, and (b) one allows constraints
of the form uy that can be used to fix labels for variables, leading to applicability of
more powerful algebraic results.

2.3. Cyclic and symmetric operations. Several types of operations play a
special role in the algebraic approach to (V)CSP.

DEFINITION 12. An operation g € Ogn), m > 2, is called
e idempotent if g(x,...,z) =z for all x € D;
e Taylor if, for each 1 < i < m, it satisfies an identity of the form g(A1, Ao
ooy Am) = ¢(01,0o,...,0,,) where all A;,0; are in {z,y} and £;# O;.
e cyclic if (21,2, ...,2m) = g(x2, ..., Tm,x1) for all x1,... 2y € D;
e symmetric if g(x1,22,...,Zm) =9(Tr1)s Tr(2)s -+ Tr(m)) for all xq, ..., xpm €
D, and any permutation ™ on [m)].
A fractional operation w is said to be idempotent/cyclic/symmetric if all operations
in supp(w) have the corresponding property.

It is well known and easy to see that all polymorphisms and fractional polymor-
phisms of a rigid core are idempotent.
The following lemma is contained in the proof of Theorem 50 in [38].

LEMMA 13. Let I' be a rigid core on a set D. Then the following are equivalent:
1. fPol™ (") contains a Taylor operation of arity at least 2;
2. T has a cyclic fractional polymorphism of (some) arity at least 2;
3. T has a cyclic fractional polymorphism of every prime arity p > |D].

The following theorem is Corollary 51 from [38].

THEOREM 14 ([38]). Let T' be a valued constraint language that is a rigid core.
If fPol™(T") does not contain a Taylor operation then VCSP(T') is NP-hard.



THE COMPLEXITY OF GENERAL-VALUED CSPS 7

Kozik and Ochremiak state a conjecture (which they attribute to L. Barto) that
the above theorem describes all NP-hard valued constraint languages, and all other
languages are tractable. Using Lemma 13, we restate the original conjecture via cyclic
fractional polymorphisms.

CONJECTURE 15 ([37]). Let T be a walued constraint language that is a rigid
core. If T' has a cyclic fractional polymorphism of arity at least 2, then VCSP(T') is
tractable.

Note that, for a finite core I' (but with fixed D), the above condition can be
checked in polynomial time. Indeed, if p > |D] is some fixed prime number, then
it is sufficient to check for a cyclic fractional polymorphism of arity p. Such poly-
morphisms, by definition, are solutions to a system of linear inequalities. Since the
number of cyclic operations of arity p on D is constant, the system will have size
polynomial in I" and its feasibility can be decided by linear programming.

For the case when (possibly infinite) I' consists only of {0, co}-valued functions,
VCSP(T) is actually a CSP. For such T', any probability distribution on polymor-
phisms (of the same arity) is a fractional polymorphism. Then a theorem and a con-
jecture (the latter now known as the Algebraic CSP Dichotomy Conjecture) equivalent
to Theorem 14 and Conjecture 15 were given in [10]. One of several equivalent forms
of the Algebraic CSP Dichotomy Conjecture is as follows.

CONJECTURE 16 ([10, 3]). Let T be a valued constraint language that is a rigid
core and that consists of {0, 00}-valued functions. If T has a cyclic polymorphism of

arity at least 2, then VCSP(T") is tractable. Otherwise, VCSP(T") is NP-hard.

In view of this, it is natural to call Conjecture 15 the Algebraic VCSP Dichotomy
Conjecture.

2.4. Basic LP relaxation. Symmetric operations are known to be closely re-
lated to LP-based algorithms for CSP-related problems. One algorithm in particular
has been known to solve many VCSPs to optimality. This algorithm is based on the
so-called basic LP relaxation, or BLP, defined as follows.

Let M, = {u > 0] > .pnp(xz) = 1} be the set of probability distributions
over labelings in D™. We also denote A = Mj; thus, A is the standard (|D| — 1)-
dimensional simplex. The corners of A can be identified with elements in D. For
a distribution y € M, and a variable v € {1,...,n}, let up) € A be the marginal
probability of distribution p for v:

pila) = Y plx)  VaeD.

x€ED™:xy=a
Given a VCSP instance Z in the form (1), we define the value BLP(Z) as follows:
(3) BLP(Z) = min 3 Y w(@)fi(a)

teT x€dom f
s.t. (,ut)[k] = Quy(t,k) VieT, ke{l,...,n}

pe € M, VteT
pe(x) =0 Vi e T,z ¢ dom f;
a, €A YoeV

If there are no feasible solutions then BLP(Z) = co. The objective function and all
constraints in this system are linear, therefore this is a linear program. Its size is
polynomial in the size of Z, so BLP(Z) can be found in time polynomial in |Z|.
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We say that BLP solves 7 if BLP(Z) = mingep~ fz(z), and BLP solves VCSP(T")
if it solves all instances Z of VCSP(T"). If BLP solves VCSP(T") and T is a rigid core,
then the optimal solution for every instance can be found by using the standard self-
reducibility method. In this method, one goes through the variables in some order,
finding d € D for the current variable v such that instances Z and Z + ug4(v) have
the same optimal value (which can be checked by BLP), updating Z := Z + ugq(v),
and moving to the next variable. At the end, the instance will have a unique feasible
assignment whose value is the optimum of the original instance. Note that in this
case VCSP(T") is globally tractable.

THEOREM 17 ([35]). BLP solves VCSP(T') if and only if, for every m > 1, T’
has a symmetric fractional polymorphism of arity m.

THEOREM 18 ([35, 49]). Let T be a rigid core constraint language that is finite-

valued. If T has a symmetric fractional polymorphism of arity 2 then BLP solves
VCSP(T'), and so VCSP(T') is tractable. Otherwise, VCSP(T') is NP-hard.

3. Main Result.

DEFINITION 19. Let Z be a VCOSP instance over variables V' with domain D. The
feasibility instance, Feas(Z), associated to T is a CSP instance obtained from I by
replacing each constraint function f; with dom fy.

For a language T, let Feas(I') = {dom f | f € I'}. Then the instances of the
problem CSP(Feas(T")) are the instances Feas(Z) where Z runs through all instances
of VCSP(I).

DEFINITION 20. Let Z be a VCSP instance over variables V' with domain D. For
each variable v € V, let D, = {d € D | d = o(v) for some feasible solution o for I}.
Then (1, 00)-minimal instance Z associated with T is the VCSP instance obtained from
Z by adding, for each v € V, the constraint up, ().

Note that if T" is a rigid core and the problem CSP(Feas(T")) is tractable, then, for
any instance Z of VCSP(T"), one can construct the associated (1, co)-minimal instance
in polynomial time. Indeed, to find out whether a given d € D is in D,,, one only needs
to decide whether the CSP instance obtained from Feas(Z) by adding the constraint
ug(x,) is satisfiable. Since I is a rigid core, the latter instance is also an instance of
CSP(Feas(I)).

If T is a rigid core then, for VCSP(T') to be tractable, I' must satisfy the as-
sumption of Conjecture 15, and also, clearly, the feasibility part of the problem,
CSP(Feas(T')), must be tractable. Our main result shows that if these necessary
conditions are satisfied then VCSP(T") is indeed tractable.

THEOREM 21. Let I' be a valued constraint language over domain D that is a
rigid core. If the following conditions hold then VCSP(T') is tractable:
1. T has a cyclic fractional polymorphism of arity at least 2, and
2. CSP(Feas(T")) is tractable.
Otherwise, VCSP(T') is not tractable.

In Theorem 21, the intractability part for (absence of) the first condition follows
from Theorem 14, and it is obvious for the second condition. The tractability part
follows from Theorem 22 below.

THEOREM 22. Let I' be an arbitrary language that has a cyclic fractional poly-
morphism of arity at least 2. If T is an instance of VCSP(T') and T is its associated

(1, 00)-minimal instance, then Opt(Z) = BLP(Z).
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Indeed, if T is a rigid core satisfying conditions (1) and (2) from Theorem 21 and Z
is an instance of VOSP(I') then the equality Opt(Z) = BLP(Z) means that we can
efficiently find the optimum value for Z by constructing Z (which we can do efficiently
because T is a rigid core and CSP(Feas(T")) is tractable) and then applying BLP to
Z. Then we can find an optimal assignment for Z by self-reduction (see the discussion
before Theorem 17).

Recall the notion of global tractability from Section 2.1. The algorithm that we

just described gives the following.

COROLLARY 23. Let I' be a valued constraint language over domain D that is a
rigid core. If
1. T has a cyclic fractional polymorphism of arity at least 2, and
2. CSP(Feas(T")) is globally tractable,
then VCSP(T') is globally tractable.

It also follows from Theorem 22 that, for every language I' that has a cyclic
fractional polymorphism of arity at least 2, VCSP(T") is polynomial time equivalent
to CSP(Feas(T")). In particular, any complexity classification of CSPs, whether it
is the dichotomy as predicted by Conjecture 16 or anything else, gives a complexity
classification of VCSPs.

Let us now discuss how Theorem 21 can be combined with known CSP complexity
classifications to obtain new, previously unknown, VCSP classifications which are
tighter than Theorem 21.

As we explained in Section 1, if the Algebraic CSP Dichotomy Conjecture holds,
then condition (2) in Theorem 21 can be omitted and all intractable VCSPs are NP-
hard. Since this conjecture holds when |D| < 3 [9, 45] or when D is arbitrary finite,
but T' contains all unary crisp functions [1, 11], we get the following corollaries.

COROLLARY 24. Let |D| < 3 and let T be a valued constraint language that is a
rigid core on D. If T has a cyclic fractional polymorphism then the problem VCSP(T')
is tractable, otherwise it is NP-hard.

For the case | D| = 2, the tractable cases can be characterised by six specific cyclic
fractional polymorphisms [17], and it was shown in [38] that the presence of any cyclic
fractional polymorphism (when |D| = 2) implies the presence of one of those six. Also,
Corollary 24 generalizes results from [51, 52] where the dichotomy was shown for the
special case when |D| = 3 and all non-crisp functions in I" are unary. The specific
conditions for tractability in [51, 52] have not been shown to be directly implied by
the presence of a cyclic fractional polymorphism, though.

COROLLARY 25. Let T' be a wvalued constraint language on D that contains all
unary crisp functions. If T' has a cyclic fractional polymorphism then the problem
VCSP(T') is tractable, otherwise it is NP-hard.

Corollary 25 generalizes a result from [51] where the dichotomy was shown for
the special case when I includes all unary crisp functions and all non-crisp functions
in T are unary. Again, the specific condition for tractability in [51] is not known to
be directly implied by the presence of a cyclic fractional polymorphism.

It is shown in [38] how Theorem 21 implies the dichotomy results (including
specific conditions for tractability) for the finite-valued case from [49] (Theorem 18)
and for the case when I" contains all unary functions taking values in {0,1} [36]. The
algorithm for the tractable case in [36] is somewhat similar in spirit to our algorithm,
and actually inspired the latter.

Let us now explain how Theorem 21 implies the tractability result from [48]
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(stated below). An idempotent operation g € Op of arity at least 2 satisfying
gy, x,z... ,x,x) = g(z,y,x,...,x,2) = ... = g(a,z,z,...,x,y) for all x,y € D
is called a weak near-unanimity operation. The tractability result result from [48]
states that if fPol™(I") contains weak near-unanimity operations of all but finitely
many arities, then VCSP(T") is tractable (in fact, via a specific algorithm based on
Sherali-Adams hierarchy, which does not follow from our results). This condition on
fPol*(I") is well known in the algebraic approach to the CSP, it characterizes (when
appropriately formulated) CSPs of bounded width [4]. So assume that fPol*(I") sat-
isfies this condition. Since fPol™(I') C Pol(T), the set Pol(T") also contains these
operations, so CSP(Feas(I')) is tractable by [4]. Moreover, by [3], fPol™(T) then also
contains a cyclic operation of arity at least 2. Now (the proof of) Theorem 50 of [38]
implies that I' has a cyclic fractional polymorphism of arity at least 2, and then
tractability of VCSP(T") follows from Theorem 21.

We remark that some known VCSP classifications with tighter and more explicit
characterisations of tractability can be easily derived from our main result, e.g. the
classification for the Boolean case (|D| = 2) can be easily derived following the lines
of Section 8 of [13]. However, it might take additional effort to derive some others -
for example, the dichotomy result from [50] was proved without using our theorem,
and it is not known how to derive it from our main result.

4. Proof of Theorem 22: Reduction to a block-finite language. We will
prove Theorem 22 by constructing, from a given (feasible) instance Z, a finite valued
constraint language I on some finite set D’ and an instance Z’ of VCSP(I”) such that
Opt(Z) = Opt(Z) = Opt(Z') = BLP(Z') = BLP(Z). The first equality is immediate
from the definition Z, the second one will follow trivially from the construction of
I’ and 7', and the last equality holds by Lemma 26 below, while the key equality
Opt(Z') = BLP(Z') will follow from the fact that BLP solves VCSP(I") that we
prove, using Theorem 17, in Theorem 29. The construction is inspired by [34], where
a similar technique of “lifting” a language was used in a different context.

Let V be the set of variables of instance Z, and let

(4) fI(I) = Z ft(x’u(t,l)v s 7':Cv(t,nt)) Ve :V — D
teT

be its objective function. For the (1, 00)-minimal instance Z, the objective function is

(5) fr@) = D fl@oie 1y Toemn) + P _up,(,)  Vrz:V =D

teT veV

Now let D! = {(v,a)|a € D,} be a unique copy of D,. We now define a new

language I"" over domain D" = | J,.cy, D, as follows:

I — U {ft(v(t,l),...,v(t,nt»,dOmf;v(t,l),...,v(t,m»} U U {up, }U{=p}
teT veV

where functions up, are as defined above, =p- is the binary {0, co}-valued function
corresponding to the equality relation, and, for an n-ary function f over D and vari-
ables vy, ..., v, € V, we define function f(v1-+v) : (D')* — Q as follows:

f<v1""’vn>(17) _ {f(j) if z = ((Ulgfﬁl)u-..,(vn,in)) Vr e (Dl)n

00 otherwise
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The above mentioned instance Z' of VCSP(I") is obtained from Z by replacing
cach function f, with f£*("1)v(")) 404 replacing each function up, with up; .

It is straightforward to check that there is a one-to-one correspondence between
the sets of feasible solutions to BLP relaxations for Z’ and Z, and that this correspon-
dence also preserves the values of the solutions.

LEMMA 26. We have BLP(Z') = BLP(Z).

LEMMA 27. If T has a cyclic fractional polymorphism of arity m > 1 then I has
the same property.

Proof. Let w be a cyclic fractional polymorphism of I'. Fix an arbitrary element
d' € D'. For each operation g € supp(w), define the operation ¢’ on D’ as follows:
, (0, 9(Z1,... &8m)) fx1=(v,81),...,2m=(v, &) for some veV
g (Ila ) .Im) = v .
d otherwise
Clearly, each operation ¢’ is cyclic. Consider the fractional operation w’ on D’ such

that w(g’) = w(g) for all g € supp(w). It is straightforward to check that w’ is a
fractional polymorphism of T". |

To prove Theorem 22, it remains to show that Opt(Z’") = BLP(Z’). We will prove
the more general fact that BLP solves VCSP(I). The properties of the language I
that we use for this (apart from having a cyclic fractional polymorphism) are given
below in Definition 28.

DEFINITION 28. A finite language T" is called block-finite if its domain D can be
partitioned into disjoint subsets {D, | v € V'} such that

(a) For any a € D, withv € V there exists a polymorphism g, € O of Feas(I")
such that gqo(b) = a for all b € D,,.

(b) For any n-ary function f € T, the relation dom f (viewed as a function
D™ — {0,00}) belongs to T'. Furthermore, the binary equality relation on D,
denoted as =p: D* — {0,000}, also belongs to T.

(¢) Any n-ary function f € T —{=p} satisfies dom f C D, X...X D, for some
ViyeooyUp €V,

It is easy to see that the language I' defined in the previous section is block-
finite. It obviously has properties (b) and (c), and it has property (a) because the
instance Z' is (1, 00)-minimal. Indeed, if a = (v,d) € D) then, by definition, Z has a
feasible solution ¢ : V' — D with o(v) = d. Define function g, as follows: for each
a = @,d)e D set g.(a') = (v,o)). It is easy to check that g, has the required
properties.

From now on, we forget about the original language I" from the previous section
and about the specific language I and work with an arbitrary block-finite language
that has a cyclic fractional polymorphism of arity at least 2. For simplicity, we denote
our language by I'. Note that I" is not necessarily a (rigid) core, but this property
is not required in Theorem 17. By Theorem 17, in order to prove Theorem 22, it
remains to show the following.

THEOREM 29. Suppose that a block-finite language I' admits a cyclic fractional
polymorphism v of arity at least 2. Then, for every m > 2, I' admits a symmetric
fractional polymorphism wey" of arity m.

In the rest of the paper we prove Theorem 29. This will be done in two steps: (i)
using the existence of v, prove the existence of w3”™; (ii) using the existence of wir ™,
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for some m > 3, prove the existence of wyy". The claim will then follow by induction
on m.

Note that for finite-valued languages step (i) was proved in [49] (or rather a very
closely related statement), while step (ii) was established in [35]. However, in both
cases it was essential that the language is finite-valued. The arguments in [35, 49]
seem to break down when infinities are allowed. For example, we were unable to
extend the approach in [49] that exploits the connectivity of a certain graph on D.
To deal with block-finite languages, we will introduce (in Section 6) a new technical
tool where we first prove, via Farkas Lemma, the existence of a certain function with
special properties in (I').

5. A graph of generalized operations. In this section we describe a basic
tool that will be used for constructing new fractional polymorphisms, namely a graph
of generalized operations introduced in [35].

Let O™=™) be the set of mappings g : D" — D™ and let 1 € O™=™) be the
identity mapping. Consider a sequence x of m labelings x € [D™]™; this means that
x = (x!,...,2™) where x' € D™ (think of z as an m X n matrix whose rows are z?, ...,
2™). For an n-ary function f, we define f™(z) = L(f(z')+...+ f(z™)) (thus f™(z)
is the average value of f on the rows of ). For a mapping g = (g1, ..., gm) € QM=)
we also denote 28° = g;(x) for i € [m] and g(x) = (z8L,...,28™) (so g(x) isan m x n
matrix where row ¢ is obtained by column-wise application of g; to x).

A probability distribution p over O™ will be called a (generalized) fractional

polymorphism of T of arity m — m if each function f € T" satisfies

(6) > @) f™(g) < fM(x)  Va e [dom f]"

geEsupp(p)

We will sometimes represent fractional polymorphisms of arity m and generalised
fractional polymorphisms of arity m — m as vectors in RO and RO("HM), respec-
tively. For g € O™ and g € O™ we denote the corresponding characteristic
vectors by x, and xg respectively. It can be checked that a generalized fractional
polymorphism p of arity m — m can be converted into a fractional polymorphism p’

of arity m, as follows:

P = Z %g)(Xgl‘F---"'Xgm)-
g=(g1,--,9m ) Esupp(p)

We will use the following construction in several parts of the proof. Assume
that we have some probability distribution w with a finite support such that (i) each
element s € supp(w) corresponds to an element of O™~™) denoted as 1°, and (ii)
this distribution satisfies the following property for each f € I':

(7a) Y we)fm(2%() < fM(x) Ve [dom f]7

sesupp(w)

Condition (7a) then can be rephrased as saying that vector Zsesupp(w) w(s)x1s is a
fractional polymorphism of I" of arity m — m. We will also consider the following
condition:

(7b) S w@fE ) < en) Ve € [dom f]7,i € ]

sesupp(w)
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where x_; € [dom f]™~! denotes the sequence of m — 1 labelings obtained from z
by removing the i-th labeling. Note that condition (7b) implies (7a) (since summing
(7b) over ¢ € [m] and dividing by m gives (7a)). The second condition will be used
only in one of the results; unless noted otherwise, w is only assumed to satisfy (7a).

For a mapping g € O(™="™) denote g® = 1°0g. (This notation is consistent with
the earlier one since 1° o1 = 1° for any s). We use g***** to denote (... (g") )% =
1% o...01°t o g. Next, define a directed graph (G, E) as follows:

o G = {15 |sq,...,s, € supp(w), k > 0} is the set of all mappings that can
be obtained from 1 by applying operations from supp(w);
e E={(g.8")|g€G,s € supp(w)}.

This graph can be decomposed into strongly connected components, yielding a di-
rected acyclic graph (DAG) on these components. We define Sinks(G, E) to be the
set of those strongly connected components H C G of (G, E) that are sinks of this DAG
(i.e. have no outgoing edges). Any DAG has at least one sink, therefore Sinks(G, F)
is non-empty. We denote G* = Ugcsinks(c, ) H € G and Range,(G*) = {g*(z) [g" €
G*,z € [D™"]™}. Also, for a tuple & € D™ we will denote G(z) = {g(2)|g € G} C D™.

The following facts can easily be shown (see Appendices A.1, A.2).

ProOPOSITION 30. (a) If g,h € G then hog € G. Moreover, if g € H €
Sinks(G, E) then hog € H.
(b) Consider connected components H', H € Sinks(G, E). For each g’ € H' there exists
g € H satisfying gog' = g'.
(¢) For each v € Range,(G*) and H € Sinks(G, E) there exists g € H satisfying
g(x) = .

PROPOSITION 31. Suppose that & € Range1(G*) and z € G(Z).
(a) There holds x € Range1(G*).
(b) There ezists g € G such that g(x) = &.

We now state main theorems related to the graph (G, E), that are slight extensions
of the results in [35]. Their proofs use the same techniques as [35] and can be found
in Appendices A.3, A.4, A.5.

THEOREM 32. Let G be a subset of G satisfying the following property: for each
g € G there exists a path in (G, E) from g to some node g € G. Then there exists a

fractional polymorphism p of T of arity m — m with supp(p) = G.

We will use this result either for the set G = G or for the set G = G*; clearly, both
choices satisfy the condition of the theorem. The first choice gives that I' admits
a fractional polymorphism p with supp(p) = G; therefore, if g € G, f € (') and
x € [dom f]™ then g(x) € [dom f]™.
THEOREM 33. Consider function f €(T) of arity n and labelings x € Range,(G*)N
[dom f]™.
(a) There holds f™(g(x)) = f™(z) for any g € G.
(b) Suppose that condition (7b) holds. Then there exists a probability distribution
X over G* (which is independent of f,x) such that f}(x) = f(z) for any
i',i" € [m] where

(®) @)=Y Aef(@®)

geG*

6. Constructing special functions. In this section, we construct special func-
tions in (I') that play an important role in the proof of Theorem 29.
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For a sequence x = (z!,...,2™) € D™ and a permutation 7 of [m], we define
2™ = ("M, ..., z7(™). Similarly, for a mapping g = (g1,...,9gm) € O™ define
g™ = (gr(1)s+--»9n(m))- Let Q be the set of mappings g € O(m=m) that satisfy the
following condition:

(9) g™(z) = g(z™) for any € D™ and any permutation 7 of [m].
Equivalently, gr(;)(z) = gi(z™) for any i € [m].

ProprosITION 34. If g,h € Q, then goh € Q.
Proof. Just note that

(goh)" (z) =g" (h(z)) = g (h"(z)) = g (h(z™)) = (goh) (z7)

for any x € D™. a

Consider all generalized fractional polymorphisms w of I' of arity m — m satis-
fying supp(w) C Q. At least one such polymorphism exists, namely w = x1 where
1 € Om=™) ig the identity mapping. Among such w’s, pick one with the largest
support. It exists due to the following observation: if w’,w” are generalized frac-
tional polymorphisms of I of arity m — m then so is the vector w = 3w’ + w], and
supp(w) = supp(w’) U supp(w”).

Let us apply the construction of Section 5 starting with the chosen distribution
w, where for g € supp(w) we define operation 18 € O™=™) via 18 = g. Let the
resulting graph be (G, E). It is straightforward to check that condition (7a) holds:
it simply expresses the fact that w is a generalized fractional polymorphsism of I" of
arity m — m.

PROPOSITION 35. It holds that supp(w) = G.

Proof. If g € supp(w) then g = 18 € G. Conversely, suppose that g € G. We
can write g = 18 o...0 18 =gy o0---0gy with g1,...,8; € supp(w) C Q. Since Q
is closed under composition by Proposition 34, we get g € 2. By Theorem 32 there
exists a generalized fractional polymorphism p with supp(p) = G, and so g € supp(p).
By maximality of w we get g € supp(w). O

In the remainder of this section we prove the following theorem.

THEOREM 36. For any & € D™ there exists a function f € (T') of arity m with
argmin f = G(&).

Proof. Let T'" be the set of pairs (f,z) with f € I and x € [dom f]™. Let Q' C Q
be the set of mappings g € 2 that satisfy g(z) € [dom f]™ for all (f,z) € I'". Note

that G = supp(w) C . By the choice of w, the following system does not have a
solution with rational p:

(10a) p(g) >0 vVge
(10b) > o) f™@) - > ple)f™(gx) >0  V(f,x)ert
geqY geqY
(10c) > —nlg) <0
geV -G

Next, we use the following well-known result (see, e.g. [46]).

LEMMA 37 (Farkas Lemma). Let A be a p X ¢ matriz and b be a p-dimensional
vector. Then ezxactly one of the following is true:
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o There exists A\ € R? such that AN =b and X\ > 0.
o There exists u € RP such that u"' A >0 and p7b < 0.
If A and b are rational then A and p can also be chosen in Q% and QP, respectively.

By this lemma, the following system has a solution with rational A > 0:

(11a) AN+ > M2 (@) - fm(glx) =0 vVgeG

(f,x)ert

1) M)+ > ML) - fMe)=-1 VgeQ -G

(f,x)er+

We will now define several instances of VCSP(I') where it will be convenient
to use constraints with rational positive weights; these weights can always be made
integer by multiplying the instances by an appropriate positive integer, which would
not affect the reasoning, but make notation cumbersome.

We will define a I'-instance Z with m|D|™ variables V = {(i,2) |i € [m],z €
D™}. The labelings ¥V — D for this instance can be identified with mappings g =
(915, gm) € OM=™) if we define g(i, z) = gi(z) for the coordinate (i,2) € V. We
define the cost function of Z as follows:

(12) fz(g) = > Af2)f(g(x))  Vgeommm
(f,z)ETT,A(f,z)#0

From (11) we get

(13a) fz(1) = fz(g) — M(g) (8) <0 VgeG
(13b) fz(1) < fz(g) — A(g) (g) <o VgeQ -G

Furthermore, f™(-) is invariant with respect to permuting its arguments, and thus

< fz
< fz

(13¢c) fz(g) = fz(g™) Vg € (’)(m_)m), permutation 7 of [m)]

Let T be the set of tuples (i, j,x,y) where i,j € [m], x,y € D™ and i = 7(j),
y = z™ for some permutation 7 of [m]. Define another I'-instance Z’ with variables V
and the cost function
(14)

fr(g) = fz(g) + > =p (g(i,2),8(Gy) + Y (dom f)"(g(x)) Vge O™

(i,9,z,y)€T (fx)er+

where =p is the equality relation on D. The instance 7’ is a I'-instance because of
condition (b) in the definition of a block-finite language. Note that the second term
in (14) for g = (g1,...,9m) equals 0 if g;(z) = g;(«™) for all j € [m], x € D™
and permutation 7 of [m]. Otherwise the second term equals co. In other words, the
second term is zero if and only if mapping g satisfies condition (9), i.e. if and only if
g € Q. Similarly, the third term in (14) is zero if g € ', and o if g € Q — Q. We
obtain that

(15a) for(1) < fr(g) < oo  VgeG
(15b) fI/(]l) < fr (g) < o0 Vg € Q-G
(15¢) fr(g) = o0 vg € O — @

These equations imply that 1 € argmin frr € G. We will show next that
argmin fzr = G.
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For an index k € Z let k € [m] be the unique index with & — k = 0 (mod m).
Let 7, be the cyclic permutation of [m] with 7x(1) = k. In particular, m; is the
identity permutation. Also, for k € Z let e¥ € O("™) be the projection to the k-th
coordinate. For a mapping g = (g1,...,9m) € Om=m) and a tuple z € D™ we will
denote g(k, 2z) = g(k,z) € D. From the definition, for any permutation 7 of [m] and
any (i,2) € V we have g7(i,2) = (gx(1y>- - Gn(m) (ir ) = Ga(o () = £(n(0),2). Tn
particular, g™ (i,2) = g(i +j — 1, 2).

From (13c) we have fz(1™) = ... = fz(1™) = fz(1). Recall that fz € (')
admits a generalized fractional polymorphism w with supp(w) = G. Applying this
polymorphism gives

(16) S @A™, 1) < AT 1) = f2(1)
geEsupp(w)
Here we view 1™ ... 1™ (and later g™,...,g™) as labelings for the instance Z,

while g is a mapping in @™ acting on the first m labelings coordinate-wise. We
claim that g(1™,...,1™) = (g™,...,g™) for each g = (¢1,...,9m) € supp(w).
Indeed, we need to show that g;(1™,...,1™) = g™ for each j € [m]. Let us prove
this for coordinate (i,z) € V. We can write

g;(A™ (4, 2),...,1™(i,2)) = gj(ei(z), el )
=g;(z™) = gm((2) = gli+ji—1,2) = g7 (i,2)

which proves the claim. We can now rewrite (16) as follows:

(17) S (@)™, g™ < f2(1)

géesupp(w)

Using (13c¢) and the fact that fz(g) = fz/(g) for each g € supp(w) = G, we obtain

(18) > wlg)fr(g) < fr(1)

géesupp(w)

Since 1 € argmin fz/, we conclude that G = supp(w) C argmin f7.. Therefore,
argmin f7, = G.

We can finally prove Theorem 36. We define function f € (I') with m variables
as follows:

flz) = min fr(g) Vo e D™
geOm—=m).g(3)=x

Consider tuple x € D™. We have x € argmin f if and only if there exists g €
argmin f7» = G with g(#) = z. The latter condition holds if and only if € G(&). O

7. Proof of Theorem 29. We will prove the following result.

THEOREM 38. Assume that one of the following holds:

(a) m =2 and T admits a cyclic fractional polymorphism of arity at least 2.

(b) m >3 and T’ admits a symmetric fractional polymorphism of arity m — 1.
Let f € (T') be a function of arity m with argmin f = G(&), where & € Range;(G*).
Then for every distinct pair of indices i,j € [m] there exists x € argmin f with
Ti = Tyj.
We claim that this will imply Theorem 29. Indeed, we can use the following observa-
tion.
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PROPOSITION 39. Suppose that & € Range1(G*), and there exists x € G(&) with
x; = x; for somei,j € [m]. Then &; = &;.

Proof. By Proposition 31(b), there exists g € G such that g(x) = Z. Let m be
the permutation of [m] that swaps ¢ and j. By the choice of x, we have 2™ = x. We
can write Z; = g;(x) = gr(;)(x) = gs(2™) = gi(x) = &;. This proves the claim. 0

COROLLARY 40. If the precondition of Theorem 38 holds, then I' admits a sym-
metric fractional polymorphism of arity m.

Proof. Using Theorem 36, Theorem 38 and Proposition 39, we conclude that for
any & € Range;(G*) we have &1 = ... = &,,. Indeed, by Theorem 36 there exists a
function f € (I') with G(Z) = argmin f. Theorem 38 implies that the precondition of
Proposition 39 holds for any distinct pair of indices ¢, € [m], and therefore ; = Z;.

By Theorem 32, there exists a generalized fractional polymorphism p of I of arity
an m-ary fractional polymorphism of T’ allpdf)erations in its support are symmetric
because G* C Q and # = ... = &, for any & € Range;(G*). O

It remains to prove Theorem 38. A proof of parts (a) and (b) of Theorem 38 is
given in Sections 7.1 and 7.2, respectively. In both parts we will need the following
result; it exploits the fact that I' is block-finite.

LEMMA 41. Suppose that & € Range1(G*), x € G(&) and f is an m-ary function
in (T') with argmin f = G(%). Then (a,...,a) € dom f for any a € {x1,...,zn}.

Proof. We say that a tuple z € D™ is proper if z1,..., 2, € D, for some v € V.
We will show that = is proper; the lemma will then follow from condition (a) from
the definition of a block-finite language and the fact that x € dom f.

Fix an arbitrary element a € D, and define mapping g € O =) as follows:

z if z is proper
g(z) = :
(a,...,a) otherwise

We claim that g € Q. Indeed, consider z € D™. If g(z) = z, the condition (9) holds
trivially. Otherwise, we can easily check that

g"(z) = (a,...,a)" = (a,...,a) = g(z™)

and so the condition (9) holds either way.

Let us now show that the vector p = xg is a generalized fractional polymorphism
of T of arity m — m. Checking inequality (6) for binary equality relation f = (=p)
is straighforward. Consider function f € I' — {=p}. Since I' is block-finite, we
have dom f C D,, x ... x D, for some vi,...,v, € V. This implies that for any
x € [dom f]™ we have g(x) = z (this can be checked coordinate-wise). Therefore, we
have an equality in (6).

By the results above we obtain that g € G. We are now ready to prove that
x is proper. Suppose that this is not true, then g(z) = (a,...,a). We have & €
Range1(G*) and = € G(Z), so by Proposition 31(a) we conclude that € Range;(G*).
We also have (a,...,a) € G(z), so Proposition 39 gives that 1 = ... = z,,,. This
means that x is proper, which contradicts the earlier assumption. ad

7.1. Case m = 2: proof of Theorem 38(a). We start with the following
observation.

PROPOSITION 42. If (a,b) € G(&) then (b,a) € G(Z).
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Proof. Consider mapping 1 = (€3, e3), where e§ € O is the projection to the
the k-th variable. It can be checked that 1 € Q, and g is a generalized fractional
polymorphism of T' of arity 2 — 2. Therefore, 1 € G.

We have (a,b) = g(&) for some g € G. We also have (b,a) = (1 o g)(#) and
1og € G, and therefore (b,a) € G(2). 0

Denote A = {z1 |z € G(2)} C D, and let a be an element in A that minimizes
f(a,a). Note that (a,a) € dom f by Lemma 41. Condition argmin f = G(&) and
Proposition 42 imply that (a,b), (b,a) € argmin f for some b € A. By assumption,
I" admits a cyclic fractional polymorphism v of some arity r» > 2. Let us apply it to

tuples (a, b), (b,a), (a,a),...,(a,a), where (a,a) is repeated r — 2 times:
2 -2
19) Y vhf(haba,....a)hbaa...,a) < = fa,b) + ——f(a,0)
hesupp(v)
We have h(a,b,a,...,a) = h(b,a,a,...,a) since v is cyclic; denote this element as

ap. We claim that ap, € A for any h € supp(v). Indeed, consider a unary function
ua(r1) = ming, f(x1,x2). It can be checked that argminuys = A. Then the presence
of uy in (T') implies that after applying v to (a,b,a,...,a) one gets

-1 1
Z v(h)ua(ap) < ! " uala) + ;uA(b) =minuy
hée€supp(v)

and thus indeed ap, € argminuy = A for any h € supp(v).
By the choice of a we have f(a,a) < f(an,an) for any h € supp(v). From (19)
we thus get

(20) flaa) < 2 f(a,0) + =2 f(aa)

and so f(a,a) < f(a,b), implying (a,a) € argmin f.

7.2. Case m > 3: proof of Theorem 38(b). We define binary function f €
(T') as follows: f(a,b) = mingepm.z,—a,z,=b f(T).

If z = (z1,...,2m) is some sequence of size m and k is an index in [m] then we
will use z_j to denote the subsequence of z of size m — 1 obtained by deleting the
k-th element.

Let @ be a symmetric fractional polymorphism of I" of arity m — 1. Following the
construction in [35], we define graph (G, E) as described in Section 5, starting with
the distribution & where for s € supp(&) mapping 1° € O™ is defined as follows:

1°%(x) = (s(x—1), ..., s(x—m)) Vo € D™

It can be checked that if g = (g1,...,9m) € G and s € supp(@) then g® = (so
g 1,...,808 ). It can also be checked that condition (7b) holds for any f €
I': it corresponds to the fractional polymorphism @ applied to m — 1 tuples z_; €
[dom f]™~1.

PROPOSITION 43. There holds G C G.

Proof. We claim that 1° € Q for any s € supp(®). Indeed, for a permutation 7
of [m] and z € D™ we can write

1°(27) = (s(24), .-, 8(27,,)) = (8(T—r())y - 8(Tr(m))) = (1) (),
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where the second equality uses that s is symmetric. Since each g € G has the form
g=1%o...01% for some s1,...,s; € supp(w) and  is closed under composition
by Proposition 34, we get G C Q. R

Applying Theorem 32 (with G as both G and G), we obtain a generalized frac-
tional polymorphism p with supp(p) = G C . By maximality of w we get the desired
G = supp(p) C supp(w) = G. O

For each g € G and k € [m] let us define labeling z[8¥ € D? as follows: set
x = g(z), and then
o If k = i, set (8% = (z;,2;). We have 28 € argmin f since z € G(&) =
argmin f.
o If k = j, set 28" = (2, 2;).
o If k #iandk # j, set 18 = (21, 21). We have z[8% € dom f by Lemma 41.
PROPOSITION 44. Suppose that g € G and g° = h where s € supp(@) (so that

heG). Then
18(xl8t L lemly = (g phml)

Proof. Denote z = g(&) and y = h(&). We have y = 1°(x), or yx = s(x_j) for
any k € [m]. Also,

o8 = (2, 2) ifk= oM = (yy) ifk=
(vg,zr) fk#iand k #j (yk,yx) i k#£iand k#£j
It can be checked coordinate-wise (using that s is symmetric) that
pME — S((x[g1]7 . _7$[gm])_k)
for any k € [m]. This gives the claim. O

Denote G* = UHeSinks(G,E)H C G. Let us fix an arbitrary § € G*, and define
7= (28U, ... 2leml) e D2,

ProposiTION 45. For any g € G there holds gog € G. Furthermore, g(z) =
(x[(gOg)l], . 7x[(g0g)m])'

Proof. The first claim is by Proposition 30(a); let us show the second one. Let
d(1,g) be the shortest distance from 1 to g in the graph (G, E). (By the definition
of this graph, we have 0 < d(1,g) < oo for any g € G, and 1 € G.) We will use
induction on d(1,g). The base case d(1,g) = 0 (i.e. g = 1) holds by construction.
Suppose that the claim holds for all mappings g € G with d(1,g) = k > 0, and
consider mapping h € G with d(1,h) = k + 1. There must exist mapping g € G and
operation s € supp(w) such that d(1,g) = k and g® = h. Observe that (go g)® =
1°cgog=g°og=hog. We can thus write

h(7) = (1%0g)(3) = 1°(g(3)) L 1°(2[E®1) | glEeayml) @ (,lhog))  ((hog)m)y

where (1) holds by the induction hypothesis and (2) is by Proposition 44. ad

PROPOSITION 46. There holds & € Range2(G*) N [dom f]™.

Proof. By Proposition 30(b) there exists g € G* with go g = g. Using Propo-
sition 45, we can write g(%) = (z{(8°8) . glegIml) = (g8l glem) =z This

shows that & € Ranges(G*).
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Now let us show z[8* € dom f for each k € [m]. It suffices to prove it for k = j (for
other indices k the claim holds by construction). We have g € H for some strongly
connected component H € Sinks(G, E). There is a path from g to g in (H, E[H]),
therefore there exists mapping h € H C G* and s € supp(w) with h® = g. Define

T = (1. zP™]) | then by Proposition 44 we have 1°(z) = #. In particular,
28 = s(x_;). Also, we have z_; € [dom f]™~! by construction. Since I' admits @
and s € supp(®), we conclude that z[8/] € dom f. d

Pick k € [m]—{i7,j}. By Theorem 33(b) we obtain that there exists a probability
distribution A over G* such that f(Z) = f{(%). Using Proposition 45, we can rewrite

this condition as
Z Ag f(x!(®8)) = Z A f (!B
gE@* ge@*

Every tuple z(8°8)i on the LHS belongs to arg min f. Therefore, every tuple x[(g"g)]i]
on the RHS corresponding to mapping g € G* with Az > 0 also belongs to arg min f.
We proved that there exists x € argmin f with z; = x;.

APPENDIX: Proofs for Section 5.
In this section we prove the properties of graph (G, F) stated in Section 5.

A.1. Proof of Proposition 30.

Part (a). We have g = 1%-%¢ and h = 1%+t for some s1,...,8; € supp(w)
and 0 < k < ¢. Therefore, hog = [1%¢0...01%+1] o [1%¢ o...01%] = 1515 € G.
Also, hog = g®-+1-%¢_and so there is path from g to hog in (G, F). Since no edges
leave the strongly connected component H, we obtain that if g € H then hog € H.

Part (b). Pick g € H. Since H' is strongly connected, there is a path from
gog el tog' e in (G,E), i.e. g =[gog]**** =hogog where h =155,
It can be checked that mapping g = h o g has the desired properties.

Part (c¢). By assumption, x = g'(y) for some g’ € H' € Sinks(G, E) and y €
[D™]™. By part (b) there exists g € H satisfying gog’ = g’. We get that g(z) =
g(g'(y) = (gog)ly) =g'y) ==

A.2. Proof of Proposition 31. By assumption, we have & = g*(y) for some
g* € G*, y € D™ and z = h(&) for some h € G.

Part (a). We have x = (hog*)(y) with h o g* € G*; this establishes the claim.

Part (b). Let H € Sinks(G, E) be the strongly connected component to which
g* belongs. There exists a path in (H, E[H]) from hog* € H to g* € H, i.e. g* =
1515 o h o g* for some s1,...,8; € supp(w) = G. Define g = 1%15% € G, then
g*=gohog*. WehaveZ=g*(y) =(gohog*)(y) = (goh)(&) = g(z), as claimed.

A.3. Proof of Theorem 32. First, we make the following observation.

PROPOSITION 47. Suppose vector p is a fractional polymorphism of I' of arity
m — m and g € supp(p). Then the following vector is also a fractional polymorphism
of I' of arity m — m:

(21) plgl = p+ @ —Xg + > w(s)xg:

SEwW

Proof. Denote the vector in the square brackets as 6. Consider function f € T’
and labeling x € [dom f]™. Since p is a fractional polymorphism of T, we have
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g(z) € [dom f]™. We can write

Y dm)fmh@) =—fmel)+ Y wls)fM (g () <0

hesupp(plg]) s€supp(w)

where the last inequality follows from condition (7a) applied to labelings g(z). Thus,
adding the extra term to p in (21) will not violate the fractional polymorphism in-
equality for any = € [dom f]™. d

Note that supp(p[g]) = supp(p) U {g® | s € supp(w)} for g € supp(p).
We claim that T' admits a fractional polymorphism p with supp(p) = G. Indeed,

we can start with vector p = x3 and then repeatedly modify it as p < p[g] for
mappings g € supp(p) that haven’t appeared before; after |G| — 1 steps we get a
vector p with the claimed property.

Let Q be the set of fractional polymorphisms p of I with supp(p) C G that satisfy
p(g) > p(g) for all g € G. Set Q is non-empty since it contains p. Let p be a vector in
2 that maximizes p(@) = > _ge P(8). (This maximum is attained since €2 is a compact

subset of RI®l). We claim that supp(p) = G. Indeed, the inclusion GC supp(p) is by
construction. Suppose there exists g € supp(p) — G. By the condition of Theorem 32
there exists a path go,...,g; in (G, E) from gy = g such that go,...,gk—1 € G — G
and gp € G. It can be checked that vector p/ = plgo] - - . [gr—1] satisfies p' € Q,
p'(g) > p(g) for g € G, and p'(gr) > p(gk). This contradicts the choice of p.

A.4. Proof of Theorem 33(a). Consider component H € Sinks(G, F), and
denote H* = argmin{f™(g(x)) | g € H}. We claim that H* = H. Indeed, consider
g € H*. Applying inequality (7a) to labelings g(z) € [dom f]™ gives

(22) Y. ws) M) < fM(glx) Vo€ [dom f]"

sesupp(w)

For each s € supp(w) we have g® € H and thus f™(g®(z)) > f™(g(z)). This means
that f™(g®(x)) = f™(g(x)). We showed that if g € H* and (g,h) € E then h € H*.
Since H is a strongly connected component of (G, E), we conclude that H = H*.

We showed that f™(g(z)) is the same for all g € H. By Proposition 30(c) there
exists h € H with h(z) = z, and therefore f™(g(z)) = f™(h(z)) = f™(z) for all
g € H. Since this holds for any H € Sinks(G, E), the claim follows.

A.5. Proof of Theorem 33(b). We mainly follow an argument from [49] (al-
though without using the language of Markov chains, relying on the Farkas lemma
instead, as in [35]).

Let (G*, E’) be the subgraph of (G, E) induced by G*. For an edge (g, h) € E’, de-
fine positive weight w(g, h) = > w(s). Note that we have w(g,h) =

s€supp(w):g®=h h:(g,h)eE’
1 for all g € G*.
We claim that there exists vector A € REB that satisfies

(23a) > w(ghlg—A=0 VheG
g:(g,h)eE’

(23b) d =1

geG>
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Indeed, suppose system (23) does not have a solution. By Farkas Lemma (see
Lemma 37), there exists a vector y € R®™ and a scalar z € R such that

(24a) s—ye+ Y. w(ghyw>0 VYgeG
h:(g,h)eE’

(24b) z2<0

Consider g € G* with the maximum value of yg. We have

0<z—yg+ Y, wghym<z—yg+ > wghyg=z—ygtyg=2
h:(g,h)eE’ h:(g,h)eE’

This contradicts (24b), and thus proves that vector A > 0 satisfying (23) exists. Next,
we will show that this vector satisfies the property of Theorem 33(b).
Let us rewrite condition (7b) as follows:

5) Y e <o Y ja¥)  VgeGicm)
s€supp(w) Jj€[m]—{i}

Multiplying this inequality by \g and summing over g € G* (for a fixed ¢ € [m]) gives

262 Z (g7 )gf( _1

g€G* h:(g,h)eE’ geG* j [m

> e e
—{i}

Rearranging terms gives

27 Y| > w(gh)g f(x‘“’)gml_l S X)) Vie[m]

heG* | g:(g,h)eE’ J€[m]—{i} geG>

By (23a) the expression in the square brackets equals A, and therefore (27) can be
rewritten as

(28) Mays e Y ) vielm)

7 jelm]—{i}

Consider index i € [m] with the maximum value of f(z). We have f(z) > f}(x) for
all j € [m] — {i}, which together with (28) gives f}(z) = f}(x) for all j € [m] — {i},
as claimed.

REFERENCES

(1] L. BARTO, The dichotomy for conservative constraint satisfaction problems revisited, in Pro-
ceedings of the 26th IEEE Symposium on Logic in Computer Science (LICS’11), IEEE
Computer Society, 2011, pp. 301-310, doi:10.1109/LICS.2011.25.

(2] L. BARTO, The collapse of the bounded width hierarchy, Journal of Logic and Computation, 26
(2016), pp. 923-943, doi:10.1093/logcom /exu070.

[3] L. BARTO AND M. KozIK, Absorbing subalgebras, cyclic terms and the constraint satisfaction
problem, Logical Methods in Computer Science, 8 (2012), pp. 1-26.

[4] L. BArTO AND M. KozIK, Constraint satisfaction problems solvable by local consistency meth-
ods, Journal of the ACM, 61 (2014), p. Article 3.


http://dx.doi.org/10.1109/LICS.2011.25
http://dx.doi.org/10.1093/logcom/exu070

18]

[19]

[20]
21]
22]

[23]

[24]

wn

U U B Y o

5 > < Z

THE COMPLEXITY OF GENERAL-VALUED CSPS 23

. BARTO AND M. Ko0zIK, Robustly solvable constraint satisfaction problems, STAM Journal on

Computing, 45 (2016), pp. 1646-1669, doi:10.1137/130915479.

. BArTO, M. K0zI1K, AND T. NIVEN, The CSP dichotomy holds for digraphs with no sources

and no sinks (a positive answer to a conjecture of Bang-Jensen and Hell), SIAM Journal
on Computing, 38 (2009), pp. 1782-1802, doi:10.1137/070708093.

. Boykov, O. VEKSLER, AND R. ZABIH, Markov random fields with efficient approximations,

in Computer Vision and Pattern Recognition, IEEE Computer Society, 1998, pp. 648—655.

. BROWN-COHEN AND P. RAGHAVENDRA, Correlation Decay and Tractability of CSPs, in

43rd International Colloquium on Automata, Languages, and Programming (ICALP
2016), vol. 55 of Leibniz International Proceedings in Informatics (LIPIcs), Dagstuhl,
Germany, 2016, Schloss Dagstuhl-Leibniz-Zentrum fuer Informatik, pp. 79:1-79:13,
doi:http://dx.doi.org/10.4230/LIPIcs.ICALP.2016.79.

. Buratov, A dichotomy theorem for constraint satisfaction problems on a 3-element set,

Journal of the ACM, 53 (2006), pp. 66-120, doi:10.1145/1120582.1120584.

Buratov, A. KROKHIN, AND P. JEAvONS, Classifying the Complexity of Con-
straints using Finite Algebras, SIAM Journal on Computing, 34 (2005), pp. 720-742,
doi:10.1137/S0097539700376676.

. A. BuraTov, Complexity of conservative constraint satisfaction problems, ACM Transac-

tions on Computational Logic, 12 (2011), doi:10.1145/1970398.1970400. Article 24.

. O. CHAN, J. R. LEE, P. RAGHAVENDRA, AND D. STEURER, Approzimate constraint satisfac-

tion requires large LP relazations, J. ACM, 63 (2016), pp. 34:1-34:22, doi:10.1145/2811255.

. CoHEN, M. COOPER, P. CREED, P. JEAVONS, AND S. ZIVNY, An algebraic theory of com-

plexity for discrete optimisation, SIAM Journal on Computing, 42 (2013), pp. 1915-1939.

. CoHEN, M. COOPER, AND P. JEAVONS, An algebraic characterisation of complexity for

valued constraints, in CP’06, vol. 4204 of LNCS, 2006, pp. 107-121.
CoOHEN, M. COOPER, P. JEAVONS, AND A. KROKHIN, Supermodular functions and the com-
plexity of Max CSP, Discrete Applied Mathematics, 149 (2005), pp. 53-72.

. COHEN AND P. JEAVONS, The complezity of constraint languages, in Handbook of Constraint

Programming, F. Rossi, P. van Beek, and T. Walsh, eds., Elsevier, 2006, ch. 8.

A. CoHEN, M. C. CoOPER, P. G. JeEavons, AND A. A. KROKHIN, The Complez-
ity of Soft Constraint Satisfaction, Artificial Intelligence, 170 (2006), pp. 983-1016,
doi:10.1016/j.artint.2006.04.002.

. CRAMA AND P. L. HAMMER, Boolean Functions - Theory, Algorithms, and Applications,

Cambridge University Press, 2011.

. CREIGNOU, S. KHANNA, AND M. SUDAN, Complexity Classifications of Boolean Constraint

Satisfaction Problems, vol. 7 of SIAM Monographs on Discrete Mathematics and Applica-
tions, 2001.

. CrEIGNOU, P. KoOLAITIS, AND H. VOLLMER, eds., Complezity of Constraints, vol. 5250 of

LNCS, Springer, 2008.

. DEINEKO, P. JONsSON, M. KrLAsSON, AND A. KROKHIN, The approzimability of Max CSP

with fized-value constraints, Journal of the ACM, 55 (2008), p. Article 16.

. ENE, J. VONDRAK, AND Y. WU, Local distribution and the symmetry gap: Approximability of

multiway partitioning problems, in SODA, 2013, pp. 306-325. Update at arXiv1503.03905.

. FEDER AND M. Y. VARDI, The Computational Structure of Monotone Monadic SNP and

Constraint Satisfaction: A Study through Datalog and Group Theory, SIAM Journal on
Computing, 28 (1998), pp. 57-104, doi:10.1137/50097539794266766.

. FuLLA AND S. ZIVNY, A galois connection for weighted (relational) clones of infinite size,

ACM Trans. Comput. Theory, 8 (2016), pp. 9:1-9:21, doi:10.1145/2898438, http://doi.
acm.org/10.1145/2898438.

. GorTtLOB, G. GRECO, AND F. SCARCELLO, Tractable optimization problems through

hypergraph-based structural restrictions, in Proceedings of ICALP’09, 2009, pp. 16-30.

. HASTAD, Every 2-CSP allows montrivial approximation, Computational Complexity, 17

(2008), pp. 549-566.

. Ipziak, P. MARkKovic, R. MCKENZIE, M. VALERIOTE, AND R. WILLARD, Tractability and

learnability arising from algebras with few subpowers, STAM Journal on Computing, 39
(2010), pp. 3023-3037.

. G. JEAVONS, On the Algebraic Structure of Combinatorial Problems, Theoretical Computer

Science, 200 (1998), pp. 185-204, doi:10.1016/S0304-3975(97)00230-2.

. G. JEavOoNs, D. A. COHEN, AND M. GYSSENS, Closure Properties of Constraints, Journal of

the ACM, 44 (1997), pp. 527-548, doi:10.1145/263867.263489.

. JONssON, M. KLASSON, AND A. KROKHIN, The approzimability of three-valued Max CSP,

SIAM Journal on Computing, 35 (2006), pp. 1329-1349.


http://dx.doi.org/10.1137/130915479
http://dx.doi.org/10.1137/070708093
http://dx.doi.org/http://dx.doi.org/10.4230/LIPIcs.ICALP.2016.79
http://dx.doi.org/10.1145/1120582.1120584
http://dx.doi.org/10.1137/S0097539700376676
http://dx.doi.org/10.1145/1970398.1970400
http://dx.doi.org/10.1145/2811255
http://dx.doi.org/10.1016/j.artint.2006.04.002
http://dx.doi.org/10.1137/S0097539794266766
http://dx.doi.org/10.1145/2898438
http://doi.acm.org/10.1145/2898438
http://doi.acm.org/10.1145/2898438
http://dx.doi.org/10.1016/S0304-3975(97)00230-2
http://dx.doi.org/10.1145/263867.263489

M

V. KOLMOGOROV, A. KROKHIN, AND M. ROLINEK

. JonssoN, F. KUIVINEN, AND J. THAPPER, Min CSP on four elements: Moving beyond

submodularity, in Proceedings of CP’11, 2011, pp. 438-453.

. JONSSON AND G. NORDH, Introduction to the Maximum Solution problem, in Complexity of

Constraints, vol. 5250 of LNCS, 2008, pp. 2565—282.

. KorarTis AND M. VARDI, Conjunctive-query containment and constraint satisfaction, Jour-

nal of Computer and System Sciences, 61 (2000), pp. 302-332.

. KoLMOGOROV, M. ROLINEK, AND R. TAKHANOV, Effectiveness of Structural Restrictions for

Hybrid CSPs, Springer Berlin Heidelberg, Berlin, Heidelberg, 2015, pp. 566-577.

. KOLMOGOROV, J. THAPPER, AND S. ZIVNY, The power of linear programming for general-

valued CSPs, SIAM Journal on Computing, 44 (2015), pp. 1-36.

. KOLMOGOROV AND S. ZIVNY, The complezity of conservative valued CSPs, Journal of the

ACM, 60 (2013), p. Article 10.

. Kozik AND J. OCHREMIAK, Algebraic properties of valued constraint satisfaction problem, in
Automata, Languages, and Programming - 42nd International Colloquium, ICALP 2015,
Kyoto, Japan, July 6-10, 2015, Proceedings, Part I, 2015, pp. 846-858.

. Kozik AND J. OCHREMIAK, Algebraic properties of valued constraint satisfaction problem.
arXiv1403.0476, 2015.

. KROKHIN AND S. ZIVNY, The complezity of valued CSPs. To appear in The Constraint

Satisfaction Problem: Complexity and Approximability, http://www.cs.ox.ac.uk/standa.
zivny /homepage/publications/kz16survey.pdf.
L. LAURITZEN, Graphical Models, Oxford University Press, 1996.

. MARX, Tractable hypergraph properties for constraint satisfaction and conjunctive queries,

J. ACM, 60 (2013), p. Article 42.

. MONTANARI, Networks of Constraints: Fundamental properties and applications to picture

processing, Information Sciences, 7 (1974), pp. 95-132, doi:10.1016,/0020-0255(74)90008-5.

. RAGHAVENDRA, Optimal algorithms and inapprozimability results for every CSP?, in

STOC’08, 2008, pp. 245-254.

. Rossi, P. VAN BEEK, AND T. WALSH, eds., Handbook of Constraint Programming, Elsevier,

2006.

. J. SCHAEFER, The Complexity of Satisfiability Problems, in Proceedings of the 10th An-

nual ACM Symposium on Theory of Computing (STOC’78), ACM, 1978, pp. 216-226,
doi:10.1145/800133.804350.

. SCHRIJVER, Theory of Linear and Integer Programming, Wiley, 1986.
. TAKHANOV, A dichotomy theorem for the general minimum cost homomorphism problem,

in STACS’10, 2010, pp. 657-668.

. THAPPER AND S. ZIVNY, Sherali-Adams relazations for valued CSPs, in Automata, Lan-

guages, and Programming - 42nd International Colloquium, ICALP 2015, Kyoto, Japan,
July 6-10, 2015, Proceedings, Part I, 2015, pp. 1058-1069.

. THAPPER AND S. ZIVNY, The complezity of finite-valued C'SPs, in Proceedings of the 45th

ACM Symposium on the Theory of Computing (STOC’13), ACM, 2013, pp. 695-704,
doi:10.1145/2488608.2488697.

. THAPPER AND S. ZIVNY, The power of Sherali-Adams relazations for general-valued CSPs.

arXiv1606.02577, 2016.

. UppMAN, The Complexity of Three-Element Min-Sol and Conservative Min-Cost-Hom,

in Proceedings of the 40th International Colloquium on Automata, Languages, and Pro-
gramming (ICALP’13), vol. 7965 of Lecture Notes in Computer Science, Springer, 2013,
pp. 804-815.

. UppPMAN, Computational complexity of the extended minimum cost homomorphism problem

on three-element domains, in 31st International Symposium on Theoretical Aspects of
Computer Science (STACS 2014), 2014, pp. 651-662.

. WAINWRIGHT AND M. JORDAN, Graphical models, exponential families, and variational
inferences, Foundations and Trends in Machine Learning, 1 (2008), pp. 1-305.


http://www.cs.ox.ac.uk/standa.zivny/homepage/publications/kz16survey.pdf
http://www.cs.ox.ac.uk/standa.zivny/homepage/publications/kz16survey.pdf
http://dx.doi.org/10.1016/0020-0255(74)90008-5
http://dx.doi.org/10.1145/800133.804350
http://dx.doi.org/10.1145/2488608.2488697

	1 Introduction
	2 Preliminaries
	2.1 Valued Constraint Satisfaction Problems
	2.2 Polymorphisms, Expressibility, Cores
	2.3 Cyclic and symmetric operations
	2.4 Basic LP relaxation

	3 Main Result
	4 Proof of Theorem 22: Reduction to a block-finite language
	5 A graph of generalized operations
	6 Constructing special functions
	7 Proof of Theorem 29
	7.1 Case m=2: proof of Theorem 38(a)
	7.2 Case m3: proof of Theorem 38(b)

	APPENDIX: Proofs for Section 5
	A.1 Proof of Proposition 30
	A.2 Proof of Proposition 31
	A.3 Proof of Theorem 32
	A.4 Proof of Theorem 33(a)
	A.5 Proof of Theorem 33(b)

	References

