View metadata, citation and similar papers at core.ac.uk brought to you by X{'CORE

provided by University of Liverpool Repository

C&d UNIVERSITY OF

& LIVERPOOL

Computational complexity of

approximation of partition functions

Thesis submitted in accordance with the requirements of
the University of Liverpool for the degree of Doctor in Philosophy by

Colin McQuillan

September 2013


https://core.ac.uk/display/80771394?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1




Contents

[Prefacel v
[Abstract] vii
1__Introductionl 1
|[L1.1  Gibbs measures and partition functions|. . . . . . . . . .. ... ... .. 1
[1.2  Computational complexityl . . . . . . . . ... ... ... L. 2
[1.3  Counting constraint satistaction problems| . . . . . . . . . . ... ... .. 4
(1.4 Expressibility| . . . . ... . 5
[1.5 Background| . . . . . . . ... 6
[1.6 Summary of results| . . . . . . ... 9
[1.7 Layout and notation| . . . . . . .. .. .. ... ... 11
[2  Approximating the partition function of planar two-state spin systems| 15
2.1 TIntroductionl. . . . . . . . . . . 15
2.2 Preliminaries and statement of resultsl . . . . .. .. ... ... ... ... 20
2.3 The Gadget| . . . . . . . . . . 22
2.4  Proofof Theorem .11 . . . . . . . . . . . . . .. ... .. ... ... 42
[2.5  Approximating the log-partition function|. . . . . . . . . .. ... ... .. 95
[3 Approximating Holant problems by winding| 59
3.1 TIntroductionl. . . . . . . . . .. 59
3.2 Prelimiparies . . . . ... .. .. 65
B.3— FEven-windable functiond . . . . . ... ... ... ... ... ... 68
3.4 Windable functions| . . . . . . . . ... o 79
[3.5  Strictly terraced functions| . . . . . . ..o 80
3.6 Proofs of TheoremId.1land Theorem 3.4l . . . . . ... .. ... ... ... 88
3.7 Matchings circuits] . . . . . . ... 90
[4 Holant problems with arity three relations, and counting downsets| 99
4.1 Introduction to bounded-degree unweighted #CSPg/. . . . . . . . . . . .. 99
4.2 Expressibility reductions| . . . . . . .. ..o 101
43 Fxact evaluationl . . . . . .. . ... o 101
4.4 Approximate evaluation| . . . . . . ... ..o Lo 110
4.5 Downsets in directed acyclic graphs of maximum degree three| . . . . . . . 117

iii



[6 Degree-two 7#CSPs with variable weights|
B.I Tntroductionl. . . . . . . o oo

5.5 Expressive power of terraced functions| . . . . . . ... ... L.
[5.6  Degree three and higher| . . . . . .. . ... ..o
5.7 A tractable region| . . . . .. ...
[5.8 Infinite sets of variable weights are sometimes necessary| . . . . . . . . ..

[6 The complexity of approximating conservative counting CSPs|

6.3 Balance and weak log-modularity| . . . . . ... ... ... ... ..
6.4 Valued clones, valued CSPs and relational clones| . . . . . ... ... ...

[6.5 STP/MJN multimorphisms and weak log-supermodularity| . . . . . . . ..
6.6 LSM-easiness and #Blb-easiness| . . . . . . . . ... ... ... ...
6.7 Algorithmic aspects|. . . . . . . . . ...

[7 LSM is not generated by binary functions|
.....................................

7.2 Non-negativity of Fourier coetficients| . . . . . . . . . . ... ... .. ...

[7.3 A class containing binary log-supermodular functions|. . . . . . . . . . ..

8 Conclusions|

8.1  Questions for future research| . . . . . . . ... ... 0L

v

121
121
129
135
140
157
158
161
163

165
165
171
173
176
179
183
192

195
195
196
197

199
199

201
201
204

209



Preface

Chapter [2| is joint work with Leslie Ann Goldberg and Mark Jerrum [63]. Chapter |§| is
the full version of joint work with Xi Chen, Martin Dyer, Leslie Ann Goldberg, Mark
Jerrum, Pinyan Lu, and David Richerby [34]. Chapter [7|is based on joint work with
Andrei Bulatov, Martin Dyer, Leslie Ann Goldberg and Mark Jerrum [22]. Some of
the reductions in Chapter ] were shown to the author by Leslie Ann Goldberg and
David Richerby. Everything else is my work, written for my PhD supervised by Leslie
Ann Goldberg. Chapter (3| is based on the manuscript [84]. Chapter [5]is based on the

manuscript [83]. Those citations are:

[22] Andrei A. Bulatov, Martin E. Dyer, Leslie Ann Goldberg, Mark Jerrum, and Colin
McQuillan, The expressibility of functions on the Boolean domain, with applications
to Counting CSPs, J. ACM (2013), To appear; preprint at arXiv:1108.5288 [cs.CC].

[34] Xi Chen, Martin Dyer, Leslie Ann Goldberg, Mark Jerrum, Pinyan Lu, and Colin
McQuillan David Richerby, The complexity of approximating conservative counting
CSPs, STACS, 2013, full version at arXiv:1208.1783 |cs.CC|, pp. 148-159.

[63] Leslie Ann Goldberg, Mark Jerrum, and Colin McQuillan, Approzimating the parti-
tion function of planar two-state spin systems, arXiv:1208.4987 [cs.CC], submitted.

[83] Colin McQuillan, Degree two approximate Boolean #CSPs with variable weights,
arXiv:1204.5714 [cs.CC], submitted, 2012.

|84]

, Approzimating Holant problems by winding, arXiv:1301.2880 [cs.CC], sub-
mitted, 2013.

My PhD research was funded by an EPSRC doctoral training grant, via the Uni-
versity of Liverpool’s Computer Science Department. [22] [34, 63] were supported by
an EPSRC Research Grant “Computational Counting”. Xi Chen was also supported by
NSF Grant CCF-1139915 and Columbia University start-up funds. The work in [22] was
also supported by an NSERC Discovery Grant, and was partially supported by a visit to
the Isaac Newton Institute for Mathematical Sciences, under the programme “Discrete

Analysis”.






Abstract

This thesis studies the computational complexity of approximately evaluating partition
functions. For various classes of partition functions, we investigate whether there is an
FPRAS: a fully polynomial randomised approximation scheme. In many of these settings
we also study “expressibility”, a simple notion of defining a constraint by combining other
constraints, and we show that the results cannot be extended by expressibility reductions

alone. The main contributions are:

e We show that there is no FPRAS for evaluating

Z 312!

independent sets [
on planar graphs, unless RP = NP.

e We generalise an argument of Jerrum and Sinclair to give FPRASes for a large

class of degree-two Boolean #CSPs.

e We initiate the classification of degree-two Boolean #CSPs where the constraint

language consists of a single arity 3 relation.

e We show that the complexity of approximately counting downsets in directed

acyclic graphs is not affected by restricting to graphs of maximum degree three.

e We classify the complexity of degree-two #CSPs with Boolean relations and weights

on variables.

e We classify the complexity of the problem #CSP(F) for arbitrary finite domains

when enough non-negative-valued arity 1 functions are in the constraint language.

e We show that not all log-supermodular functions can be expressed by binary log-

supermodular functions in the context of #CSPs.
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Chapter 1

Introduction

1.1 Gibbs measures and partition functions

We first briefly discuss how the problems considered in this thesis can be seen as a
generalisation of computational problems arising from statistical physics. The book [75]
discusses this connection in more detail.

Iron behaves as a magnet below a certain temperature. This is a statistical effect
of interactions between particles, and the Ising model is a simple model of this effect.
Given a finite graph (V, E'), the Ising model Hamiltonian (with “interaction” or “coupling
constant” 1) is the function H: {—1,+1}" — R defined by H(c) = — > ijer 0i0j- The
value H (o) is the energy of the configuration o. The vertices model particles, and
adjacent particles get a penalty for being in opposite states.

A Hamiltonian can then be converted to a probability measure. For any value 5 > 0
and function H: 2 — R where ) is a finite set, the Gibbs measure is given by the
probability mass function p on € defined by p(o) = %e‘ﬂH (@), Here Z is a normalising
constant Y e PH),

Gibbs measures are important for various related reasons. Most directly, they model
the behaviour of a physical system in a heat bath - see [68]. Here the value of 3 is inversely
proportional to temperature, and the Ising model on suitable graphs displays ferromag-
netism below a certain temperature [75]. Less directly, p is the unique maximiser of
the entropy Y .o —p(0)logp(o) subject to a given mean energy H = Y o p(0)H (0);
the value of 3 depends on H. According to the principle of maximum entropy (again,
see [68]), the Gibbs measure is the correct guess for the distribution of a system with a
specified mean energy.

The normalising constant Z is called the partition function. As we will mention in
Section the computational problem of computing Z is often related to the problem
of approximately sampling from the Gibbs measure. The behaviour of Z also determines
thermodynamic quantities such as H = fg—g.

For the problems considered in this thesis, the important features of the Ising model
are that the configuration o is a vector of local configurations in some finite domain, and

that the energy is a sum of energies with a simple form. We will nearly always work with

1



the weights exp(—/SH (o)) rather than energies H (o). This eliminates /3, simplifying the
description of computational problems, and also allows zero weights without having to

talk about infinite energies. So for our purposes, a partition function is an expression of

> ] Felo).

o: VD k

the form

For example, this expression specialises to the Ising model partition function described
above, as follows: set D = {—1,1}, take the product to run over all edges k = ij, and
set Fj(0) = e Poi.

1.2 Computational complexity

We can consider the partition function for the Ising model as a computational problem
f: X" = Ry>o, taking a string encoding a graph to the partition function of the Ising
model on that graph (fixing 8 > 0, for simplicity). Jerrum and Sinclair [71] gave a
type of approximation algorithm for this problem, called a fully polynomial randomised
approximation scheme (FPRAS).

A randomised approximation scheme for f: ¥* — R>( is a randomised algo-
rithm that when given an input w and error parameter £ > 0, outputs a random value ¢
satisfying

Pr(e ™ f(w) < g < ¢ f(w)) >

=~

A randomised approximation scheme is a fully polynomial randomised approxima-
tion scheme (FPRAS) if it runs in time polynomial in e~! and the length |w| of w.

I can be specified as a positive integer

To represent the error parameter and outputs, e~
in binary, and the output can be specified as a ratio of binary integers.

For other problems, such as the anti-ferromagnetic Ising model, it is known that there
is an FPRAS if and only if the complexity classes RP and NP are equal. A goal of this
thesis is to classify which problems have an FPRAS under various assumptions.

The notion of an FPRAS is quite robust. The number 3/4 can be amplified to 1 —§
using O(log d~1) trials and taking the median [73, Lemma 6.1]. For typical problems
the dependence on ¢ is also not important because partition functions are multiplicative:
taking k disjoint copies of the input raises the partition function to the power of k, and
given ¢ satisfying e 2% < ¢ < eZF we know ¢'/* satisfies e=¢/k¥Z < ¢'/k < /b7,
However, as we discuss in Chapter [2] this argument fails for logarithms of partition
functions.

Following [46], we will study computational problems by trying to find approximation-
preserving reductions (AP-reductions) between them. The justification for studying these
reductions is that if there is an AP-reduction from f to g, and g has an FPRAS, then f
also has an FPRAS. The following definition is a modest generalisation of the definition

given in [46], which was restricted to problems in #P.



Let f,g: ¥* — R>p. An AP-reduction A from f to g is a probabilistic oracle
Turing machine E| satisfying the following requirements. (i) A takes inputs (w,e) where
w € ¥* and € > 0. The run-time of A is polynomial in |w| and ! and the bit-size of the
values returned by the oracle (this avoids requiring the oracle to give concise responses).
(ii) The oracle calls made by A are of the form (v, ), where v is an instance of g and
§ > 0 is an error parameter, such that |v| and §~! are bounded by a polynomial in |w]|
and e~! (depending only on \A). (iii) If the oracle’s outputs meet the specification of a
randomised approximation scheme for g, then A is a randomised approximation scheme
for f.

If there is an AP-reduction from f to g we write f <ap g. We will say that f is
AP-equivalent to g, written f =ap g, whenever f <ap g and g <ap f. (In [46] this
relation is called AP-interreducibility.)

When discussing FPRASes for a problem, it makes sense to also discuss exact evalua-
tion. For exact evaluation, the challenge is to classify each problem as either being in FP
or being #P-hard. For example, [71] showed that a version of the problem of evaluating
the Ising partition function is #P-hard.

The notion of #P-hardness was introduced in [97]. In this thesis, FP means the
set of functions that can be computed by a polynomial-time algorithm. #P is the set
of functions g: ¥* — N such that there is a non-deterministic polynomial-time Turing
machine that has exactly g(w) accepting paths when given an input w. A problem f is
#P-hard if for each g € #P there is a polynomial-time Turing reduction from g to f.
A problem is #P-complete if it is in #P and is #P-hard. Apart from in Chapter [4 the

problems we consider usually take non-integer values, so are not in #P.

1.2.1 #BIS, #PM, #SAT

Our results will often be stated in terms of AP-reductions to or from one of the following

problems.

Name. #BIS
Instance. A bipartite graph G.
Output. The number of independent sets in G.

Name. #PM
Instance. A graph G.
Output. The number of perfect matchings in G. (A perfect matching of a graph is a set

M of edges, such that every vertex is incident to exactly one edge in M.)

Name. #SAT
Instance. A Boolean formula ¢ in conjunctive normal form.

Output. The number of satisfying assignments of ¢.

' A probabilistic oracle Turing machine (POTM) is a randomised algorithm that can make oracle
calls. There is some freedom in the type of oracles allowed; for concreteness we can use restricted RAS
oracles [8] but allow rational outputs.



All these problems are #P-complete: see [85] for #BIS, and [97] for #PM and #SAT.
It is known that #SAT has an FPRAS if and only if RP = NP: see for example the
remarks in [46] and [69]. There are easy AP-reductions #BIS <ap #SAT and #PM <ap
#SAT, and no other reduction between these problems is known. However, there are

many reductions involving other problems.

Ezample 1.1. A downset in a partially ordered set (P, <) is a set X C P such that for all
x,y € P with x <y and y € X, we have x € X. #Downsets is the problem of counting
downsets in a partially ordered set, specified explicitly by a set P and a set (=) C P x P.
Then #Downsets =sp #BIS [40]. o

Ezample 1.2. In [59] it is shown that #PM is AP-equivalent to computing the partition
function of the Ising model with negative weights in a certain sense: for any fixed rational
A € (—1,0), #PM is AP-equivalent to the problem of computing

S T Aot

o: V—={0,1}ijek

given a graph (V, F) as input. (This sum happens to always take non-negative values.) ¢

1.3 Counting constraint satisfaction problems

A #CSP (counting constraint satisfaction problem) is the computational problem of
evaluating certain partition functions. For any finite set D, a weight-function on D is
a function f: D¥ — Rsq for some arity k > 0. A (weighted) constraint language F
is a set of weight-functions on a finite domain D. A constraint over F on a finite set
V is a pair ((v1,...,vx), F') where v1,...,v € V and F' is an arity-k function in F. For

any finite constraint language JF, define a problem

Name. #CSP(F)
Instance. A set of variables V and a list C' of constraints over F on V.
Output. The partition function

ZV,C: Z WtV,C(O')
o: V=D

where

wty (o) = F(o(v1),...,0(vg))-
<(U1,...,Uk),F>EC

To neaten the notation we will drop curly braces and use commas to denote unions of
constraint languages, so #CSP(F U {F1,..., Fx}) can be written #CSP(F, F1,..., Fy).
Note that we only define F for finite constraint languagesﬂ so there is no ambiguity

about how elements of F are represented as input.

2We do not use the convention that the phrase “constraint language” means a finite set.



To capture the problem of computing the partition function of the Ising model on
multigraphs (for a fixed 3 > 0), we take D = {—1,1} and let F = {F'} where F': D?> — R
is defined by F(z,y) = e~ ?*¥. Given a multigraph (V, E), we can construct a #CSP(F)
instance with variables V" and a constraint ((, j), F') for each edge ij. Conversely, given
a #CSP(F) instance (V,C) we can construct a multigraph with vertices V' and an edge
ij for each ((i,7), F). In both cases the partition function of the Ising model matches
the partition function of the #CSP.

An important special case is when the constraint language consists of relations
R C D¥, which we can consider as functions D¥ — {0,1} by taking the characteris-
tic function. A set of relations is called an unweighted constraint language. For
finite unweighted constraint languages I', the problem #CSP(I') can be described as
the problem of counting the number of configurations o: V' — D that are satisfying

assignments, that is:
(o(v1),...,0(vg)) € R for all {(v,...,v;),R) € C.

For example, letting NAND = {(0,0), (0,1),(1,0)}, the problem #CSP(NAND) cor-
responds to counting independent sets in multigraphs, using the same translations as for
the Ising model: the satisfying assignments are the characteristic functions of indepen-
dent sets.

Apart from Chapter|6] in this thesis we will use the Boolean domain D = {0,1}. We
will study #CSPs as defined above, but we also use #CSPs as a convenient framework for
describing computational problems. In particular we will focus on degree-two #CSPs:
the restriction of a problem of the form #CSP(F) to instances where every variable is
used at most twice. Certain constraints have the effect of breaking the degree bound;
see for example Lemma This means that restricting the degree of instances gives a
more general class of problems, in a sense.

The restriction to read-twice #CSPs, where every variable appears exactly twice,
gives the class of Holant problems. E] These have useful algebraic properties that allow
reductions called holographic reductions [32, 99]. Holant problems are often described
in terms of the dual constraint graph: the multigraph whose vertices are constraints and
with an edge cc’ for each variable whose two occurrences are in the constraints ¢ and ¢
In this way Holant problems are similar to problems such as #PM, where edges can be
seen as variables, and each vertex enforces a constraint (that exactly one incident edge

is in the matching).

1.4 Expressibility

Expressibility is a limited notion of reduction between computational problems like

#CSPs. The idea is that constraints can be combined to simulate a new weight-function

3The author learnt this CSP definition of Holant problems from [I0T], Proposition 9.2].



F: DY — Rxg of the form

F(O’) = Z F(UI(’Ul),...,O'/(Uk))

o’ {(v1,...,u),FyeC

where C is a list of constraints on a variable set V D U, and o is a configuration U — D,
and the sum ranges over extensions of o to o’ € DV,

If C only uses functions from a set F, we say F' is pps-definable over F. In this case
there is an AP-reduction #CSP(F U {F'}) <ap #CSP(F) [22, Lemma 17]. This gives
a reduction, which we will call an “expressibility reduction”. Throughout this thesis we
will try to show that our results cannot be extended by a reduction of this type.

There are variants of pps-definability allowing certain limits [22]. To study degree-
two #CSPs we need a notion of expressibility with degree restrictions. In each case the
important property is that we get an expressibility reduction between relevant £CSP-like

problems.

1.5 Background

To place the results of this thesis in context, we will briefly describe relevant previous

results.

1.5.1 Spin systems

Two-state spin systems are a generalisation of the Ising model to an arbitrary vertex
function ¢: {0,1} — Rx( and edge function @: {0,1}?> — Rsq satisfying $(0,1) =
©(1,0). (These can be normalised by setting ¢(0) = $(0,1) = 1.) The partition function
on a graph (V, E) is

Z= ). <H w(a(v))> ( I1 SD(G(U),U(U))> :

o: V—={0,1} \veV weE

For fixed (p,%) we can then study the problem of evaluating Z. There is an al-
most complete classification of the complexity of approximating the partition func-
tion of antiferromagnetic (©(0,0)p(1,1) < $(0,1)%(1,0)) two-state spin systems on
general and bounded-degree graphs. We review these results in more detail in Chap-
ter 2l An important special case is that there is an FPRAS for counting indepen-
dent sets in graphs of maximum degree five due to Weitz [100] (in fact, a deterministic
FPRAS), but no FPRAS for counting independent sets in regular graphs of degree six
unless RP = NP [02]. Note that we get the number of independent sets by setting
2(0) = (1) = 3(0,0) = 7(0,1) = B(1,0) = 1 and B(1,1) = 0.

In a different direction, the Potts model generalises the Ising model to larger sets
of states than just {—1,1}, while the Tutte polynomial generalises the Potts model to

a two-variable polynomial. The computational complexity of evaluating these partition



functions has been studied [59, [61, 62]. In particular Goldberg and Jerrum [62] deter-
mined the computational complexity of evaluating some points of the Tutte polynomial

on planar graphs.

1.5.2 Sampling and Markov chains

In [73] it is shown that for the class of “self-reducible” problems, counting and sampling
are related: there is an FPRAS for a problem if and only if there is an algorithm that
samples from the Gibbs distribution, to within exponentially small error.

The FPRAS for the ferromagnetic Ising model in [71] mentioned earlier uses this ap-
proach, together with a rapidly converging Markov chain for sampling. (Though because
they used a transformation called the high-temperature expansion, they did not sam-
ple from configurations o: V' — {—1,1} but from spanning subgraphs X C E.) They
then bounded the mixing time using an analysis we will refer to as the cycle-unwinding
canonical paths argument.

Another important type of Markov chain analysis is the path coupling technique
(which we use for Theorem [5.16). There are also examples of FPRASes that do not
use Markov chain techniques: see Karp and Luby’s algorithm for #DNFSAT [74], and

Weitz’s algorithm mentioned above.

1.5.3 #CSP and Holant classifications

There have been several results on the problem #CSP(F). For exact evaluation there is
a dichotomy into FP and #P-hard even for arbitrary finite domains, even if we allow the
functions in F to take complex algebraic values [23]. We will say a bit more about the
history of exact evaluation of #CSPs in Chapter [0, where we study the approximation
evaluation of #CSPs with no extra restrictions.

For approximate evaluation, there is a trichotomy for all (finite) unweighted con-
straint languages I" on the Boolean domain: the problem #CSP(I") can either be eval-
uated exactly in polynomial time, or is AP-equivalent to #BIS, or is AP-equivalent to
#SAT [48]. A similar trichotomy was given for degree-six #CSPs in [51] under the
assumption {(0)},{(1)} € I, with partial results for degree-three #CSPs.

There are several results on exact and approximate evaluation of Holant problems.
Holant problems are often studied allowing complex-valued weight-functions (called sig-
natures in this context).

There is a dichotomy for the complexity of exactly evaluating Holant®(F), which is
Holant(F) where all arity 1 complex-weighted constraints are allowed [27]. (Similarly
to the conservative CSPs mentioned below.) Other work on exact evaluation of Holant
problems has focussed on symmetric functions, so F'(x1,...,x;) only depends on =1 +
-+ + xp; see [31L [66] for recent results.

Yamakami [I03] studied the approximation complexity of Holant™(F') (referring to it

as #CSP35) where F is in a certain set of arity 3 functions. The conclusion is that each



problem can either be evaluated exactly in polynomial time or is #P-hard to approximate.

In the same setting there are results for higher degree bounds [101], T02].

1.5.4 Decision and optimisation

Given a set I' of relations on a finite domain D, CSP(T") is the problem of recognising
which instances of #CSP(I") have a satisfying assignment. It is an open problem to
classify the complexity of CSP(T"), but there is a dichotomy into polynomial-time and NP-
complete problems when |D| is three [18]. Bounded-degree Boolean CSPs were studied
by Feder [52] and Dalmau and Ford [4I]. We will use Feder’s ideas in Chapter [f]

Given a set ® of functions f: D¥ — QU {+oc}, the problem VCSP(®) (“valued

CSP”) is the optimisation problem of minimising

Z f(a(vl)v""g(vk))

((v1,...,0),F)

over functions o: V' — D, given a set of variables V' and a list of constraints C using ®.
This gives a generalisation of CSPs.

This is similar to a #CSP but with addition replaced by minimisation and multipli-
cation replaced by addition; a valued CSP can be thought of as the problem of finding
the configuration of maximum weight, or minimum energy. We will use this connection
in Chapter [0]

The set of functions that can be expressed by a CSP or valued CSP has a useful dual
description in terms of inequalities called weighted polymorphisms [37]. No such duality
is known to exist for #CSPs. Analogous inequalities do however turn out to be useful

for studying #CSPs in some cases — we use this connection in Chapter [6]

1.5.5 Conservative constraint languages

For both CSPs and VCSPs, the conservative case has been completely classified. In
a conservative CSP, all arity 1 relations are allowed. In a conservative valued CSP
or #CSP, all non-negative arity 1 functions are allowed. (Formalising this with finite
constraint languages requires a bit of circumlocution.)

Bulatov et al. [22] gave a classification of Boolean conservative #CSPs. An inter-
esting case is when every function F': {0,1}" — R>( in the constraint language F is

log-supermodular:
FxVy)F(xANy)> F(x)F(y) for all x,y € {0,1}"

where xVy and xAy are the joint and meet respectively, defined by (xVy); = max(z;, y;)
and (x Ay); = min(z;,y;) (1 <i<n).

In this case, either #CSP(F) is in FP or there is a finite set S of non-negative arity 1
functions such that #BIS <ap #CSP(F U S) (we import this result as Proposition [5.8)).



But it is not known whether #BIS =sp #CSP(F U S). It is known that any function
that can be pps-defined by log-supermodular functions is log-supermodular.

Bulatov introduced the name “conservative” and gave a dichotomy for conservative
CSPs [17]. Kolmogorov and Zivny established a dichotomy for conservative valued CSPs
[77]. (Because the definitions of conservativity are different, the conservative valued

CSP dichotomy does not generalise the conservative CSP dichotomy.) We will discuss
the VCSP result more in Chapter [6]

1.6 Summary of results

This section gives a brief summary of the thesis. We will focus here on stating the most
important consequences with as few preliminaries as possible rather than giving the most
powerful or general statements. In particular, this means we do not state explicit criteria
in classifications. We will also mention only the most relevant previous work for context,

leaving a fuller discussion for the introductions to each chapter.

Approximating the partition function of planar two-state spin systems

In Chapter [2] we show there is no FPRAS for evaluating

Z 312!

independent sets ICV

on planar graphs, unless RP = NP. The result extends to other two-state spin systems.
We use a “contour” argument, which is a classic argument in statistical physics but is
used here to analyse a gadget. There is relevant previous work on spin systems on not-
necessarily-planar graphs by Sly and Sun [93], and on the Tutte polynomial on planar
graphs [62], but we study the case of spin systems on planar graphs.

We also show a striking feature of these spin systems on planar graphs: there is a
polynomial-time randomised approximation scheme for the logarithm of the partition

function.

Approximating Holant problems by winding

In Chapter [3] we generalise the canonical paths cycle-unwinding argument of Jerrum and
Sinclair [71] to Holant problems using “windable” functions, and show that this gives an
FPRAS for functions that are additionally “strictly terraced”. Both of these classes are
closed under a natural notion of expressibility.

A consequence is that there is an FPRAS for the following problem.

Name. #ParityNAE
Instance. A multigraph G in which each vertex is labelled Even, Odd, or NAE
Output. The number of subsets F' C E(G) such that:

e cach Even vertex has an even number of incident edges in F'
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e ecach Odd vertex has an odd number of incident edges in F’

e each NAE vertex has at least one incident edge in F' and at least one incident
edge in E(G) \ F

The most relevant previous work is that of Jerrum and Sinclair [71].
We then ask whether windability is the same as expressibility by “matchings circuits”,
a natural notion of expressibility for #PM, and give a positive answer for functions of

arity three.

Holant problems with arity three relations, and counting downsets

In Chapter [4] we initiate the classification of Boolean degree-two #CSPs (and Holant
problems) where the constraint language consists of a single arity three relation. We
relate many problems to #PM, #BIS and #SAT. The most relevant previous work is
the study of bounded-degree #CSPs in [51], which looked at degrees greater than two.

Even the complexity of exact evaluation does not seem to have been previously pub-
lished. We give a dichotomy in FP and #P, for degree-two #CSPs and Holant problems
with finite unweighted constraint languages using relations of arity at most three. The
proof is an application of a dichotomy for real-weighted symmetric constraints due to
Huang and Lu [67].

We also show that counting downsets in directed acyclic graphs of maximum degree
three is AP-equivalent to #BIS.

Read-twice #CSPs with variable weights

In Chapter [5 we study the complexity of degree-two #CSPs with a finite unweighted
constraint language I' and “variable weights”, a #CSP analogue of edge weights for

perfect matchings:

Name. #CSPZ)(T)
Instance. A tuple (V,C,w) where:

e 1/ is a finite set of variables.

e (' is a finite set of constraints over I on V such that each variable v € V is

used at most twice in C'

e w is a function from V to Q>¢ x Q>0, where rationals are specified as ratios

of binary integers.
Output. The sum of [],cy w(v)g() over satisfying assignments x: V' — {0,1} of C,
where we index the pair w(v) from zero: w(v)x(,) denotes the first element of w(v)

when x(v) = 0, and the second element when x(v) = 1.

For example the problem #CSPZ9(PMs) with PMs = {(0,0,1), (0,1,0), (1,0,0)} cor-
responds to counting perfect matchings in cubic multigraphs with non-negative rational

edge weights specified in binary (except that we allow “edges” of order one).
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The main result is that for each I', the problem #CSPEg(I‘) is either in FP, or
#PM <ap #CSPZI(T), or #BIS =ap #CSPZY(T). So assuming neither #BIS nor #PM
have an FPRAS, there is no FPRAS for any_problem #CSPEg(F), except when there is
an exact algorithm. -

Related previous results, mentioned in Section[I.5.3] are the trichotomy for degree-six
#CSPs, the dichotomy for ezact evaluation of Holant* problems, and partial results for
approximate evaluation of Holant™ problems.

We also give partial results for weighted constraint languages, leaving open the possi-
bility that some degree-two #CSPs with variable weights for constraint languages using
“terraced basically binary” functions could have an FPRAS even if #PM and #BIS do
not. We show that this class is closed under a natural notion of expressibility, which

shows that the classification cannot be extended by expressibility reductions.

The complexity of approximating conservative counting CSPs

In Chapter [6] we give a classification for conservative #CSPs with an arbitrary finite
domain. As mentioned previously, conservative #CSPs are awkward to formalise. So
the following description of results is slightly imprecise, with formal statements given in
Chapter [6]

We show that each problem is either in FP or admits an AP-reduction from #BIS.
We further sub-divide the #BIS-hard case, by showing that each problem either AP-
reduces to a Boolean log-supermodular #CSP, or is AP-equivalent to #SAT. Finally,
we give a full trichotomy for the arity-2 case, where each problem is either in FP, or is
AP-equivalent to #BIS, or is AP-equivalent to #SAT.

The most relevant previous works are the classification of (approximating) conserva-
tive Boolean #CSPs by Bulatov et al. [22], and the dichotomies for exact evaluation of
#CSPs which we will discuss in Chapter @ and Kolmogorov and Zivny’s classification
of conservative VCSPs [77].

LSM is not generated by binary functions

In Chapter [7] we show that binary log-supermodular functions cannot pps-define all arity
four log-supermodular functions in the setting of #CSPs. Zivny, Cohen, and Jeavons
studied the expressibility of binary submodular functions in the setting of valued CSPs.
In particular they showed that binary submodular functions do not express all arity four

submodular functions in that setting.

1.7 Layout and notation

The chapters can be read independently for the most part, with a few dependencies:

e the study of arity three relations in Chapter [4] uses results from Chapter the
definition of windable functions, Theorem [3.4 Theorem and Theorem
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e the study of degree-two Boolean #CSPs with variable weights in Chapter [f] refers
to Proposition (in the discussion) and Lemma [1.15]

e Chapter [7] relies on the definition of functional clones given in Chapter [f]

Except in Chapter @ the domain D is always {0,1}. We defined Holant problems as
read-twice #CSPs. But in Chapter [3] we use an alternate definition in terms of annotated
graphs we call circuits. This allows us to use the language of graph theory throughout
that chapter.

In Chapters [6] and [7] the input to a #CSP is specified as a pps-formula, using atomic
formulas F(v1,...,v;) instead of constraints ((v1,...,v), F'). This is just a notational
difference, matching the conventions in [22] and [77]. (Pps-formulas are essentially the
same as the N-formulas defined in[5.2.1])

There are some common definitions mentioned below, and each chapter uses some

additional specialised definitions.

1.7.1 Indexing

For Chapters [3] to [5] it is very useful to consider relations and weight-functions defined
using {0, 1} instead of {0, 1}*, for finite sets J. We consider {0,1}* and {0, 1}11*} to
be the same (here k£ > 0).

This does not change the definition of #CSP(F): by definition, constraint languages
exclusively use standard weight-functions, that is, weight-functions defined on {0, 1}* for
some non-negative integer k. Chapter [3| also uses a special notation “{0,1}¥T/” — see
Section [3:2] However, Chapters [6] and [7] exclusively use standard weight-functions.

Ifx € D" andy € D™ (n,m > 0) then (x,y) denotes the concatenation (x1,...,Zn, Y1, ., Ym),
which is an element of D"+ However, if x € D! and y € D” for some disjoint finite
sets I, J, we let (x,y) denote the unique common extension of x and y to a configuration
of TUJ.

The Cartesian product R x S of relations R C D™ and S C D™ (n,m > 0) is
{(x,y) | x € R,y € S} C D"*™. The Cartesian product of relations R C D!, § C D’
when I and J are finite sets, is also defined as {(x,y) | x € R,y € S}, which is then a
subset of DY/,

1.7.2 Common definitions

We use the convention that N is the set of non-negative integers, including zero. As usual,
Z,Q, Q>0, R, R>g, C denote the sets of integers, rationals, non-negative rationals, reals,
non-negative reals, and complex numbers respectively.

We will always write A C B and A ; B to denote subsets and proper subsets
respectively, avoiding the contested notation C. However, we will also write A C B
when it is obvious that A cannot be B, specifically when A is declared to be finite and
B is declared to be infinite. The restriction of a function o to a set X is denoted ol|x

throughout, except in Chapter [2| where it is denoted o(X) (so that vertical lines can be
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reserved for conditional probabilities). We will implicitly identify subsets R C S with
their characteristic function R: S — {0,1}, but to help make the definitions clearer in
Chapter [3| we write the characteristic function in boldface.

Here are some other definitions that are useful in more than one chapter.

A copy of F': {0,1}/ — Qg is a function G: {0,1}f — Qs of the form G(x) =
F(x o) for some bijection 7: J — I (here x € {0,1}/, so x o7 € {0,1}”). In other
words, we permute the variables. For all F': {0,1}/ — Qx, define AF: {0,1}/ — Qs
by (AF)(x) = AF(x). A constant multiple of F' is any function of the form AF.

Define x @y € {0,1} by (x @ y); = 2; + y; (mod 2). For all x € {0,1}’ define
xc{0, 1}/ by =1— ;.

We denote the all-zeros configuration of a finite set V' by 0, and the all-ones con-
figuration by 1. We give common relations a name: EQ, = {0,1} C {0,1}*, NEQ =
{(0,1),(1,0)}, PINg = {(0)}, PIN; = {(1)}, NAND = {(0,0),(0,1),(1,0)}, OR =
{(0,1),(1,0),(1,1)}, IMP = {(0,0),(0,1),(1,1)}, and PM3 = {(0,0,1),(0,1,0),(1,0,0)}.
The pinning of a weight-function F': {0,1}7 — Q>0 by p € {0,1} (I C J) is the
weight-function F(p,-): {0,1}/\ — Qs defined by (F(p,-))(x) = F(x,p).

For any list C' of constraints, the degree degq(v) of a variable v is the number
of times it is used in total in C. Note that variables can be used multiple times in a
constraint. For example, a constraint ((x,y,y), R) contributes two to the degree of y. Let
#CSP (") denote the restriction of #CSP(I") to instances in which every variable has
degree at most d. (A more general class of problems #CSPW (F) is defined in Chapter )

IMconj is the set of relations that can be written as a conjunction of implications
(which in this context become less-than-or-equal relations) and constants. For example
the relation {x € {0,1}* | 21 < x5 < w3 and x5 = 1} is in IMconj. A relation R C
{0,1}* is affine if for all ,,z in R the configuration x @ y ® 2z € {0,1}*, defined by
(x®y®z)i=x;+yi + 2 (mod2) for all 1 <i <k, is also in R. We denote the set of
all log-supermodular weight-functions by LSM.

For all F: {0,1}7 — Qs0, we define F': {0,1}7 — Qso by F(x) = F(X) (for all
x € {0,1}7). For all FG: {0,1}7 — Qx, we define FG by (FG)(x) = F(x)G(x) (for
all x € {0,1}”). In particular, FF: {0,1}Y — Q¢ satisfies (FF)(x) = F(x)F(X). In
Chapter [7| we also denote F'F' by F*.

For any matrix T € R?*? where R is Q>0, Q, R>g, R or C (or more generally any
semiring), and any F: {0,1}/ — R where J is a finite set, define 7%’ F: {0,1}’ — R by

(T*F)(z) = ) <H TZ“%) (z € {0,1}).

ye{0,1}/ \ieJ

Here the rows and columns of T" are considered to be indexed by {0,1}.
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1.7.3 AP-reduction compatibility

Some of the papers we cite use a different definition for AP-reductions, where an AP-
reduction may assume the oracle provides integers. For example, [48, Theorem 3| gives
(among other things) a reduction A from #BIS to #CSP(IMP). But that reduction is
not guaranteed to be an AP-reduction in our sense, because A is only proved correct
under the assumption that the oracle always provides an integer.

Throughout the thesis, we will cite reductions such as #BIS <ap #CSP(IMP) with-
out mentioning the difference in definitions. To justify this we need to show that oracle
calls can be adapted from providing rationals to providing integers. A similar argument
is given in the proof of [46, Theorem 3].

We are given a POTM A which satisfies all the requirements of an AP-reduction
from some function f to an integer-valued function g, under the extra assumption that
the oracle always returns an integer. We modify A in the following way to give an
AP-reduction f <ap g.

To simulate any oracle call (v,d), with 0 < § < 1/2 say, we call the real oracle with
(v,0/16) and return a nearest integer to the result g. Denote this integer by [¢], and
denote g(v) by Z. With probability 3/4 we have e~%/32Z < q < €9/32Z. There are then
two cases. If Z < 8/6 then Z(1 — e~9/32) and Z(e%/32 — 1) are each less than 1/2, so
Z—-1/2<q<Z+1/2. 1fZ>8/5then ¢ >4/5,s0 e %?q<q—1/2<[q] <q+1/2<
65/2q. In either case e °Z < [q] < .



Chapter 2

Approximating the partition
function of planar two-state spin

systems

(This chapter consists of [63] with a modified introduction, and with references changed
to the published version of [104].)

We consider the problem of approximating the partition function of the hard-core
model on planar graphs of degree at most 4. We show that when the activity A is
sufficiently large, there is no fully polynomial randomised approximation scheme for
evaluating the partition function unless NP = RP. The result extends to a nearby region
of the parameter space in a more general two-state spin system with three parameters.
We also give a polynomial-time randomised approximation scheme for the logarithm of

the partition function.

2.1 Introduction

A spin system is a model of particle interaction on a graph, generalising the Ising model.
Every vertex of the graph is assigned a state, called a spin. A configuration assigns a
spin to every vertex, and the weight of the configuration is determined by interactions
of neighbouring spins.

In this chapter, we consider the following two-spin model, which applies to spin
systems on a graph G = (V,E). The model has three parameters, 5, v and A. It
is easiest to view these as non-negative rationals for now — we will be slightly more
general later. A configuration o: V(G) — {0,1} is an assignment of the two spins “0”
and “1” to the vertices in V. The configuration o has a weight wg (o), which depends
upon 3, v and \. Let b(c) denote the number of edges (u, v) of G with o(u) = o(v) = 0,
let ¢(o) be the number of edges (u,v) of G with o(u) = o(v) = 1 and let ¢(o) be the
number of vertices u of G with o(u) = 1. Then wg(o) = BYP)44@IN\) where here and

throughout the chapter we use the convention that 0° = 1. The partition function of the

15
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model is given by

Zsan @)= Y walo),

o:V(G)—{0,1}

Two important special cases are
e the case § =1, v = 0, which is the hard-core model, and
e the case § =+, which is the Ising model.

The hard-core model [5] is a model of a gas in which vertices are either occupied by a
particle (in which case they have spin 1) or unoccupied (in which case they have spin 0).
The particles cannot overlap and adjacent vertices are close together, hence v = 0. The
Ising model is a model of ferromagnetism. In this chapter we study the hard-core model

and a region of nearby two-state spin systems.

2.1.1 Previous work

The partition function factorises in the following way when vy = 1. We have wg(o) =

B0(0)=c(@) \U) for any configuration o, and

b(o)—clo) = Y deg(v)/2— D deg(v)/2

v:o(v)=0 v:o(v)=1
where deg(v) denotes the degree of a vertex v. So Zg, » is

Z /Bzv:o'(v):o deg(v)/Q_Zv:o'(v):1 deg(v)/Q)\é(o) — H (ﬁdeg(v)/2 + A/B_ deg(v)/z),
o:V(G)—{0,1} veV(G)

which is easy to evaluate.

In other cases, the complexity of evaluation has been studied in detail. When A =1,
the problem of computing the partition function on planar A-regular graphs is called
Pl-Hola(a,b) in [30], where a corresponds to 5 and b corresponds to 7. There is a
dichotomy [30, Theorem 1|: for non-negative a,b, the problem Pl-Hola(a,b) can be
computed in polynomial time in the trivial cases ab = 1 and a = b = 0, and in the
case of the Ising model with no external field, a = b. In all other cases the problem is
#P-hard.

A standard transformation extends this dichotomy to arbitrary A > 0. Consider a
configuration o: V(G) — {0,1} of a planar A-regular graph G. Counting the number of
edges adjacent to a “1” spin in two ways, we have Al(c) = 2¢(0)+ (|E(G)|—b(o) —c(0)).
Therefore,

ZgyA(G) = AIE(G”/AZ@\%/A,VM/AJ(G)7

which is as hard to compute as Pl—HolA(ﬁ)\_l/A,v)\l/A). Suppose 8 and v are not
both 0. Unless A = 1, we have either SA™Y/3 £ 4AV3 or BA"1/4 £ 4 AV4 If B~ # 1 then
in either case, we can conclude from above that evaluating Zg, x(G) is #P-hard when

the input G is restricted to be a planar graph of degree at most 4.
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Since the complexity of exactly evaluating the partition function is intractable, much
effort has focussed on the difficulty of approzrimately evaluating the partition function
for a given set of parameters 3, v and .

The complexity of approximating the partition function of the hard-core model and
the Ising model in general (not necessarily planar) graphs is well-understood. The Gibbs
measure is the distribution on configurations o: V(G) — {0,1} in which the probability
of configuration o is proportional to wg(c). This notion of Gibbs measure extends to
certain infinite graphs, for example infinite regular trees, where it may or may not be
unique. For the hard-core model, there is a critical point A\.(A) = (A —1)271/(A —2)2
such that the infinite A-regular tree has a unique Gibbs measure if and only if A < A..
An important result of Weitz [I00] showed that, in every graph with maximum degree
at most A, the correlations between spins in the hard-core model decay rapidly with
distance as long as A < \.. As a result, he gives [100, Corollary 2.8] a fully-polynomial
(deterministic) approximation scheme (FPTAS) for evaluating the hard-core partition
function on graphs of degree at most A for any A < A.. By contrast, Sly and Sun [93]
Theorem 1] (see also the earlier hardness results of Sly [92] and Galanis et al. [55]) show
that, unless NP = RP, there is no fully-polynomial randomised approximation scheme
(FPRAS) on A-regular graphs (for A > 3) for any A > A.(A). Thus, the difficulty of
approximation is resolved, apart from at the boundary A = A.(A).

We say that the two-spin model is ferromagnetic if By > 1 and antiferromagnetic
if By < 1. For the antiferromagnetic Ising model, Sinclair et al. [91, Corollary 1.2]
show that there is an FPTAS for evaluating the Ising partition function on graphs of
degree at most A for any choice of parameters § and A which is in the interior of the
uniqueness region of the A-ary tree. By contrast, Sly and Sun [93, Theorem 2| show
that, unless NP = RP, there is no FPRAS on A-regular graphs (for A > 3) if g and A
are outside the uniqueness region. (So, once again, the situation is fully resolved, apart
from the boundary.) The result of Sinclair et al. [91, Corollary 1.3] extends to general
anti-ferromagnetic two-state spin systems in regular graphs, and also in a somewhat
wider class of graphs.

For general anti-ferromagnetic two-state spin systems, the best positive result that
is known is due to Li, Lu, and Yin [79]. They use a stronger notion of correlation decay
than Weitz, which enables them to obtain an FPTAS, even for graphs with unbounded
degree. They show [79, Theorem 1.2] that for any finite A > 3, or for A = oo, there is
an FPTAS for the partition function of the two-state spin system on graphs of maximum
degree at most A if the parameters of the system are antiferromagnetic, and for every
d < A, they lie in the interior of the uniqueness region of the infinite d-regular tree. By
contrast [79, Theorem 1.3], the results of Sly and Sun imply that, for any finite A > 3,
or for A = oo, unless NP = RP, there is no FPRAS for the partition function of the
two-state spin system on graphs of maximum degree at most A if the parameters of the
system are antiferromagnetic, and for some d < A, they lie outside the interior of the

uniqueness region of the infinite d-regular tree. Thus, the approximation complexity is



18

resolved in the antiferromagnetic case, apart from at the boundaries of the uniqueness
regions. Note that the result of Sun and Sly was independently discovered by Galanis,
Stefankovi¢ and Vigoda [56] for the case A = 1.

The situation is not completely resolved in the ferromagnetic case. Building on
Jerrum and Sinclair’s FPRAS for the ferromagnetic Ising model [71], Goldberg, Jerrum
and Paterson [64] gave an FPRAS for the ferromagnetic two-spin model which applies if
B>~and A < \/W (or, equivalently, if 5 < v and A > m) The approximation
applies without these constraints on the parameters if the input is a regular graph.

For the hard-core model, an important issue which arises in statistical physics is
approximating the partition function for planar graphs, including regular lattices. While
there do not seem to be any other hardness results known for this problem, the complexity
of particular algorithms have been studied. For example, Randall [86] showed that a
particular MCMC algorithm provides a bad approximation on subsets of Z2, because
Glauber dynamics mixes slowly when A > 8.066. (By contrast, results of Restrepo et
al. [87] showed that the mixing time is O(nlogn) when A < 2.3883, and that Weitz’s
algorithm [I00] gives a (deterministic) fully-polynomial-approximation scheme in this
case.) Recently tree decompositions of planar graphs have been used to give FPTASes

for certain partition functions on planar graphs — see [104].

2.1.2 Contribution

Our objective is to determine whether approximating the partition function of the hard-
core model is computationally intractable on planar graphs for sufficiently large A\. It
turns out that this is so. Our main result (see Theorem is that, for a wide range of
two-spin parameters, there is no FPRAS, even for planar graphs with degree at most 4.
The applicable range of parameters includes the hard-core model with A > 312. Thus,
we show that approximation is difficult for this problem (see Corollary .

An interesting difference between the general case and the planar case is that, in
general, it is difficult to approximate the logarithm of the partition function, a quantity
which has physical significance and is called the mean free energy. Sly and Sun (see
the proofs of Theorems 1 and 2 in [93]) showed that there is a fixed ¢ > 1 such that no
algorithm can approximate Zg - (G) within a factor V(&I unless NP=RP. By contrast,
we show (see Theorem that, in the planar case, there is a polynomial-time approxi-
mation scheme for log Zg - 1 (G) (which implies an approximation within a factor V@
since Zg~ A(G) is at most CIV @) for a quantity C' which depends only on 3, v and \).

At a high level, our hardness result is a reduction from the optimisation problem of
computing a maximum independent set in a cubic planar graph G to the problem of
estimating the partition function of a much larger graph, which is constructed from G.
Each vertex of G is represented by a gadget which is a “wrapped” rectangular lattice C),
(see Figure 2.1)). Similar to previous results of Goldberg and Jerrum [60] and Sly [92],
and Sly and Sun [93], we exploit the phase transition of the gadget to enable a reduction

from a hard optimisation problem.
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The optimisation problem from which we start (computing a maximum independent
set in a cubic planar graph) plays a similar role to that of the maximum cut problem
in the reduction of Sly and Sun [93]. However, there is a key difference. Since, as we
discuss below, it turns out that the logarithm of our partition function is efficiently
approximable, it is therefore necessary that the optimisation problem from which we
start is also easy to approximate (otherwise, we would get a contradiction). This means
that our reduction has to be more carefully tuned — the approximation of the partition
function has to allow us to exactly solve the optimisation problem.

A key technical challenge in the proof is to characterise the Gibbs distribution of the
two-spin model on the lattice gadget. We show that the spins of the vertices do exhibit
long-range correlation. In fact, the gadget is almost always in one of two phases. Each
of these phases are equally likely. Also, conditioned on the phase, the spins of certain
vertices along the boundary of the gadget are nearly independent, and their distribution
can be determined. Thus, although there is long-range correlation between spins, all
of the correlation is captured by the phase. Conditioned on the phase, the spins are
not very correlated. The analysis of the Gibbs distribution of the gadget uses contour
arguments adapted from Dobrushin [45] and Borgs et al. [10]. Randall’s slow-mixing
result is also based on contour arguments.

We have described the first step, showing that the Gibbs distribution of this gadget
can be described as a combination of two phases. We now describe how this phase
transition is used to simulate a new two-spin system. The argument is a modification of
how phase transitions are used in previous results such as [60, 92]. Given a cubic planar
graph G, we form a new graph .J’ with one copy of C,, for each vertex of G, adding some
carefully chosen new vertices and edges. The partition function of this new graph can be
written as a sum over choices of a phase for each gadget, up to a small error. For each
choice of phases, we get a term corresponding to a weight of another two-spin system on
G. In this way the partition function Zg_, y(J') can be written as a partition function of
this new two-spin system on G. We then show that an approximation of that partition
function determines the maximum size of an independent set in G, which is NP-hard to
compute.

In statistical physics it is sometimes useful to approximate the logarithm of the
partition function, even when the partition function itself cannot be approximated (for
example, in the situation of Theorem [2.1)). Bandyopadhyay and Gamarnik [3] have
shown how to estimate the logarithm of the partition function of the hard-core model
when A is small and the graph is regular, with large girth. They show that, in this
case, the approximate value does not depend on the graph, given its degree and size!
We give (Theorem [2.3) an approximation scheme for the logarithm of the partition
function which applies to all planar graphs, for sufficiently large A. The algorithm is
based on the decomposition technique that Baker [2] used to give approximation schemes
for optimisation problems on planar graphs. There is a parameter & which is governed

by desired approximation quality. The graph G is decomposed into pieces which are



20

k-outerplanar, and therefore have bounded tree-width. The partition functions of these
pieces can be calculated directly using an algorithm of Yin and Zhang [104]. These are
combined to give the estimate.

Here is a summary of the main arguments in this chapter.

e We characterise the Gibbs distribution of a gadget C|size using contour arguments

(Proposition [2.5)).

e We combine these gadgets to simulate another two-spin system partition function

(Lemma [2.25)).

e A reduction from Max Cubic Planar IS shows that these simulated partition func-

tions are hard to approximate, giving the main result (Theorem .

e We give a PRAS for the logarithm of the partition function using a decomposition

into graphs of bounded treewidth. (Theorem [2.3]).

2.2 Preliminaries and statement of results

In our main result, we will assume that the parameters 5, v and A satisfy the following

conditions.
A>1, B>1>~v>0, By<l1, BAY*<0.238, and vA¥/® < 0.238. (2.1)

Note that these conditions are satisfied by the hard-core model when A > 312 (by setting
B =1and y=0).

The notion of a fully polynomial randomised approximation scheme (FPRAS) is
defined in Section Following [60, 61], we say that a real number z is efficiently
approzimable if there is an FPRAS for the problem of computing z. For fixed efficiently
approximable reals (8, v and A satisfying , we consider the problem of (approxi-
mately) computing Zg, z(G), given an input graph G. In order to make our (negative)
result as strong as possible, we restrict the input G to have degree at most 4 as well as

being planar. Thus, we study the following computational problem.

Name. DegreeFourPlanarTwoSpin(3,~, A).
Instance. A planar graph G with maximum degree at most 4.
Output. The value Zg A (G).

Our main result is the following.

Theorem 2.1. Suppose that B, v and A\ are efficiently approzimable reals satisfying
(2.1). There is no FPRAS for DegreeFourPlanarTwoSpin(3,~, A) unless NP C BPP.

The inclusion NP C BPP would imply NP = RP [76, Theorem 2|. So, for any fixed 3,
~ and A satisfying (12.1)), there is no FPRAS for DegreeFourPlanarTwoSpin(3,~, A) unless
NP = RP.
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Of course, our result has an immediate consequence for the problem of approximating
the partition function in the hard-core model. Thus, Theorem implies Corollary

for the following computational problem.

Name. DegreeFourPlanarHardCore(\).
Instance. A planar graph G with maximum degree at most 4.
Output. The value Z; o \(G).

Corollary 2.2. Suppose that X > 312 is an efficiently approzimable real. There is no
FPRAS for DegreeFourPlanarHardCore(\) unless NP C BPP.

Despite Theorem we show that the logarithm of the partition function can be
approximated. In particular, we study the following computational problem, where, for

concreteness, we use the natural logarithm (to the base e).

Name. PlanarLogTwoSpin(53,~, A).
Instance. A planar graph G.
Output. The value log(Zg 4 (G)).

A randomised approximation scheme is said to be a polynomial randomised approz-
imation scheme or PRAS if, for each ¢, its running time is bounded by a polynomial
in the length of the input. Our result is that there is a polynomial-time randomised

approximation scheme (PRAS) for PlanarLogTwoSpin(83, v, \).

Theorem 2.3. Suppose that B, v and A\ are efficiently approzimable reals satisfying
B>1>~>0and A\ >1. There is a PRAS for PlanarLogTwoSpin(3,, \).

The randomness used by the algorithm promised by Theorem [2.3]is only needed to
approximate the parameters 3, v and A. If these are deterministically approximable,
then the approximation is deterministic.

We will need some notation to refer to the Gibbs distribution of the two-spin model
on a graph G, which is the distribution in which the probability of each configuration
is proportional to its weight. We will use og to denote a random configuration drawn

from this distribution. Thus, for any configuration o: V(G) — {0, 1},
Pr(og =0) = wa(0)/Zs41(G).

(In general, as here, we use boldface for the random variable and normal type for the
values that it takes on.) Finally, given a subset S of V(G) and a configuration o :
V(G) — {0,1}, let o(S) : S — {0,1} denote the configuration induced by o on S.

As mentioned in the introduction, the value of ¢ in the definition is usually not
important. For any graph G, if we denote by k - G the graph composed of k dis-
joint copies of G, then Zg, (k- G) = Zg,A(G)F, Setting k = O(e™!), a constant
factor approximation to Zg, z(k - G) will yield (by taking the kth root) an FPRAS
for DegreeFourPlanarTwoSpin(f3,v, ). Clearly, an approximation within a polynomial
factor would also suffice. Note that the same argument does not necessarily apply to

log-partition functions.
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2.3 The Gadget

We will assume throughout this section that 8, v and A satisfy (2.1)), so we do not keep
repeating this condition in the statement of our lemmas.
The gadget C,, has vertex set V(C,) = Z/2vZ x {0, ...,v}. Vertices (z,y) and (', y')

are adjacent in C, if

e y =y and x = 2’ £1 (where of course, the arithmetic is modulo 2v since x and 2’
are in Z/2vZ), or

er=2'andy=1y9y £1.

Let E(C,) denote the set of edges of C,,. See the leftmost picture in Figure

FIGURE 2.1: Cs, and the vertex subsets Bj 2, and By s.

2.3.1 Goalposts and keyholes

Given a vertex (z,0) € V(C,) and a value m € {0,...,v} let B, ,, be the set containing
the vertices on the rectangular (goalpost-shaped) path at distance m around the terminal.

In particular, let

Bz,m: U {(m—m,j),(a:—j,m),(a:+j,m),(a:+m,j)}.
0<j<m

Again, the arithmetic is done modulo 2v since = € Z/2vZ. See the middle picture in
Figure 2.1}

When m = v, the vertices in {(x —m,j) | 0 < j < m} coincide with the vertices
in {(x+m,j) | 0<j < m} so By, becomes the “keyhole” which is depicted in the
rightmost picture of Figure (for x = 0).

We shall often be working with configurations on gadgets. For convenience the no-

tation o ¢, will be contracted to o, and no confusion should result.
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2.3.2 Parity-0 ones and parity-1 ones

We say that a vertex (z,y) € V(C,) has parity 1 if x + y is odd, and that it has parity 0
otherwise. Suppose that S is a subset of V(C),) and that s € {0,1}. We say that o(S)
has parity-s ones if {(z,y) € S | o(z,y) = 1} is exactly the set of parity-s vertices in S.

2.3.3 Idealised probabilities

Define

p~ = limsup Pr(e,(0,0) =1 | o,(Bo, ) has parity-0 ones), and

V—r00
p” =limsup Pr(o,(1,0) = 1| 0, (By,,) has parity-0 ones).
V—00
The notation p~ is meant to connote that we are looking at the probability of a 1
at a vertex of parity s, conditioned on certain parity-t ones, where s = t; for p5"é we
are interested in s # t. As we shall see later, it will turn out that p= > p7. This is a
non-trivial fact about the spin system: if there were no long-range correlations, we would

have p= = p#. The following straightforward lemma is also useful.
Lemma 2.4. p7 > 0 and p= < 1.

Proof. Suppose v > 2. Consider vertex (1,0) of C,,. Let S = {(1,0),(2,0),(0,0),(1,1)}
be the set containing (1, 0) and its immediate neighbours. Let S’ = {(—1,0), (0,1),(1,2),(2,1),(3,0)}
be the set containing the neighbours of S. Given any o : S" — {0,1},

Pr(o,(S) has parity-1 ones | o, (S") = o) > A\/16A131° > 0.

Now let S” = {(—1,0),(0,1),(1,0)} be the neighbours of (0,0). Given any o : S” —
{0,1},
Pr(o,(0,0)=1]0,(5")=0) < —— < 1.

O

The events that o, (B, ) has parity-0 ones and that o,(B1,) has parity-0 ones have
low probability, so it may seem strange to condition on these events, but the purpose
of this conditioning is to identify two phases of the idealised gadget. We will refer to
certain vertices (z,0) of C, as “terminals”, and it will turn out to be the case that the
spins of these terminals are nearly independent of each other in the distribution of o,.

We will study the distribution that o, induces on the terminals by considering an
idealised distribution with two phases. In each of these two gadget phases, the spins
of the terminals will be chosen independently. Some terminals will be assigned spin 1
with probability p= and others will be assigned spin 1 with probability p#. This will be

explained further in the next section.
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2.3.4 Terminals

Fix positive integers d and k. Let v = 2dk and let Cj 4 denote the gadget C,. We
will work with C} 4 for the rest of the chapter. We will use both notations, C, and
Ck,d, depending on whether we want to emphasize the role of v or the role of k and d.
Similarly, the alternative notations, o 4 and o, will be used as convenient.

Some of the vertices around the boundary of Cj 4 (2k of them) are designated as

“terminals”. The set of “parity-1 terminals” is
Tpa={(4jd+1,0) |0 <j <k—1}.
The set of “parity-0 terminals” is
TP q={(4jd+2d,0) |0 < j < k—1}.

Let Tyq = Tk{ Y T,g 4 denote the set of terminals.

For parity s € {0,1}, let 1% 4 be the distribution on configurations o : Ty, ¢ — {0,1}
in which the spin of each terminal is chosen independently as follows: For each parity-s
terminal (z,0), set o(x,0) = 1 with probability p~ (and set o(z,0) = 0 otherwise).
For each terminal (z,0) with parity 1 @ s, set o(z,0) = 1 with probability p” (and set
o(x,0) = 0 otherwise).

Informally, the distribution . q Will be relevant when an idealised gadget is in a phase
which prefers 1-spins at parity-s terminals. In this distribution, the probability that a
terminal is given spin 1 is higher if the terminal has parity s than if it has parity 1 ® s.

Let p,q be the distribution on configurations o : Ty, 4 — {0,1} given by py (o) =
(,ug’ J0)+ u,lc,d(a)) /2. We will show that, provided that d is sufficiently large, the distri-
bution of o q(Tk,q) is close to puy 4.

Thus, the gadget can be thought of informally as having two phases, phases 0 and 1.
We will show that the gadget almost always occupies one of these two phases, and they
occur with equal probability. In phase 0, the distribution of o, 4(7}.q) is close to ,ug? d-
In phase 1, the distribution of o, q(Tk q) is close to ,u,lf,d.

Proposition 2.5. There is a ¢ > 1 such that, if d is a sufficiently large multiple of 16,

k is an integer greater than or equal to 1 and T is a configuration T : Ty, g — {0,1}, then
| Pr(opa(Tha) = 7) — pira(r)] < k2.

Proposition [2.5] is established at the end of this section. We will use contour argu-
ments adapted from Dobrushin [45] and Borgs et al. [I0]. The outline of the argument
is as follows. We first define “contours” in Section [2.3.5] We show, in Section [2.3.6] that
long contours are unlikely. In Section [2.3.7, we show that, in the absence of long con-
tours, the spins of terminals are nearly independent. With high probability, the gadget
has a phase s and there is a boundary around each terminal, whose spins are consistent

with s. Conditioned on s, the distribution of the spins of the terminals is close to uf ;.
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2.3.5 The Dual Gadget, trails, and contours

The dual gadget C; has vertex set V(C};) = {z+ 3 | € Z/2vZ} x {y+ 5 | y €
{-1,...,v}}. Vertices (z,y) and (2/,y’) are adjacent in C} if

ey=y andy ¢ {1, v+ 3}, and x = 2’/ £ 1 (where of course, the arithmetic is

modulo 2v), or
e rx=x"andy=1vy +1

E(C}) denotes the edge set of C;. This is illustrated in Figure

(_%73%)
) ) )
L : L : L 4 : L
® 3 ® 3 © E =
L : @ : @ : L
® i ® i ® i ®
1 (0,00 !
o [ ] [ )
(_%7_%)

FIGURE 2.2: Part of Cs and C3; solid lines are edges of C'3, dashed lines are edges of
C5. The red thickened lines are a dual pair of edges.

There is a bijection called “duality” between edges of C), and edges of C};. In partic-
ular, the dual of edge e = ((x,y), (x + 1,y)) of C, is e* = ((z + %, y— %), (x + %, y+ %))
and the dual of edge e* is e. Similarly, the dual of edge f = ((x,y), (x,y + 1)) of C, is
f*=(z—3%y+3),(@+3y+12)) and the dual of f*is f. We use the * operation to
move between an edge and its dual, so every edge e satisfies (e*)* = e.

A trail in C} is a sequence g = wi,...,v; of vertices in V(C}) such that each
pair (vi,viy1) is an edge of C}, and no edge is used twice. A contour is a trail g =

v1,...,vj in O} satisfying one of the following:
® U1 = vj, Or

e The y-coordinate of v and the y-coordinate of v; are both in {—1,v + 1}.
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The length of g is j — 1. We say that g is a cross contour if the y-coordinate of wv;
is —% and the y-coordinate of v; is v + % (or vice-versa). A cross contour goes from
one boundary of the gadget to the other. We say that every other contour is a simple
contour.

Given o : V(C,) — {0,1}, let o* be the set of edges of C} which are dual to

monochromatic edges. In particular, o* = {(u,v)* € E(C}) | o(u) = o(v)}.

Definition 2.6. A contour of o is a contour g = vy, ..., v; satisfying the following two

properties.
e The edges of g are monochromatic: That is, for all 1 < i < j, (v;,vi41) € 0.

e The contour g always turns at degree-4 vertices: That is, for all 1 < i < j, if four
edges of ¢* meet at vertex v;, then v;_1 and v;41 differ in both the x component
and the y component. Similarly, if four edges of 0* meet at v; = v; then v, and

v;j—1 differ in both the x component and the y component.

Note that contours of ¢ cannot cross each other, though two contours can share a
vertex without crossing. Also, two contours can have a common portion (before turning
off in two different directions). Finally, every edge of o* is contained in at least one
contour of o.

Let o : V(C,) — {0,1} be a configuration, and let g be a contour of 0. We say that
a vertex u € V(C,) is adjacent to g if there is an edge (u,v) € E(C,) such that e* € g.
The set of vertices adjacent to g can be written as the union of two sets, L(g) and R(g),
where L(g) is the set of vertices which are on the left (relative to the direction of travel)
when we follow the trail g from v; to v;, and R(g) is the set of vertices which are on the
right (relative to the direction of travel). See Figure

FIGURE 2.3: Left and right vertices of a contour of o. The shaded squares represent
vertices of C), with parity-1 ones and the unshaded squares represent vertices of C,
with parity-0 ones.

A key property of contours is the following.
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Lemma 2.7. Let o : V(C,) — {0,1} be a configuration, and let g be a contour of o.
Then for some s € {0,1}, o(L(g)) has parity-s ones and o(R(g)) has parity-(1&s) ones.

Proof. Pick s € {0, 1} such that the vertex on the left as we go from v; to ve has parity-s
ones. By induction on 7, we will show that for each 7 the vertex on the left as we go from
v; to v;41 has parity-s ones. Suppose without loss of generality that the edge (v;—1,v;)
increases the z-component (the other three cases are similar). So vi_1 = (z — 3,y + 3)
and v; = (z + 5,y + 3). Since g is a contour of o, o(z,y) = o(z,y+1) = sdaz D y.

There are three cases.

y+1

r x+1

FIGURE 2.4: Cases 1, 2, and 3. Black squares have the same spin as o(z,y); white
squares have the opposite spin, and hatched squares can be either.

1. vi41 = (x4 3,y + 2). In this case the vertex (z,y + 1) is still on the left as we go

from v; to Vi4+1-

2. viy1 = (x+ %, y— %) In this case the vertex (x + 1,y) is on the left as we go from
v; t0 V41, but since g is a contour of o we have o(z+1,y) = o(z,y) = o(z,y+ 1).

So (z + 1,y) has parity-s ones.

3. viy1 = (z+ 3,y + 1). In this case (z + 1,y + 1) is on the left, and (z + 1,y) is on
the right. Since g is a contour of o, o(x + 1,y) = o(z + 1,y + 1), and we know
o(z,y) = o(z,y +1). Since the contour did not turn, the vertex (z + 3,y + 3)
cannot have degree 4 in 0*, soo(x +1,y+1)=s®xPyPd1,s0 (x+1,y+ 1) has

parity-s ones. O

The following lemma allows wg(o) to be expressed more easily in terms of the con-
tours of 0. Suppose v > 2. A side vertex of C, is a vertex (z,y) € V(C,) with y =0 or

y =v. A side edge is an edge in E(C,) between two side vertices.

Lemma 2.8. Fiz v > 2 and a configuration o : V(C,) — {0,1}. Let b/ (o) be the number
of side edges (u,v) of C, with o(u) = o(v) = 0 and let /(o) be the number of side
edges (u,v) of C, with o(u) = o(v) =1. Then

o) = i(c(a) —b(o)) + é(c’(a) —b (o)) +v(v+1).

Proof. Let £'(o) be the number of side vertices u with o(u) = 1. Let E’ be the set of all
side edges in C,,. By double-counting pairs (u, (u,v)) with o(u) =1 and (u,v) € E(C,),

(IE(C)| = b(o) = ¢(0)) + 2¢(0) = 4l(0) — £'(0).
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By double-counting pairs (u, (u,v)) with o(u) = 1 and (u,v) € E’, we have
(|E'| = b (o) — (o)) + 2 (o) = 20 (a).

Rearranging gives £(c) = 1(c(0)—b(0))+1(c (o) =V (0))+ 3| E(C,)|+ | E'|. Consider the
configuration with alternating Os and 1s given by o(z,y) = x®y. For this configuration o,
we have b(o) = ¢(o) = V(o) = d(0) = 0 and ¢(o) = v(v + 1), so the constant term
1E(C)| + E'| is v(v + 1). O

2.3.6 Long contours are unlikely

Lemma 2.9. There is a ¢ > 1 such that, for all sufficiently large h, all v > 2, and all
Ucv(cy),

Pr(o, has a simple contour of length at least h starting in U) < |U|c¢™".

Proof. Suppose that g is a simple length-r contour of a configuration o: V(C,) — {0, 1}.
Consider the connected components of the graph (V(Cy), E(Cy) \ {e* | e € g}). We say
that a component is “left” if it contains at least one vertex in L(g) (but no vertices in
R(g)). We say that it is “right” if it contains at least one vertex in R(g) (but no vertices
in L(g)). Every component is either left or right. Let S be the set of vertices in left
components. Let S = V(C,)\ S. Let S’ = {(x,y) € S| (x — 1,y) € S}, where, as usual,
the arithmetic on z is done modulo 2v.

Suppose that o(R(g)) has parity-s ones. By Lemma this is true for some s €
{0,1}. Define a configuration 9 : V(C,) — {0,1} as follows: ¢9(S) = o(S), 09(S’) has
parity-s ones, and, for every (z,y) € S\ 5, 09(x,y) = o(z — 1,y).

Note that o — ¢9 is a map from the set of configurations o with g as a contour to
the set of all configurations; further, it does not lose information, and hence is injective.
Note also that (c9)* is the same as ¢, but with g removed and with the contours in §
shifted by one. By Lemma [2.8

we, (0) = (BATV/HPO) (A AV N\ @=V(9)/8 . (59)

where b(g),c(g),b'(g9),c (g) are the contributions to b(c),c(c),b (o), (o) coming from

edges whose duals are in g. As the map o — 09 is injective,

Pr(g C o) < (BA™V/4)P9) (4 \1/4)l9) \ (¢ (9)=t"(9))/8
< (ﬁ/\—1/4)b(g)(,yA3/8)c(g)’

where we have used the facts that A > 1 and ¢/(g) < ¢(g). There are at most |U|3"

relevant contours of length r in total (|U] choices of starting point, and at most three
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different directions at each step), so

Pr(o, has a simple contour of length at least h starting in U)
< |UIY_ 3 max(BA/4 AN

r>h

(3 x 0.238)"

<|U| —/———F—=.
< ‘1—3><0.238

There is a ¢ > 1 such that % < ¢! for all sufficiently large h. O

Lemma 2.10. Let i € {0,1}. For every v > 2, and every simple contour g of length r,
Pr(g is a contour of o, | o,(Bi,) has parity-0 ones) < max(BAY4,ANEY L (2.2)

Furthermore, there is a ¢ > 1 such that, for all sufficiently large h, all v > 2, and all
U CV(C,), the conditional probability that o, has a simple contour of length at least h
which contains an edge whose dual connects two vertices in U, conditioned on the fact

that a,(B;,) has parity-0 ones, is at most |U|c™".
Proof. The proof of (2.2)) is similar to the first half of the proof of Lemma except that

we have to take care to choose S to be on the correct side of the contour g. Previously, it
did not matter whether we formed S from the left or right components, and we arbitrarily
chose the former. Now we choose S (either taking all the left or all the right components)
in such a way that SN B;, = (. This is possible because all the vertices in B;, are in
a single connected component (the contour g does not cross any edges whose endpoints
lie in B;,). Now define 09 as in the proof of Lemma and continue as before. This
establishes .

Forall 1 <s<r, and all u € U, there are at most 3" x 4 contours v; ... v, for which
u is on the left as we go from vs_1 to vs: a choice of initial direction and direction at
each step determines the contour. Summing over s and wu, this implies that there are

at most 4|U|r3" length-r contours with an edge whose dual connects vertices of U. By
(2.2),

o, has a simple contour of length at least h which )
Pr , o o, (B;,,) has parity-0 ones
contains an edge whose dual connects two vertices in U

< A|U]| Z 3" max(BATV4, A A3/B)T
r>h
= 4|U|(3 x 0.238)" > "(t + h)(3 x 0.238)"
t>0
L 3% 0.238 + h(1 — 3 x 0.238)

= 4|U|(3 x 0.238) =3 02387

There is a ¢ > 1 such that 4(3 x 0.238)" 3X°'2(?1’§§’;(01;§’8X)8'238) < ¢ for all sufficiently

large h. O
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By the upper boundary of C, we mean the set of all vertices of the form (z,v) for

some T.

Lemma 2.11. Let i € {0,1}. There is a ¢ > 1 such that, for all sufficiently large
h and all v > h, the probability that o, has a simple contour that separates the set
{=h+1i,....,h+1i} x{0,...,h} from the upper boundary of C,,, conditioned on the fact

that a,(B;,,) has parity-0 ones, is at most ¢ ™.

Proof. Note that the separating contour cannot wrap around, owing to the boundary
condition that o, (B;,) has parity-0 ones. If the separating contour has length r + 2
then its right-endpoint is in the set {(h +i+ 2z — 3,—-3) | 1 < 2 < r}. There is
a unique choice for the edge incident to each endpoint. Thus, there are at most r3"
possible contours. By Lemma [2.10, the probability that &, has such a simple contour,

conditioned on the fact that o,(B;,) has parity-0 ones, is at most
oo

3" max(BATH4, AN/ 82,
r=h—2

Thus, the probability is at most

max(ﬂ)fl/‘l, ’y)\3/8)2 Z r3" max(,@’)\fl/él, ’y/\3/8)7",
r=h—2

which, as in the proof of Lemma [2.10] is exponentially small in h. O
Lemma 2.12. There is a ¢ > 1 such that, for all sufficiently large v,

Pr(o, has a cross contour ) < c¢".

Proof. Let g be a cross contour. There must be at least one other cross contour g’. For
otherwise there would be a path p in C, from L(g) to R(g) such that o,(V(p)) has
parity-0 ones or parity-1 ones, which would violate parity. Orient g and ¢’ in opposite
senses (one away from y = —% and one towards). Consider the connected components
of the graph (V(C,), E(Cy) \ {e* | e € gUg¢'}), and let S be the union of all connected
components that are left of either g or ¢’. Now proceed as in the proof of Lemma
using the fact that a cross contour has length at least v and the set of possible starting

points has size 2v. O

Lemma 2.13. Leti € {0,1}. Fiz v > 1. Conditioned on o,(B;,) having parity-s ones

(for any s € {0,1}), o, has no cross contour.
Proof. A cross contour would have to cross a side edge in B;,, which is impossible. [

Lemma 2.14. p= > p”.
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Proof. Fix v > 2. Suppose that o,(By,) has parity-0 ones. If &,(0,0) = 0 then there is
a simple contour of o, that separates (0,v) from (0,0). (Note that, by Lemma[2.13] cross
contours cannot separate these two vertices.) If the separating contour has length r + 2
then its right-endpoint is in the range (%, —%), N %, —%) There is a unique choice
for the edge incident to each endpoint. Thus, there are at most r3" possible contours.
By Lemma the probability that o, has such a simple contour, conditioned on the

fact that o, (By,) has parity-0 ones, is at most

Z r3" max(ﬁ)\_l/4, fy)\?’/s)H'Q.

r=1

Thus,

Pr(0,(0,0) = 0 | 0,(By,) has parity-0 ones) < max(BA~1/4, y13/8)2 ZT?)T max(BAY4, A \3/8)
r=1
3 x 0.238

< (0.238)?
< (0.238) (1— 3 x 0.238)2

<1/2.

Thus, p~ > %
Similarly, suppose that o, (Bj,,) has parity-0 ones. If there is no simple contour of o,
that separates (1,v) from (1,0), then o,(1,0) = 0. We already saw that the probability

that no such contour exists is greater than % Thus,
Pr(o,(1,0) =0 | o,(B1,) has parity-0 ones) > 1/2.
So p” < % Putting the two inequalities together, we have p* < % <p~. O

2.3.7 In the absence of long contours, the spins of the terminals are
nearly independent

The *-distance between two points (z,y) and (2/,y’) in V(C)) is max(|z — 2|, |y — ¥/|)
where |2 — 2/| is the minimum non-negative integer such that = = 2’ 4+ | — 2’| modulo
2v or &' = x + |z — 2’| modulo 2v. The *-distance between two points (z,y) and (2/,y’)
in V(C}) is defined similarly. Let Uy}, be the set of vertices of C,, whose *-distance from
(,0) is at most h. Vertices in V(C),) (or V(C3)) are x-adjacent if the x-distance between
them is 1. A #-path on V(C,) is a sequence vy, ..., v of vertices in V(C,) such that,
for each j € {1,...,h — 1}, the vertices vj and v;4; are *-adjacent. A xpath on V(C})

is defined similarly.

Definition 2.15. Suppose v and h are positive integers. An h-boundary of a vertex
(z,0) is a set of vertices B C V(C,) such that the following are true.

(i) (,0) is not connected to (z,v) in the graph C, \ B, and
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(ii) B does not intersect U, j 4, and
(iii) B is a subset of Uy j, /.
(iv) The subgraph of C, induced by B is connected.

See Figure [2.5

FIGURE 2.5: Example h-boundary of vertex (16,0) with v = 20 and h = 5.

Here is the relevant fact about h-boundaries. If B is an h-boundary of a vertex (x,0)
and o(B) has parity-s ones then there is no contour of ¢ which contains an edge whose
dual connects two vertices in B.

If B is an h-boundary of vertex (z,0) and B’ is an h'-boundary of (z,0), then we say
that B is inside of B’ if every path in C, from B’ to (x,0) passes through B. Suppose
that B and B’ are h-boundaries of (z,0) and, for some s € {0,1}, o(B) has parity-s
ones and o(B’) has parity-(1 s) ones. Then BN B’ = (), so exactly one of the following

occurs.
e B is inside of B’, or
e B’ is inside of B.

Definition 2.16. Suppose that s € {0, 1} and that k and d are positive integers. Let v =
2kd. Suppose that o is a configuration o : V(C,) — {0,1}. We say that o has phase s

if the following holds for every terminal (z,0).
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e (z,0) has a d-boundary B for which o(B) has parity-s ones.

e For every d-boundary B’ of (z,0) for which o(B’) has parity-(1&s) ones, B’ is
inside of B.

Note that a configuration o can have exactly one phase (phase 0 or phase 1) or it can
have no phase. Suppose that v > 1 and that the configuration o : V(C,) — {0, 1} has
phase s. Say that a d-boundary B of a vertex (x,0) is consistent if o(B) has parity-s
ones. From the consistent d-boundaries, we want to select a canonical one, that is in some
precise sense “outermost” and also “minimal”. For each terminal (z,0), let B,(c) be the
union of all d-boundaries of (z,0) which are consistent. Observe that B = B, () satisfies
the first three bullet points in Definition but not the final one, as the subgraph
C,[B] of C,, induced by B may not be connected. Suppose that C,[B] has j connected
components. Partition B,(c) = BL(c) U--- U Bi(c) so that C,[BL(c)],...,C,[Bi(o)] is
an enumeration of these j connected components. Each set f)’\;c(a) is itself a d-boundary.
To see this, consider any vertex v € g; (o). From the construction of gx(a), this vertex
is contained in some d-boundary, which in turn is contained in B\;;(O') So g;(a) satisfies
the first three bullet points in Definition 2.15] in addition to inducing a connected graph.

From the first bullet point of Definition it follows that @(J), ..., Bi(o) are
nested; suppose the numbering indicates the level of nesting, with g}c (o) being the out-

ermost. We now want to identify a minimal d-boundary within B}C(a). Let
Ext [3\}6(0) ={v € V(C)) | there is a x-path from v to (z,v) in V(C)) \B’}E(U)}
denote the set of vertices lying in the “exterior” of BL(c). Finally define

B,(o0) = {v € BL(o) | v is *-adjacent to some vertex in Ext BL(c)}.

xT

Note that B, (o) is a d-boundary of (z,0) which is consistent. (Informally, B, (o) is the
outermost such d-boundary.) To see this, observe that any path in the graph C) from
(2,0) to (x,v) has a last vertex in the set BL(c), and this vertex must be in By(c);
this deals with the first bullet point in Definition Consider the trail in the dual
graph C} separating By (o) and Ext gglﬁ(a); the trail in the primal graph that shadows it
at x-distance % inside takes in all the vertices of B;(o) and establishes connectivity of
Cy[B:(0)]. This deals with the final bullet mark, and the remaining two are immediate.

The d-boundary B, (o) is our desired canonical d-boundary, and it has the following
important property. If o’ is a configuration that agrees with ¢ on B, () UExt BL(c), then
Bx(0') = By(0). The reason is as follows. The set B = B, (o) is a d-boundary of (z,0)
which is consistent with respect to o’, i.e., o/(B) has parity-s ones. It therefore gets incor-
porated into By (0”) D B,(c) and hence into BL(c") D B,(c). So Ext BL(0") = Ext B(0)
and B,(¢') = B;(o). This fact becomes significant when we come to consider events
supported on spins in the interior U = V(C,) \ (B U Ext B) of some d-boundary B.
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Specifically, conditioning on the event B,(o,) = B (and on the phase s of o) is equiva-
lent to selecting o, (U) according to the Gibbs distribution, with the boundary condition
“o,(B) has parity-s ones”. We refer to this property as canonicity of B, (o).

Before proceeding we need some definitions and observations concerning connected
subgraphs K of the graph (V(C}),o0*). The *-diameter of K is the maximum, over pairs
of vertices in K, of the x-distance between those vertices. We say that K reaches the
lower boundary of C, if it contains a vertex of the form (z, —%) for some x. We say
that it reaches the upper boundary of C, if it contains a vertex of the form (x,v + %)
We say that it is a cross subgraph if it reaches both boundaries. We say that K wraps
around if it contains the image of some path from (0,y) to (2v,y) in Z x {0,...,v},
under the quotient map to V(C,). We say that K is local if it is not a cross subgraph
and does not wrap around. We say that K intersects U, , if some edge e* in K is dual
to an edge e € E(C,) with both endpoints in U . A contour is a connected subgraph of
(V(C3),0*) so all of the above definitions apply to contours. We refer to the connected

components of (V(C}),0*) as o*-components.
Lemma 2.17. If o has only local contours then o* has only local components.

Proof. Suppose to the contrary that ¢* has non-local component K. Consider first the
case of a cross component.

So suppose K reaches both the upper and lower boundaries of C,, and that K
has 2j > 0 degree-1 vertices. (All vertices other than the degree-1 vertices have even
degree, and the number of odd-degree vertices in a graph is even.) By adapting the
standard algorithm for finding an Eulerian trail in a (connected) Eulerian graph, we may
decompose K into j contours beginning and ending at degree-1 vertices. The method is
as follows. Starting at a degree-1 vertex, trace out a trail in K subject only to the rule
that we must turn through a right-angle at any degree-4 vertex. This trail can only end
at another degree-1 vertex. The trail so formed is a contour; remove the trail from K
and repeat j — 1 more times to obtain j contours in total. If any edges of K remain,
start at any remaining vertex and trace out a closed trail that returns to the start vertex.
Again, the rule is always to turn through a right-angle at any degree 4 vertex. Repeat
until there are no edges remaining in K. We are left with j non-closed contours and an
unspecified number of closed ones. Whenever a non-closed contour meets a closed one,
we may splice the latter into the former, reducing the number of closed contours by one.
Repeating as necessary, we obtain the sought-for decomposition of K into j contours
beginning and ending at degree-1 vertices.

If one of these j contours joins the upper and lower boundaries of C, we are done, as
we have already found a cross contour and obtained a contradiction. Otherwise, there
must be at least one vertex at which a lower-to-lower contour touches a upper-to-upper
contour. Simply reroute the trails at this vertex to obtain two cross contours.

Now consider the case where K wraps around. We may assume that K does not reach
one of the boundaries of C), say the upper one. Trace a closed trail along the upper

boundary of K: this trail is a contour that wraps around, providing a contradiction. [
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Since non-local contours are unlikely, Lemma [2.17] allows us to concentrate on local
o*-components. A o*-component K that is local has a well defined inside and outside,
and a boundary that is a valid contour. (More precisely, there is a canonical contour
that has exactly the same edges as the boundary of K.) If K reaches neither the upper
nor lower boundary of (', then we may trace clockwise around K, always taking the
leftmost option, until we return to our starting point. This procedure yields a simple
contour; we refer to vertices of V(C,) that lie within this contour as forming the interior
of K, denoted Int K.

If K reaches the lower boundary but not the top (or vice versa), then a slightly
modified construction can be used. First lift K to a grid: for sufficiently large IV, there
is a connected subset K of {1,..., N} x{0,...,v} which maps bijectively to K under the
quotient map to C),. Note that lifting can only increase the diameter of K relative to K.
We now have a natural ordering of the degree-1 vertices of K, namely by increasing x-
coordinate. Start at the least degree-1 vertex in this ordering and and trace the boundary
of K in a clockwise-leftmost fashion until the greatest degree-1 vertex is reached. This
procedure yields a simple contour which partitions the vertices of V(C)) into an inside
and an outside (containing the point (0,r)); again we refer to the former as the interior
of K.

Lemma 2.18. Consider o: V(C,) — {0,1}. Let h < v be an integer multiple of 8.
Suppose

e o contains only local contours.

e o contains no contour of length at least h/8 that intersects Uy /-

e o contains no simple contour separating Uy p, 4 from the upper boundary of C,.
Then every o*-component that intersects U, j, /o has x-diameter at most h/8.

Proof. Suppose K is a o"-component intersecting U, j,/2. By Lemma [2.17, K is local.
The interior of K contains some vertex in U, ; /5. By assumption, the contour defined by
the boundary of K does not separate U, ;4 from the upper boundary of Cy, so it does
not separate U, /o from the upper boundary of €. The only remaining possibility is
that this contour intersects Uy 1,2, and hence has length at most i /8. Tt follows that K
has #-diameter at most h/8. O

Lemma 2.19. Suppose that h is a sufficiently large multiple of 8, and v > h. Consider
a configuration o: V(Cy,) — {0,1} and a terminal (x,0). Suppose that the following are

true.
e 0 has no cross contours.
e 0 has no simple contour of length at least h/8 that intersects Uy /.

® o has no simple contour separating U, j,/4 from the upper boundary of C,.
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Then, for some s € {0,1},
1. (x,0) has an h-boundary B for which o(B) has parity-s ones.
2. There is no h-boundary B’ of (z,0) for which o(B') has parity-(1s) ones.

3. For any terminal (2',0) that has an h-boundary B’ for which o(B') has parity-s’

ones, if o has no contour separating Uy j, /4 from Uy p, /4 then s =s.
4. If 0(Boy) has parity-s' ones then s’ = s.

Proof. There are no contours that wrap around, since any such contour would either
intersect U, /9, or would separate U, /4 from the upper boundary of C,. Thus, by
Lemma [2.17] all o*-components are local. Let S be the set of all vertices in V(C,) that

are not in the interior of some o*-component. That is
S=V(C))\ U {Int K | K is a o*-component }.

Note that o(S) has parity-s ones, for some s € {0,1}. Define S = V(C,) \ S. Note that
o(S) in general has mixed parity; the salient feature is that o(S) has consistent parity.

We work first towards conclusion (1) of the lemma. By Lemma every o*-
component that intersects U, ;o has *-diameter at most h/8. Now (informally) we
will construct the required h-boundary by tracing round the inside of B, j, /o, making a
detour towards (z,0) around any o*-components that stand in the way. (Recall that
By nj2 = Uppja \ Uy pjo—1 is the “goalpost” at distance h/2 from (z,0).) This strategy
ensures we remain in the set S and, since all the o*-components are small, our detours
will not be too great.

More formally, let W be the union of the set V/(Cy) \ U, /2 together with any sets
of the form Int K that intersect B, j,/o. That is,

W = (V(Cy)\ Uppy2) U U{Int K | K is a o*-component and Int(K) N By /o # 0}
The set
oW ={veV(C,))|ve¢W and v is *-adjacent to some vertex in W}

is almost the h-boundary B that we seek. Observe that any set of the form Int K is
contained in a maximal set of the form Int K’, and the x-neighbours of Int K’ are all in
S. Thus OW is a subset of S, and necessarily has parity-s ones.

And as we shall see presently, OW satisfies the first three conditions of an h-boundary
B — (i) every path from (z,0) to (z,v) intersects B, (ii) BNUy, j/4 = 0, (iil) B C U, /2
— but not necessarily the final one, namely: (iv) the induced graph C,[B] is connected.
(There may be islands of vertices of OW lying outside the h-boundary we are trying to
home in on.) However, we can ensure (iv) by defining B to be the subset of vertices in
OW that can be reached from (z,0) by a path in C,, whose vertices all lie in V/(C,) \ W.
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For (i), observe that any path from (z,0) to (z,r) has a first vertex w in W. The
vertex immediately preceding w is not in W but is adjacent to a vertex in W, and hence
in B. (ii) follows from the fact that every vertex in W N U, j,/5 is within x-distance h/8
of a vertex in By, j, /5. (ili) is immediate from the construction. To see (iv), denote by W*°
the set of all vertices in V(C,) that can be reached from (z,0) by a path whose vertices
all lie in V(C,) \ W. Note that C,[WW°] is connected and that B C W°. Let p* be the
set of edges in C} separating W° and W thus, e* € p* iff e has one endpoint in W and
the other in W*°. Since C,[W°] is connected, the edges in ¢* form a trail in C} starting
and ending at vertices with y-coordinate —%. Following this trail anticlockwise, vertices
in W° lie to the left and those in W to the right. In fact, the vertices immediately
to the left of the p*-trail (i.e., those at x-distance % from it) are precisely the vertices
forming B: they are all x-adjacent to some vertex in W, and no other vertices in W° have
this property. Thus, any two vertices in B are connected by a path, which is obtained
by shadowing ¢* at *-distance %

For conclusion (2) of the lemma, observe that there cannot be an h-boundary B’ of
(x,0) such that o(B’) has parity-(s®1) ones, as such a B’ would have to exist entirely
within S, and all *-connected components of S are small (x-diameter at most h/8).

As for conclusion (3), it is impossible for s # s. Consider the connected component
of Cy[S] containing B. If s’ # s then the boundary of this component contains a contour
separating B and B’, and hence U, /4 and Uy /4. If 0(Bo,) has parity-s’ ones for
s’ # s then the boundary of the connected component of C,[S] containing B is a simple
contour separating B from the upper boundary of €}, hence, separating U, j,/4 from the

upper boundary of C,,, establishing (4). O]

Corollary 2.20. Suppose that k > 1 that d is a sufficiently large multiple of 8 and that
v = 2dk. Suppose o: V(C,) — {0,1} has no contours of length at least d/8. Either o
has phase 0 or o has phase 1.

Proof. Since there are no contours of length at least d/8 of any kind, the premises of
Lemma are all satisfied for every terminal (z,0) and every other terminal (z/,0). [

The following monotonicity property is useful for comparing different contours and

boundary conditions.

Lemma 2.21. Let x € Z/2vZ, let B be an h-boundary of (z,0) for some h, and let B’
be an h'-boundary of (x,0) for some h' such that B is inside of B'. Then

Pr(o, has parity-0 ones at (x,0) | o, (B) has parity-0 ones)
> Pr(o, has parity-0 ones at (x,0) | o, (B') has parity-0 ones).

Proof. For each S C V(C,) let ¢°: C, — {0,1} denote the configuration which has
parity-0 ones exactly on S. So ¢%(z,y) = 1 if and only if one of these two conditions
hold: (z,y) € S and z +y is even, or (z,y) ¢ S and x + y is odd.
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For all X, Y C V(C,) we have

we, (0% )we, (07) = we, (X ™ we, (X7 (B)*

v

where k is the number of edges uv € E(G) such that {(¢* (u),0* (v)), (¢¥ (u), 0¥ (v))} =
{(0,0),(1,1)} (soeitheru € X andv ¢ X andu ¢ Y andv e Y,orve X and u ¢ X
and v ¢ Y and uw € V). In particular,

XﬂY) (UXUY)'

we, (0% we, (67) < we, (o we,

v

Let

X ={S|{(z,00}uB' CSCV(C)}
Y={S|BUB CSCV(,)}

By the FKG inequality [54] we have

(Z wcy(05)> (Z wcu(05)> < < > wcu(05)> ( > wcu(05)>

Sex Sey SeXNY Sexvy

where XAY is the family of sets X C V(C,) such that ({(z,0)}UB")N(BUB’) = B’ C X,
and X V) is the family of sets X C V(C,) such that {(z,0)} UBU B’ C X. Finally,

. . Ysex we, (%)
Pr(o, has parity-0 ones at (z,0) | o, (B’) has parity-0 ones) = S -
ZSEX/\)) we, (US)

S
w
Pr(o, has parity-0 ones at (z,0) | o, (B) has parity-0 ones) = Lservy e, (0 ).D

ZSey wg, (US)

Lemma 2.22. There is a ¢ > 1 such that the following is true for any k > 1, any
s € {0,1}, any sufficiently large d which is a multiple of 16, and any assignment {B,}

of d-boundaries for each terminal (z,0):
e For every parity-s terminal (x,0),

| Pr(og.q(,0) = 1| opq has phase s and By(o),q4) = By) —p~| < ¢ %

o For every parity-(1s) terminal (x,0),

| Pr(og.q(x,0) = 1| okq has phase s and By(opq) = By) —p” | < ¢

Proof. By symmetry (rotating the gadget so that parity-0 vertices become parity-1 ver-

tices and vice-versa), it suffices to prove the inequalities for s = 0. For any m > 1,
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define

Pr(c,(0,0) =1 | 64,(Bom) has parity-0 ones), and

SRS
ol
— —
22
I

Pr(om(1,0) = 1| 04, (B1,m) has parity-0 ones).

Now note that for any v > m, p=(m) and p? (m) (as defined above) are the same as the

equivalent expressions in the gadget C,. In particular,

~(m) =Pr(c,(0,0) =1 | o,(Bom) has parity-0 ones), and
(m) =Pr(o,(1,0) =1 | o,(B1,m) has parity-0 ones).

S

p
p
Thus, by fixing large v and increasing m, Lemma implies that p=(m) is weakly

decreasing in m and that p# (m) is weakly increasing. Thus, p= = lim,,—0c p~(m) and

p7” = lim,, 500 p7 (m). Also, for a parity-0 terminal (z,0), the target probability
Pr(o,q(z,0) = 1| o,q has phase 0 and B, (o,q) = Bz)

is between p=(d/2) and p=(d/4). Similarly, for a parity-1 terminal (x,0), the target
probability
Pr(oya(x,0) =1 | o4 has phase 0 and By (o q4) = By)

is between p7 (d/4) and p” (d/2). (Here we use crucially the canonicity property of B, (+);
refer to the discussion following Definition [2.16]) Thus it suffices to show

p(d/4) <p=+c ¢ and pF(d/4) > p”* — 4,

First we take a qualitative step. Pick w > 8d sufficiently large that p=(w) < p= +
\Uo’d/4|(c’)_d/16 and p7 (w) > p* — \Ul’d/4|(c’)_d/16, where ¢ is the maximum of the
constants given in Lemma and Lemma This can be done since d is sufficiently
large and p= = lim,, 00 p=(m), and p7 = lim,,, o, p7 (M) though w may be quite a lot
larger than d.

For ¢ € {0,1}, let F; be the event that there is a d/2-boundary B of vertex (i,0) in
gadget C\, such that o, (B) has parity-0 ones. Recall from the definition that a d/2-
boundary of (i,0) is a subset of U; 4/4. Let E; be the event that o, (B; ) has parity-0
ones.

For each i € {0,1}, applying Lemma [2.13, and Lemma with h = d/16 and
U = U 4/4, and Lemma with h = d/8, we find that, the conditional probability that
the following hold, conditioned on E;, is at least 1 — Q\Ui,dm(c’)*d/w.

e 0, has no cross contour.

e 0, has no simple contour of length at least d/16 which contains an edge between

two vertices in U; 4/4.
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e o, has no simple contour that separates U; 4/3 from the upper boundary of C\,.

Now, applying Lemma with h = d/2 and v = w and = = i, if all of these hold and

event F; occurs then event F; occurs. Thus,
Pr(F; | E;) > 1 —2|U; a4l ()15
But by Lemma [2.21] we have

Pr(ow(0,0) =11 Fy A Ep) > p~(d/4), and
Pr(o,(1,0) = 1| F1 A Ep) < p7 (d/4).

So
_ Pr(o,(0,0) = 1A Fy | Ey) _ Pr(ow(0,0)=1|Ey)  p~(w)
p-(d/4) < Pr(Fy | Eo) —— < Pr(Fy | Bo) = Pr(Fy | Eo)
p~(w)

< p= 4 U / 7d/167
= 12U gyl (@) 4718 < p~(w) + 4[Up a/4l(¢)
since 2]U07d/4\(c’)*d/16 <1/2.
A similar inequality holds for p7 (d/4):
Pr(oy(1,0) = 1A Fy | By)
Pr(Fy | E1)
> Pr(oy(1,0) =1 Ey) — Pr(=Fy | Ey)

> p7 (w) — 2|Uy a/4|(¢) =15

p7(d/4) >

Thus,
p=(d/4) < p=(w) + 4|Ug a4l ()16 < p= + 5|Up 4/4l(')~4/*6, and
p7(d/4) > p? (w) = 2{Uyayal ()10 = p? = 3|Uy gyal(¢) 1.
The result follows by noting that |U; 4/4] is O(d?) and picking ¢ = (V17 say. O

We now prove the main proposition.

Proposition[2.5. There is a ¢ > 1 such that, if d is a sufficiently large multiple of 16, k is

an integer greater than or equal to 1 and 7 is a configuration 7 : Ty, 4 — {0, 1}, then
|Pr(oha(Tha) =7) — pra(7)] < U2

Proof. Fix k > 1, d a sufficiently large multiple of 16, and 7 : Ty, 4 — {0,1}. Let ¢’ be
the minimum value of the constant ¢ from the Lemmas [2.9] 2.12] and
The probability Pr(ey q(Tk,q) = 7) is the sum of the following probabilities (condi-

tioned on disjoint events)

e Pr(oy4(Tka) =7 | 0kq does not have a phase) Pr(oy, 4 does not have a phase).
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e (summed over all assignments B, of d-boundaries for each terminal (z,0))

Pr(ok,q(Tkq) = 7| okq has phase 0 and for all terminals (z,0), By(0k,q) = Bg) X

Pr( o4 has phase 0 and for all terminals (z,0), By(0k.q) = By)

e (summed over all assignments B, of d-boundaries for each terminal (z,0))

Pr(ok,q(Tk,d) = 7| okq has phase 1 and for all terminals (z,0), By(0k,q) = Bs) X

Pr( o 4 has phase 1 and for all terminals (x,0), By(0k.q4) = Bz)

By Lemmas [2.9) and [2.12) and Corollary [2.:20] the probability of the first of these is
at most 2|V(C’;€"d)\(c’)_d/8. (We will use this below.)

Now consider an assignment B, of d-boundaries for each terminal (z,0). For any
two terminals (2/,0) and (z”,0), the random variables o 4(2’,0) are o q(z",0) are
independent, conditioned on the fact that o 4 has a given phase, and for all terminals
(2,0), By(ok,a) = Bs. Also, by Lemma for all s € {0,1},

e For every parity-s terminal (2/,0),

|Pr(ok,4(2’,0) = 1| o4 has phase s and for all terminals (x,0), By(0).q) = By)—p~ | < ().
e For every parity-(14s) terminal (2/,0),
‘Pr(akvd(x', 0) =1| okq has phase s and for all terminals (x,0), Bz(0k,q) = BI)—pﬂ < ()~

Now, for any probabilities a1, b1, ..., ag, bx, we have

k k
[ ]]0
i=1 i=1

k k
= Zal...aj,l(aj—bj)bj+1...bk §Z|a¢—bi|,
7=1 =1

so if we fix a given phase, and 7 assigns spin 1 to k' terminals whose parity agrees with
that phase, and spin 1 to k” terminals whose parity disagrees with that phase then,

letting

k” k‘*k”

1-p")" ",

p=)"Q-p) ")
we have
p—2k(c)™?

< Pr(oka(Tka) = 7| Okgq has the given phase and for all terminals (z,0), By(o%q) = By)

< p42k(d)4
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So summing up, Pr(ot 4(T.4) = 7 | 0k.q has the given phase) is between p—2k(c’) ¢
and p + 2k(¢') ¢ so, since the phases are equally likely,

e d(T) — Qk‘(c')_d < Pr(oya(Tka) = 7| Okq has a phase) < py, q4(7) + 2k(c')_d.

Finally, since the probability that o, 4 has no phase is at most 2|V (Cy ,)|(c)~%8, as

we observed above,
1k, (T)=2(k+ [V (C D))~ < Pr(op,a(Tra) = 7) < pra(r)+2(k+V(Ci ) () 5.

The proposition follows by choosing ¢ to be sufficiently small with respect to c. O

2.4  Proof of Theorem 2.1

2.4.1 Efficiently approximable reals

Lemma 2.23. Suppose that 3, v and X are efficiently approzimable reals satisfying (2.1).
Then p= and p* are efficiently approzimable reals.

Proof. Recall that p* > 0 (Lemma . Let g be a multiple of 16 greater than (2 +
log(1/p7))/log(c) where c is the constant given by Lemma Consider the following
algorithm.

e Input an error parameter 0 < ¢ < 1/2.
e Set m = g[log(e™1)].
e Compute rational approximations B Y, A satisfying
Be~¢/BIE(Cm)| < 3 < Bes/8IE(Cm)]
v

76_8/8‘E(C’"L)| S /}\/ S
Ae~/BVCm)l < § < \e/8IV(Cm)I,

e Using the algorithm of [I04, Theorem 2.2|, compute
7 — Z Bb(a);yc(a)j\ﬁ(a')

7= Y s
0:0(0,0)=1

g — Z Bb(o) ;yc(cr) j\é(o) ’
o:0(1,0)=1

where the sums range over configurations o of C, such that o(By ) has parity-0

ones.

e Output Z’/Z as the approximation to p=, and Z”/Z as the approximation to p7.
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For the computation of Z, Z’, and Z” we use the fact that the grid graph Cy, \ B, has
treewidth m [7, Corollary 89]. We also use the fact that its tree decomposition is easy
to compute. So this algorithm runs in time bounded by a polynomial in 1/e. We will
show that the algorithm is an FPRAS for p= and p#. Define

W= Z b(2)4(0) \E(0)

W' = Z 51) C(U )\Z

0:0(0,0)=

W/l _ Z Bb C(o‘ )\K

0:0(1,0)=1

where the sums range over configurations o of Cy, such that o(Bjy,) has parity-0 ones.

For any o we have

ﬁb(d),}/c(a) )\5(0)675/4 < ﬁb(o),fyc(a') 5\((0) < ﬁb(o),yc(o) A@(o’) 68/4

This implies e /W < Z < /W and similarly for Z’ and Z”, and therefore e =/2W’ /W <
7'17Z < ePW' /W and e~ /PW" /W < Z"]Z < e?W" /W. We will show

p= < W'/W < p=e/? (2.3)
e~ < W' IW < p” (2.4)
W'/W and W” /W are just the probabilities that an even or odd terminal gets as-

signed 1 in a random configuration of C,,, conditioned on a certain 2m-boundary. By

Lemma we have p= < W'/W and W”/W < p” for any m, establishing the first

inequality in (2.3)) and the second inequality in ([2.4)).
By Lemma [2.22] there exists ¢ > 1 such that

W' /W < p= —i—c_qlog(fl) =p (1 4 glog(e /p ).

Since
E(fllog(C)*l) < (1/2)(qlog(c)71) < p;é/z,

which is less than p= by Lemma we have
W/ /W <p=(1+e) <€
This establishes (2.3)). Similarly, by Lemma

W" /W > p” — e log(e™)
> p?é(l _ quog(C)/p#)
#(1-¢/2)
>pPe*
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This establishes (2.4)). O

LemmaM gives us a way to obtain multiplicative approximations p= and 1;72 of the
real numbers p= and p*. When we use these approximations, we will need to know that
1—p and 1 — };7\’5 are also good multiplicative approximations to 1 — p= and 1 — p7,
respectively. As we show below, this follows from the fact that p= and p* are in (0,1)
(which follows from Lemma and Lemma . The following lemma gives us what
we need. The reason for introducing the rational p’ in the statement of the lemma is
that, since it is rational, it can be hard-wired into any algorithms (whereas a real number

can’t be).

Lemma 2.24. Suppose that p € (0,1) is an efficiently approximable real number. Let
p’ be a positive rational with p < p' < 1. For any § € (0,1), and any real number p
satisfying e 90125 < p < 20=P)25 we have e 0(1 —p) <1 —p < (1 —p).

Proof. Let &' = 6(1—p')/2. Since p > e p > p(1—4') > p— & and similarly p > p— &',

we have

Thus,
(L=p)(1=6/2) <1—F < (1-p)(1+6/2),

which suffices. O

The following problem is NP-complete [5§].

Name. PlanarCubiclS.
Instance. A planar cubic graph G and a positive integer h.
Output. “Yes”, if G contains an independent set of size h, and “No”, otherwise.

Suppose that 3, v and X are efficiently approximable reals satisfying . We will give a
randomised polynomial-time algorithm for PlanarCubiclS, using as an oracle, an FPRAS
for DegreeFourPlanarTwoSpin(/3,~, A). The oracle will be used to approximate Zl,’y,i(G)’
for some suitably-defined parameters 4 and A, where ¥ is exponentially small in |V (G)]
and ) is exponentially large. From this, it will be easy to determine whether G has an

independent set of size h.

Lemma 2.25. Suppose that 3, v and X are efficiently approximable reals satisfying .
There is a polynomial-time randomised algorithm that, given a planar cubic graph G with
|V (G)| sufficiently large, outputs planar graphs J and J' with mazimum degree at most 4
and randomised approrimation schemes for positive reals K, 7 and X. The running time
of each of these approximation schemes is bounded from above by a polynomial in |V (G)]
and the desired accuracy parameter €. With probability at least 14/15, the parameters
satisfy A > AVGl and 5 < X&) gnd

~ Zgn(J)
€ 1/4217:,75\(61) < KW < 61/4217;%:\(61). (2.5)
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Proof. Let G = (V, E) be a planar cubic graph and let n denote |V|.

The algorithm for constructing J and J’ uses a quantity § € (0,1). It will be impor-
tant for the proof that ¢ is sufficiently small. Rather than giving a technical definition
here, we introduce upper bounds on ¢ in natural places throughout the proof. The reader
can verify that each of these upper bounds is at least the inverse of a polynomial in n
(so the algorithm runs in polynomial time).

The first step is to use the given FPRASes for S, fy and A, and the FPRASes for p=
and p7 from Lemma to compute values ﬁ 7, )\ p= and ]ﬁ"é satisfying

e B < B <,
e 3y <7 < 3y,
e /3 ) < h) < 66/3)\,

e 3p= < p= < 3p

. (2.6)
e~3p7 < p7 < 3p7

e B -pT)<1-p- <eB(1-p7),
e 931 — p*) < 1—p# < H3(1 - p7).
B>1.

The first five lines in follow directly from the definition of FPRAS in Section
The next two lines follow from Lemma using the fact that p= and p7 are in (0,1),
as argued just before Lemma [2.24) Since 5 > 1 by , we can ensure that B >1
by taking 3 to be the maximum of 1 and the output of the FPRAS. For this step we
adjust the failure probability of the FPRASes (as described in Section so that the
probability that Equation fails to hold is at most 1/15. Note that the running time
of the FPRASes is polynomial in 1/6 (even though the application of Lemma means
that we have to call the FPRASes for p= and p7 with slightly smaller values ¢'.).

We will show below how to use G and these approximations to define positive integers
k1, ko and d, which will be used in the construction of J and J’. These quantities will
be bounded from above by a polynomial in n.

We first show how to construct J and J', using ki, k2, d and k = max(ky, 3k2). The
high-level construction is illustrated in Figure [2.6]

The construction of J is straightforward. Essentially, J consists of |V| copies of Cj, 4,
with one copy for every vertex in V. Thus, the vertex set V(J) is the set of ordered
pairs V(J) =V x V(Cyq) and the edge set E(J) is given by E(J) =V x E(C}q). We
will use Clu] to denote the gadget corresponding to vertex u € V. Formally, C[u] is
the graph with vertex set {u} x V(C}4) and edge set {u} x E(Cjq). To simplify the
notation, for u € V and 0 < j < k — 1, let T'[u, j] denote the j’th parity-1 terminal
of C[u]. Formally, this is the vertex (u, (4jd + 1,0)) of J. Similarly, let T°[u, j] denote
the j'th parity-0 terminal of Cfu]. Formally, this is the vertex (u, (4jd + 2j,0)) of J.
Let T[u] be the set of terminals of Cfu]. Let ul, ul and pu, be the distributions on
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O
> o and
O

FIGURE 2.6: An illustration of how G is transformed into the graphs J and J'. A

fragment of G is shown on the left. The graph J is a collection of copies of C}, 4, one

for each vertex of G. A fragment of J is shown in the middle. The copies of Cj q are

shown as grey annuli. The corresponding fragment of J’ is shown on the right. The

stripes represent the sets of edges between copies of C 4 in J’. J' also contains some
“bristles” (described later) which are not shown.

configurations o : T[u] — {0,1} corresponding to the distributions u%d, ,u,lc’d and p
defined in Section 2.3.4]

To simplify the description of J’, consider a planar embedding of G in which each
vertex u of G is associated with three “endpoints” ug, u; and ue, which are arranged
together in clockwise order in the plane. The edge set E can then be viewed as a

matching M on the points (J, 1 {10, u1,u2} such that

e (u,v) € E if and only if there are exactly two points u; and v; such that (u;,v;) €

M,
e No two edges of M cross.

The vertex set V(J') consists of V(J), together with a set of nk; new vertices, called
“bristles”. Formally, V(J') = V(J) U {(u,j) | u € V,0 < j < ki — 1}. Finally, the edge
set of J' consists of E(J), together with new edges connecting the bristles to the parity-1
terminals of the gadgets, and new edges matching the parity-0 terminals of the gadgets
(guided by the matching M). The edges connecting the bristles to parity-1 terminals of
the gadgets are those in the set

Ep = {((4,5), T"[u,j]),u € V,0 < j < k1 — 1}

It is more complicated to describe the edges matching the parity-0 terminals of the
gadgets. The idea (see Figure that if u, is matched to v in M (where a € {0, 1,2}
and b € {0,1,2}) then the parity-0 terminals T°[u, aks],..., T u,aks + k2 — 1] get
matched to the parity-0 terminals T°[u, bko], ..., T%u, bka + ko — 1]. However, there is
a further complication: To ensure that J’ is planar we must ensure that one of these
sequences of terminals is matched in clockwise order, and the other in anti-clockwise
order. Thus, let

En = {(To[u,akg —i—j],TO[v,ka +hky—1—7]) | u<wv,(ugvp) € M,0< 75 <ko—1}.
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TOMu,3] @--mmmmmmmme o T, 0]
T0M,2] —@- - T, 1]
TMu,1] —@-----------ooo-- T, 2]

TOMu,0] ~®----mmmmm s T, 3]

FIGURE 2.7: Terminals of u are matched to terminals in v, reversing the order.

Then E(J') = E(J)U Ep U Ex. Note that both J and J” are planar as required.
We next show how to define the positive integers k1, ko and d. Define

(77 ) mop(? N owop(P L) (?
1—p” p? 1~ 1 ~)\\

where P! denotes the transpose of the matrix P. Also, define

. (1-p — (B 1\ 54 — (B 1\ (1
(" ) m=p(? Y wop(? Y (L
1—p# p? 1 7 1 7/ \A\

Note that if ([2.6)) holds then, for any s € {0,1} and s’ € {0,1},

e_sps,s’ < ﬁs,s’ < 6§P575/,
676Ms,s’ < Ms,s’ < 65Ms,s” (27)
e W, < W, < W,

The matrix M has the following informal interpretation. Suppose that two parity-0
terminals ¢ and ¢’ are adjacent in J'. and that o: V(J') — {0,1} is a configuration.

If these two terminals have spins o(t) and o(t'), respectively, then the edge between
81

L (0.0t
terminal of Clu] and the spins of Cu] are chosen from the idealised distribution u3, then

them contributes a factor ( to wy (o). We will show below that, if ¢ is a

the probability that the spin of terminal ¢ is j is Ps ;. Thus, informally, M, o captures
the expected contribution of this connection (in the idealised distribution), where s
represents the phase of the gadget of terminal ¢'.

The informal interpretation of W is that, given any configuration o : V/(J) — {0,1}, a
parity-1 terminal ¢ which is connected to a bristle b will contribute a factor [('f i )4 )} "
to the sum ) _, wy(c’), where the sum is over all configurations ¢’ : V/(J') — {0,1}

which agree with o except possibly at the bristle b. This informal description is just to
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provide intuition — the technical details are given below. The main idea is that, if the
spins of the terminals of the gadgets are chosen from the “idealised” distribution then, if
the gadget of ¢ has phase s, then the terminal ¢ will contribute a factor of Wigs to the
expected contribution from this bristle.

We now introduce some calculation which will be needed to describe the algorithm’s
computation of ki, ks, and d and also to give the definitions of the real numbers 4 and
X. The first step is deriving some tedious but necessary bounds on the various quantities
defined above. In particular, we will define positive rational numbers A~ and A™ and a
rational number £ € (0, 1) (independent of 4 and n, but depending on 3, v and \). These
will be hard-wired into the algorithm. We will prove that, provided that § is sufficiently
small, each M, o A and W, satisfies A~ < M, o <ATand A™ < W, < A*. Also, each of
p-— p7"é 1-7, p7"é and A is at least &. We will also prove that p?’é <1 (and, from ,
we have B > 1.) Finally, we prove B’y < 1 —¢. Here are the details (which the reader
may skip).

e By Lemmas and we can define positive rational numbers p~ and p™ such
that every element P; ¢ of matrix P satisfies p~ < P; ¢ < p*. Then

( )(2+/3+7)<Mss’§( )(2+/8+'7)

S0, since 6 < 1,
)2+ B+7) < My <e(ph)’ (24 B+ ),

so to get the required bounds, we take any A~ < e_l(p_)2(2 + 5+ ) and any
AT > e(p+)2(2 + 8+ 7). The bounds on W, are similar.

e To ensure p— — };7\’5 > &, choose rational numbers p1, p2, p3, and pg such that
p* < p1 < pa < p3 < psy < p=. These exist by Lemma which guarantees
that p? < p=. Then, if 6 < py — p3, Equation guarantees p= > p=e 0 >
p=(1=9)>p=—06>p~ —(psa—p3) > p3. (Note that the calculation used p= < 1.)
Similarly, if § < (p2 — p1)/2, Equation guarantees ];; < edp” < pP(1+26) <
P+ 20 < p* + (p2 — p1) < p2. (Again, we used p* < 1.) Tt suffices to take any
£ < p3—p2

e We can similarly establish 1 —% > ¢ by considering a sequence of rational numbers

between v and 1 (using the fact that v < 1 by (2.1))) and we can establish ];; > ¢

by considering a sequence of rational numbers between 0 and p# (using the fact
that p* > 0 by Lemma .

e Then, by (2.1), A > 0, so taking any & < A, we can choose a rational number
¢ with 0 < € < ¢ < A Then choosing § < log(&'/€) ensures e %¢" > ¢ so
A>e N> e 0¢ > ¢

e Note that the second bullet point already establishes 1;72 <1
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e Finally, (2.1) guarantees Sy < 1, so choose rationals 8’ > 8 and 4/ > + with
By < 1. Choose ¢ sufficiently small that 8’4" < e™3¢. Then choose § < £/2 to

ensure
Br<e®By<etpy <e*<1-¢

We can make the following conclusions.

My — Mo = (0= — p?)((B — )1 —p?) + (1 = F)p?) > €
Mox — Moy = (= = pA)((B-1)(1 —p2) + (1 7)) > &

We can now define kg. Since

— 2

MooMy1 — M2, = det(M) = det(P)2(B7 — 1) = (= —p?) (B7 — 1) < —€%,50

MO/,_O\MLl _ MO2,1 + (MO/{MLl - Mg,l) < M[?/,l\_ 53 — 1 £3 <1— 53 < 6753/(A+)2‘
Mg, Mg, Mg, Mg, — o (AT
Then let

by = {(n? + n)2log(5)(A1)’
2 — 53

Then, if we ensure that § < (£3/(A1)?)/8, we have

—_ ko
<e45M0,0M1,1> < ek /2(81)2)

Mg,
< 5iom
Then define N
2
- Moo M1
T,
By [2.7),

Also, there is a randomised approximation scheme for 4 whose running time is at most
a polynomial in n and in the desired accuracy parameter €.

Next, we will define k1. Recall that Wl > /V[70 and ]\7171 > ]\70,1- If n is sufficiently
large with respect to log(A*T/A™) > 10g(W1/W0) then there is a positive integer k;
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(which the algorithm can compute) satisfying

3]{}2 log(M\Ll/J/W\OJ) + log(41)n < k‘l < 3k‘2 log(]/\il’l/]/\io’l) + log(49)n
1Og(W1/W0) 1Og(W1/W0) n N 10g(W1/W0) log(Wl/Wo)

Note that k; = O(n?). Also,
—~\ k1 s~ 3ko
M,
wiy < (M amit
Wo M1
—~ k1 — 3ko
1% M,
<A1> <A0’1) < (4.9)".
Wo M1

Now if we ensure § < n~25 then, for sufficiently large n, 6 < nlog(4.1/4)/(2k1 + 6k2)
and ¢ < nlog(5/4.9)/(2k1 + 6k2), so

—~ \ k1 — 3ko
< (e M) (2 os
Wo M 1

and

and

/W k1 ]/\Z 3ko

261 202401 < 5"

Wo My 1

Note that .
5" < -
A1/m

Then define

~ WNF /Mo 3k
=) G
Wo My 1
Note that there is a randomised approximation scheme for A\ whose running time is
bounded from above by a polynomial in n and the desired accuracy parameter €. Also,
A< &11/71 so vy < A" and X\ > 4™, as required.
Now let k = max(ki,3ks). Finally, the gadget will use a parameter d. By Proposi-

tion [2.5] there is a ¢ > 1 (not depending on k) such that, for all sufficiently large d which

are multiples of 16, and all configurations 7 : Ty, 4 — {0, 1},

| Pr(ora(Tha) = 7) — pra(r)| < k2

The algorithm will choose d to be a multiple of 16 such that d = O(n?) and

kin k| E|
)

(6_6]/\4\171)
G

(6_6W0
B+

2 <

)kln 22kn2nn .
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This can be done, since |E| = O(n). We will use below the fact that

B WéﬂlnMiﬁ\m
max | Pr(oyi(Tka) =7) — pra(7)] <

z , (2.8)
7:Ty,q—1{0,1} (ﬁ + )\) 1”Bk2|E\22kn2nn

which follows from Equations (2.6 and ([2.7)).
Let K be the positive real given by

2’!’l

ko|E|*

K= kin
Wy' My

Note that there is a randomised approximation scheme for K whose running time is at
most a polynomial in n and in the desired accuracy parameter, €.

All that remains is to establish , which we do in the remainder of the proof. Let
T = UyueyT[u] be the set of terminals in V(J). For every configuration 7 : 7" — {0,1},
let wt(7) = X oev(s)—{o1}o(r)=r wI(0). The quantity wt(r) is the contribution to
Zg(J) from configurations o with o(7T") = 7. Similarly, let wt'(7) be the contribu-
tion to Zg,a(J') from these configurations. Since V(J') = V(J), we have wt'(7) =
2oV (N)—{01}:0(T)=r W (0). Let F(7) denote wt'(r)/wt(7). Then

Zoan(J)  2rropoyWV(T) X qoay WHT)E(T)

Zgaa(J) Zg 2 (J) - Zs 4 (J) = E[F(a,(T))]. (2.9)

We can write F'(7) in terms of 3, v, and A:

k1—1 ko—1 |
3 1\ (1 B8 1
F(r) =
eV j=0 (T )] | (uawp)eMuso =0 T(TOusaky-+51) 7 (T0[v,bka+kz—1—3])

(2.10)

We now define an “idealised” distribution on configurations assigning spins to the
terminals. First, let & be a random variable which is drawn uniformly from V' — {0, 1}.
Each realisation ¢ of & can be thought of as specifying, for every vertex u € V, a
phase &(u) € {0,1} for the gadget C[u]. Conditioned on the realisation & = &, the
random variable & : T — {0,1} is distributed as follows: for each v € V, &(T[u])
is chosen independently from the distribution uz(u). Note that the (unconditioned)
random variable & has the property that 6(7'[u]) is distributed as p,, independently of
all &(T[u']) for v’ # u.

We wish to estimate E[F(o ;(T))], but the distribution of o ;(T") is somewhat com-
plicated. Instead, we will first estimate E[F(&)], and we will later use Proposition [2.5/to
show that these two quantities are close. From the definition of &, we have

BF@)=— Y EF6)|&=d)

omn
5:V—{0,1}
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Now we will argue that if 6(u) = s then, for every parity-0 terminal ¢ of Clul, it is the
case that Pr(6(t) = j | 6 =) = Ps ;. (To see this, consider the possible cases. If s =0
then, from the definition of ,u%d, the probability that 6(¢t) = 1 is p~, which is Py, but
the probability that ¢(t) =01is 1 —p~ = Pyo. The situation is similar if s = 1.) On the
other hand, similar reasoning shows that, for every parity-1 terminal ¢ of C[u], it is the

case that Pr(6(t) = j | & = 6) = Pigs,j. Thus, we have

. 1
E[F(e)] = 5, > > F I H P (w),r (0 fu,g) Prove (u), (11 .-

6:V—{0,1} =:T—{0,1} ueV j=1

Plugging in (2.10)), the contribution of each & to the right-hand-side of the above
equality is 27" multiplied by the product of the following terms:

ML e () 6)
P a(u),s 9
ueV j=0 s€{0,1} oot 1 A s
k—1
ITII X Pesw.s

u€V j=ki sc{0,1}

ko—1 ,8 1
NIy v p&<u),sp&<u),s,( ) |

(u,w)eE j=0 se{0,1} s'€{0,1}

11 kH1 > Pous

ueV j=3k2 s€{0,1}

The second and fourth of these terms are equal to 1, and the first and third simplify

using the matrices that we defined earlier, so we get

E[F(&)]=2in > HW%U T Mowswm™

5:V—{0,1} ueV (u,v)eE

Then, plugging in our notation from earlier, we have

1 n— a o c(o
E[F(6)] = — Z Wl’fl( Uo ))ngé( &) éc%b( )Mkz(\El b(6)—c(5 ))Mﬁzl( )

n
5:V—{0,1}

:WéemM(lizllE\ Z Mo, k2b(5) My kac(5) % k1(n—£(5))
2n Mo,1 Mo 1 Wo '

5:V—{0,1}

Replacing (u) with 1 & 6(u), we get
Wt My

7 Z <M171 > kab(5) <M0,O > koc(o) (VVI> k1£4(5)
on Moy Mo W .

5:V—{0,1}

E[F(6)] =
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Since G is cubic, we can count the pairs (v, (u,v)) € V x E with 6(v) = 1 in two
ways to get 30(6) = 2¢(6) + (|E| — b(6) — ¢(5)). So b(c) = ¢(6) + |E| — 3¢(5), which
implies that

Fan y k2| B ko @) e
E[F(&)] = W' M0,21| | <M1,1>k2E| Z Mo oMy ’ <W1>kl <Mo,1>3k2
2" Mo, o:V—{0,1} Mg, Wo M
=K 7,55 (2.11)
Plugging (2.9) and ({ into ( , it remains to prove
e VAR[F(6)] < E[F(0;(T))] < e/*E[F(6)]. (2.12)

Y < ( max F(T)) > [Pr(es(T)=7)—Pr(6 =7)|.

7 T—{0,1}

To emphasise that summation over 7 : T'— {0, 1} can be broken into summation over

each restriction T(T[u]) we will write the summation index as Yu, 7(T'[u]) : T'[u] — {0,1}.

By (2.10), F(r) < (8 + AR gkl El g6 we can write
) < (B+ NI > L1 Pr(os(Tlu)) = 7(TTu])) — [ Pr(6(T[u]) = T(T[U]))|
Vu,r(T[u]):T[u]—{0,1} lueV ueV
= (B+ ) phelP] > [ Prlos(TTul) = 7(TTul) - [] M(T(T[UD)' :
Vu,(T[u]):Tu]—{0,1} lueV ueV

Using the inequality |[[ay — [[bu] < > |ay — by valid for values 0 < ay, b, <1, as
in the proof of Proposition 2.5] we have

P < (B+NmpReAEIRkny  max  |Pr(oga = T) — ()] -

T:Tkyd—>{0,1}
Applying (2.8),
kin j rh2|E| kin g rk2| E|
b < (8 4 A ghalElg2kn,, Wo'" My, _ WMy

- (ﬁ+)\)k1nﬁk2|E|22kn2nn n

So to establish (2.12]), we note that
1 1 E|F T 1 1
l———s=1- —~ < [(UJA( ))]§1+7A=1+7.

Z,73(G) KE[F(5)] E[F(o)] KE[F(5)] Z,5:(G)

The result follows from the extremely crude bound Z, - 5(G) = 8. O

We can now prove our main theorem.
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Theorem . Let 8, v and X be efficiently-approximable reals satisfying (2.1)). There is
no FPRAS for DegreeFourPlanarTwoSpin(3,~, A) unless NP C BPP.

Proof. We will give a randomised algorithm for PlanarCubiclS, using an FPRAS for
DegreeFourPlanarTwoSpin(f3, v, A) as an oracle (and also using the given FPRASes for 3,
v and A).

After receiving an instance GG and h, our algorithm uses Lemma which provides
planar graphs J and J’ with maximum degree at most 4 and also some approximation
schemes for the reals K, 4 and A. With probability at least 1 — 1/15, these satisfy
A > 4Vl and 4 < XVl < 1 and Equation (2.5). The algorithm then makes four
calls to approximation schemes, suitably powered so that each call fails with probability
at most 1/15. Thus, with probability at least 2/3, Equation (2.5 is satisfied and all
calls to the approximation schemes succeed. In that case, we will show how to determine
(from the outputs of the approximation schemes) whether or not G has an independent
set of size h.

Let n = |V(G)|. By Equation (2.5)), we have

Zg 4 A(J)
—1/4 BysA . 1/4
e K < Zl,%\(G) <e’"K Zr(7) .

ZgyA(J)

Using the given approximation schemes for Zg, 1(J'), Zg,1(J) and K, each with

accuracy parameter 1/12 and failure probability 1/15, we can compute a value Z which,
with probability at least 1 — 3/15, satisfies

!
VA < KZB,%A(J) < 61/427
Zﬁ,%/\(J)

SO

e 1?7 <7, .5(G) < e ?Z. (2.13)

Using the given approximation scheme for A with accuracy parameter 1/2h and failure

probability 1/15, we can compute a value A which, with probability at least 1 — 1/15,
satisfies e~ 1/20 ) < A < el/2h )\ so

e 12N < NP < 12\ (2.14)

Suppose that all four calls to the approximation schemes succeed so that (2.13)) and
(2.14)) hold. Recall that

lsl@= Y OO,
o:V(G)—{0,1}

If G has an independent set of size h then Zl,‘/,:\(G) > A so, plugging in (2.13)) and
(12.14)),

7> 6_1/2217%5\(61) > e 2\ > 1),



95

Also, if G has no independent set of size h, then Zlgf;\(G) < 2" max(j\h_l,j\”i) <
2" \"=1. So, plugging in ([2.13) and (2.14) and our lower bound for A,

on\h

Z < 61/221 : ;\(G) < 61/22715\/7,—1 < 61/24T _ 61/22—n5\h < e2—n§h'

777
As long as n > 3, e”! > €27, so it is possible to determine from Z and A whether

or not G has an independent set of size h. O

2.5 Approximating the log-partition function

We start with a preliminary lemma, which will help us to show that our approximation

is sufficiently accurate.

Lemma 2.26. Suppose that B, v and A are real numbers satisfying > 1>~ > 0 and
A > 1. Then, for every planar graph G, Zg,\(G) > (1 + N VGI/4,

Proof. Let I be the largest colour class in a proper 4-colouring of G. Then [ is an
independent set of G of size at least |V (G)|/4. For every configuration o: V(G) — {0,1}
which assigns spin 0 to every vertex in V(G) \ I, wg(o) > X{@). Thus Zz,,(G) >
(1 4+ )M O

Our approximation algorithm is inspired by Baker’s approximation schemes for opti-
misation problems on planar graphs [2]. For a good explanation of her technique (which
we use in our exposition here), see Borradailes’s notes [12]. We will use the following
notation (from [I2]) to decompose a planar graph G = (V, E) which is embedded in
the plane. We first define the level of each vertex. Vertices on the boundary of the
embedding have level 0. Then, for i € {0,...,n}, the vertices with level i are those
that are on the boundary on the graph formed from G by deleting all vertices whose
level is less than i. For a fixed parameter k, and for every i € {0,...,k — 1}, let
Vi = {v € V| The level of vertex v is equal to ¢ modulo k}. Let G; be the graph G —V;.
By construction, G; is (k — 1)-outerplanar. Also, Bodlaender [7] had shown that every
k-outerplanar graph has treewidth at most 3k — 1. Also, this tree decomposition is easy
to compute. Using a data structure of Lipton and Tarjan [80], Baker shows that the
levels of vertices can be computed in O(|V]) time.

We can now prove Theorem

Theorem [2.3. Suppose that 8, v and \ are efficiently approximable reals satisfying 3 >
1>~>0and A\ > 1. There is a PRAS for PlanarLogTwoSpin(S3,, \).

Proof. Consider input G = (V, E) with at least 3 vertices and an accuracy parameter
e €(0,1). Let n=|V| and m = |E| < 3n. Let 8+, 37, AT, A=, v and v~ be rational
numbers (built into the algorithm) such that 8+ >8>~ >1,1>~4" >y >~ >0,
and AT > X > A" > 1. Let k be any integer satisfying

s 32 log(2A™) + 96 log(5T)
- elog(1+ A7)
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Then let
_ 2nlog(2AT)

k(n+m)

Using the given FPRASes for 3, v and A, compute B\, ~ and P\ satisfying e 983 < B <
B, e O\ < P\ < e\ and e %y <7 < e%y. As in the proof of Lemma adjust the
output of the FPRASes to ensure 8+ > 3> B, vt >35>+, and AT > A > A~

The first step is to compute a value Z satisfying

7 < Z5-+(G) < 22T Fghyik g (2.15)

BAA
This step is accomplished as follows.

1. Using Baker’s algorithm, construct the graphs G; for i € {0,...,k — 1}. Each of
these has treewidth at most 3(k — 1) — 1.

2. Choose i € {0,...,k — 1} as follows. Let Z = {i | |Vi|] < 2n/k}. Note that
|Z| > k/2. Now consider the 2m endpoints of edges in E. Choose i € Z so that
V; contains at most (2m)/|Z| of these. Note that |V;| < 2n/k and the number of
edges with endpoints in V; is at most 4m/k < 12n/k.

3. Use the algorithm of Yin and Zhang [104] Theorem 2.2] to compute Z = ZBﬁ,X(Gi)'
The running time of Yin and Zhang’s algorithm is at most the product of a poly-
nomial in n and an exponential function in the treewidth of G;. In order to apply
the algorithm, we first express the partition function ZEﬁ,X<Gi) as the solution to
a Holant problem Holant(G, F) with regular symmetric F. See [104] for definitions

and details.

4. Equation (2.15)) now follows by noting that

Zi:3(@) = Y waln) 3 MO,
T V(Gi)—>{0,1} T/5Vi—>{071}

where £(7') is the number of vertices u € V; with 7/(u) = 1 and b(7,7’) is the sum
of the number of edges (u,v) with u € V(G;) and v € V; and 7(u) = 7/(v) =0
and the number of edges (u,v) with v € V; and v € V; and 7/(u) = 7'(v) = 0
and ¢(7,7') is defined similarly (with spin 1). Then 2oV {01} N7 gb(TT)Zelr,7)
is at least 1 (since 7/ can assign spin 0 to every vertex in V) and it is at most

22n/k(/)\\)2n/k/\12n/k.

B

To finish, note that

SO since



o7

and (from Lemma [2.26])
log Zg A\ (G) = (n/4)(1 4+ A7),

and

12n
— log

(€/2)(n/4) og(1 + A7) > " log(2A*) + 2" log(5"),

¢~ 10g(Zp,A(G)) < 108(Z5 17 (G))(1 — ¢/2)

2
< 1og Z5,A(G) = 3(n + m) — = log(2\*) -
2 12
<log Z55(G) — T~ log(2X") — == log(8")

< log 7.
Similarly,

log Z < log Z555(G)
<d(n+m)+log Zg~ A(G)
2
< ?” log(2A™) + log Zs. A(G)

< (1+¢€/2)log Zg,\(G)
< eflog Zg 4 A\ (G).

12n
— log

(8%)






Chapter 3

Approximating Holant problems by

winding

(This chapter is a revised version of [84], without the introduction to FPRASes and
#CSPs.)

We give an FPRAS for Holant problems with parity constraints and not-all-equal
constraints, a generalisation of the problem of counting sink-free-orientations. The ap-
proach combines a sampler for near-assignments of “windable” functions — using the
cycle-unwinding canonical paths technique of Jerrum and Sinclair — with a bound on
the weight of near-assignments. The proof generalises to a larger class of Holant prob-
lems; we characterise this class and show that it cannot be extended by expressibility
reductions.

We then ask whether windability is equivalent to expressibility by matchings circuits

(an analogue of matchgates), and give a positive answer for functions of arity three.

3.1 Introduction

In this chapter we will show that the following problem has an FPRAS.

Name. #ParityNAE
Instance. A multigraph G in which each vertex is labelled Even, Odd, or NAE
Output. The number of subsets F' C E(G) such that:

e cach Even vertex has an even number of incident edges in F

e cach Odd vertex has an odd number of incident edges in F

e each NAE vertex has at least one incident edge in F' and at least one incident
edge in E(G) \ F

Theorem 3.1. There is an FPRAS for #ParityNAE.

99
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FIGURE 3.1: Reduction from #SFO to #ParityNAE. The edge with two arrows is a
skew edge. A sink-free orientation is illustrated with the corresponding set F' draw in
thick grey.

3.1.1 Relationships with other counting problems

Consider a graph G. An orientation of G is a choice of orientation of each edge: exactly
one of the endpoints of each edge is chosen to be the head of the edge, while the other
endpoint is the tail. An orientation is sink-free if each vertex is a tail of some edge. We
can also allow some edges of G to be designated “skew edges”. An orientation of G then
consists of an orientation of each ordinary edge, and a choice of which skew edges will
point outwards. If a skew edge points outwards, both its endpoints are its heads, and
otherwise both its endpoints are its tails. The problem #SFO takes as input a multigraph
G where each edge is designated ordinary or skew, and outputs the number of sink-free
orientations of G.

Bubley and Dyer studied #SFO and gave an FPRAS [I5]. They showed as a corol-
lary that there is an FPRAS for counting solutions to a formula in conjunctive normal
form in which every variable appears at most twice, which they showed is a #P-hard
problem. The first part of their argument was a standard reduction to sampling - finding
a fully polynomial almost uniform sampler (FPAUS) for sink-free orientations. Then,
they constructed a Markov chain that converges to the uniform distribution on sink-free
orientations, and bounded its mixing time using a two-stage path coupling argument.
Cohn, Pemantle and Propp later gave an exact sampler (for a simpler problem where
skew edges are not allowed) with O(|V|-|E|) mean running time, using a kind of rejection
sampling [38].

A simple reduction from #SFO to #ParityNAE is illustrated in Figure showing
that #ParityNAE generalises the problem of counting sink-free orientations in a graph
(while also allowing parity constraints). Given an instance G of #SFO, label all the
vertices NAE, subdivide each non-skew edge wv, label the new vertices (which we will
refer to as “my,”) Odd, then attach a degree-one Odd vertex to each NAE vertex. This
gives an instance G’ of #ParityNAE. For all orientations O of G define a set Fp C E(G’)
by taking all edges attached to degree-one Odd vertices and all edges corresponding to
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heads: for non-skew edges uv take um,, € F' if and only if u is the head of uv, and for
skew edges uv take uv € F if and only if uv is oriented outwards. Each degree-two Odd
vertex in G’ has exactly one incident edge in Fp, and each NAE vertex in G’ has at least
one incident edge in Fp, and if O is sink-free then each NAE vertex in G’ has at least one
incident edge not in Fp. Furthermore, any F C E(G’) satisfying these conditions is Fp
for some sink-free orientation O. The function O — Fy therefore gives a bijection from
sink-free orientations of G to the set of subsets of F(G’) that get counted by #ParityNAE.

#ParityNAE, at least when restricted to bounded-degree graphs, is a type of Boolean
Holant problem. In this discussion we will take the codomain to be the set of complex
numbers; functions {0,1}* — C are called signatures in this context. But afterwards we
will restrict to non-negative rational-valued functions.

For all positive integers k define Eveny, Oddy, NAE,: {0,1}* — {0,1} by setting
Eveng(z1,...,xx) to be 1 if and only if 21 + - - - + xy, is even, setting Oddy(z1, ..., zk)
to be 1 if and only if 21 + - - - + x is odd, and setting NAEg(x1,...,x%) to be 1 if and
only if 1 <z +-- -4z <k — 1. The restriction of #ParityNAE to graphs of maximum

degree at most d is then equivalent to Holant(F;) where
fd = {Evenl, Oddl, 1\11&]:‘4‘17 cee ,Evend, Oddd, NAEd}.

By Theorem [3.1] this problem has an FPRAS for each d.

We now recall the relationships between #CSPs and Holant problems in the Hadamard
basis as discussed in [66]. Note that while these equivalences are usually stated in the
context of exact evaluation, the reductions just involve preprocessing the input, and so
also apply in the context of approximate counting. Firstly, equality constraints can be
used to break the read-twice restriction: if EQs is in F then Holant(F) is equivalent
to #CSP(F) [29, Proposition 5|. Secondly, let F': {0,1}* — C denote the Hadamard
transform, defined by

Pl ) =39 S B, gy
ye{0,1}F

Holant(F) is always equivalent to Holant({F | F € F}); see |29, Proposition 1] or
[82]. Also, F = F for any F. So if F contains E/Q\g,, then Holant(F) is equivalent to
#CSP({F | F € F}). But E@ is just Evenz multiplied by a factor of v/2 (which can
be easily accounted for).

Taking F to be the set F; defined above, with d > 3, we find that the restriction
of #ParityNAE to instances of degree at most d is equivalent to #CSP({F | F € F,}).
By Theorem this problem has an FPRAS for each d. In this sense, #ParityNAE
generalises #SFO to a #CSP. Note that CT:IE(O) =1/v2 and CT:IE(O) =—-1/v2. So
we get a class of FPRASes for #CSPs using functions with mixed signs.
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3.1.2 Techniques

Like Bubley and Dyer we will use Markov chains, but to bound the mixing time we will
instead apply the canonical paths technique. More precisely, we will use a multicom-
modity flow with cycle-unwinding as used by Jerrum and Sinclair [70]. They proved the
following relevant result: for any polynomial p we can sample efficiently from the uniform

distribution of perfect matchings, in graphs G satisfying

number of matchings of order |V(G)| -1
2 < p([V(G)]). (3.1)

number of matchings of order %|V(G)\

Recall that a matching of a graph is a set of edges not sharing any vertices, and a
matching is perfect if it has order |V (G)|/2. A perfect matching is a satisfying assignment
to a certain system of constraints: each edge is either IN or OUT, and every variable
enforces a perfect matchings constraint, that exactly one of its incident edges is IN.
From this perspective a natural question is: what weight-functions can we use instead of
perfect matchings constraints? We show that Jerrum and Sinclair’s result generalises in

a certain sense to windable functions, defined as follows.

Definition 3.2. For any finite set J and any configuration x € {0,1}” define M, to be
the set of partitions of {i | #; = 1} into pairs and singletons. A function F: {0,1}/ —
Q>0 is windable if there exist values B(x,y, M) > 0 for all x,y € {0,1}” and all

M € Mg, satisfying:

1. F(x)F(y) = ZMGM;@y B(x,y, M) for all x,y € {0,1}”, and

2. B(x,y,M)=B(x®S,y®S,M) for all x,y € {0,1}” and all S € M € Mg,

Here x & S denotes the vector obtained by changing x; to 1 — x; for the one or two

elements 7 in S.

The next question is: what kinds of constraints guarantee a bound like (3.1))7 We

give one answer: strictly terraced functions.

Definition 3.3. A function F: {0,1}/ — Qs is strictly terraced if
F(x)=0 = F(x®e)=F(xdej) for all x € {0,1}” and all 4, j € J.

Here x & e; denotes the vector obtained by changing x; to 1 — z;.

We will discuss these definitions more throughout the chapter. Using properties of
these classes, we will establish Theorem A feature of the techniques is that they
cannot be extended by expressibility reductions. We make this precise in the following
theorem. Circuits are a natural type of gadget for Holant problem reductions which
we define formally in Section [3:2.I] If G consists of weight-functions of circuits using
functions in G’, then Holant(G) <ap Holant(G’). So one might hope to find an FPRAS

for a problem Holant(G) by simulating each constraint by a circuit using windable strictly
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terraced functions, then applying the techniques of this chapter to the resulting problem.
The first bullet point of the following theorem shows that this approach does not give

any extra tractable problems.

Theorem 3.4. Let F be the class of strictly terraced windable functions. Then
o F is closed under taking weight-functions of connectedlﬂ circuits
o F contains Eveny, Oddg, and NAEg for all k > 1
e for all finite subsets F' C F there is an FPRAS for Holant(F’)

The reason to take F' to be finite is to make sense of the computational problem
Holant(F’). As in Theorem , if one is careful about how the input is specified, it is

also possible to allow infinite F’ in some cases.

3.1.3 Matching circuits

In Section [3.7 we will consider a natural type of gadget for reducing Holant problems to
#PM, the problem of counting the number of perfect matchings in a graph.

As mentioned in Section #PM is #P-complete. This suggests that there is
no efficient exact algorithm, leaving the question of whether there is an approximation
algorithm. A major result in this direction is that there is an FPRAS for #PM restricted
to bipartite graphs [72]. Our study of matching circuits is an attempt to identify which
Holant problems reduce to #PM in the sense of expressibility.

Take a clique of order four K4, and attach an outgoing edge d; at the i’th vertex
for each 1 < i < 4. For each of the sixteen possible subsets M C {di,d2,ds,ds} of
the outgoing edges, we can count the number F'(M) of ways to add internal edges of
K, to the edges in M to obtain a perfect matching. Because K, by itself has 3 perfect
matchings, we have F(0)) = 3, while F({d1}) = 0 and F({d1,da2,d3,ds}) = 1.

We will say that a function F': {0,1}7 — Q> has a matchings circuit if there is a sim-
ilar graph fragment, with outgoing edges .J, and such that F'(x) is the number of perfect
matchings containing the outgoing edges {i € J | z; = 1}. In this chapter, we will think
of Holant instances as a graph whose vertices are the constraints and whose edges are
the variables. Substituting each vertex of a Holant({F'}) instance by the graph fragment
gives a reduction from Holant({F'}) to #PM. As a useful generalisation, our definition

Vbl

of matchings circuits will also allow non-negative edge-weights and a “fugacity” at each
vertex. These parameters were used in [70] to study permanents and monomer-dimer
systems. The extra flexibility turns out not to increase the computational complexity

beyond #PM (even though #PM does not involve edge-weights or fugacities). We show:

Theorem 3.5. If F is a finite set of weight-functions that have matchings circuits, then
Holant(F) <ap #PM.

!The restriction to connected circuits is a technical convenience to keep F in Theorem as simple
as possible — disconnected circuits are only useful for expressing functions that are decomposable in the

sense of Section
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The main result is the following theorem.
Theorem 3.6. Let F: {0,1}% — Qx¢. The following are equivalent:
1. F is windable

2. For all x1, 29,23 € {0,1} we have

F(xy,x9,23)F(1 — 21,1 — 29,1 — x3)
< F(z1,29,1 —23)F(1 — 21,1 — z9, x3)
+ F(x1,1 —zo,23)F (1 — x1,29,1 — x3)
+ F(z1,1 —x9,1 —x3)F(1 — 21,22, 23)

3. F has a matchings circuit

Theorem [3.0] gives a class of problems that reduce to counting perfect matchings. For
example, the Holant problem allowing only the relation {(0, 0, 0), (1,0, 0), (0,1,0), (1,0,1),(0,1,1)}
reduces to #PM, but is not known to have an FPRAS.

3.1.4 Related work

A matroid is sbo (strongly basis orderable) [42] if for all bases A and B there is a bijection
m: A\ B — B\ A such that for all X C A\ B the set (AU (X)) \ X is a basis.
Bouchet and Cunningham generalised the sbo property as linkability for the class of
even delta-matroids, and showed that this class is closed under an analogue of circuits
[13]. These conditions are just windability over the two-element Boolean semiring (B =
{0,1}, max, min), for the set of bases when considered as a function {0,1}Y — B, by
taking the characteristic vector of characteristic vectors of bases. Gambin used the sbo
property to approximately count the number of bases in certain matroids [57].

Valiant [98] introduced matchgates and matchcircuits, which are similar to matchings
circuits but give efficient exact algorithms. Matchcircuits can be understood as planar
graphs with edge-weights, with no restriction to non-negative numbers. Cai and Choud-
hary characterised the expressibility of matchgates [28]. The name “matchings circuits”
used in this chapter is meant to suggest a version of matchgates.

As discussed in Section m the focus on (the negative side of) expressibility for
approximate counting problems appears in [22], where logsupermodular functions are
shown not to express non-logsupermodular functions in the context of #CSPs.

Yamakami [I03] has given partial classifications for classes of Holant problems, and
we will also study these problems in Chapter [5] The bulk of these results deal with in-
tractability: reductions from a named problem such as #SAT to a given Holant problem.
The focus of the current chapter is on tractability: either in the absolute sense of an
FPRAS, or by reductions to #PM.

The equivalence between #PM and certain points of the Tutte polynomial mentioned

in Example can be seen as an example of a #CSP using weight functions with mixed
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signs studied in the context of approximate counting. By the proof of [59, Lemma 7], the
following problems are equivalent in the sense of approximate countingﬂ , for any fixed
y < —1.

o #PM

o #CSP({B,}) where B,: {0,1}> — Q is defined by B,(0,0) = By(1,1) = y and
By(0,1) = By(1,0) =1

e cvaluating the Tutte polynomial at the point (z,y) where (z —1)(y — 1) =2

3.1.5 Outline

In Section 3.3} we adapt the conductance argument of Jerrum and Sinclair to “even-
windable” functions, which are a slightly simpler version of windable functions. We
study windable functions in Section [3:4] We study strictly terraced functions in Section
In Section we establish Theorem and Theorem Finally, in Section
we discuss matchings circuits and establish Theorem [3.5] and Theorem [3.6]

3.2 Preliminaries

In this chapter, we will use bold face to distinguish between sets S C J and the charac-
teristic vector S. Similarly the bold version of a relation R C {0,1}” is the corresponding
zero-one-valued weight-function.

We will sometimes allow indexing sets to be partially enumerated in a certain way.
This is for notational power: the enumerated indices are easy to refer to explicitly, while
the unenumerated indices are easy to fix. For all positive integers k& and all finite sets J,
when k + J is used as an indexing set it means the disjoint union of {1,...,k} and J.
Elements of {0,1}**/ will be denoted by (z1,...,zx;y) where z1,..., 2, € {0,1} and
y € {0,1}7.

The distance |{i € J | 2; # y;}| between two configurations x,y € {0,1}/ will be
denoted d(x,y). We say F' is everﬂ if d(x,y) is even for all x,y with F(x), F(y) > 0.

For all F: {0,1}Y — Qs and y € {0,1}’ define the flip of F by y to be the
weight-function F’: {0,1}7 — Qx¢ defined by F'(x) = F(x@y) for all x € {0,1}”. For
all i € J define e; € {0,1}” (where J is implicit) to be the characteristic vector of {4}.

2For a generalisation of the definition of FPRAS allowing approximate negative values.
3This may be confusing terminology - an even function can be non-zero on vectors of odd Hamming
weight. But it is a common definition for delta-matroids.
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internal edge
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FIGURE 3.2: Terminology for graph fragments.

For all finite sets J we will use the relations

Even; = {x € {0,1}/ | Zajz is even}

e
Odd; = {x € {0,1}7 | > " ; is odd}
e
NAE; = {x € {0,1}7 [1 <) "o < |J| -1}

ieJ
EvenNAE; = Even; N NAE;

Even; and Odd; are parity relations. The last relation EvenNAE; is only used for

calculations (and only with |J| even).

3.2.1 Circuits

In this chapter, circuits are a type of graph equipped with weight-functions at each vertex,
and allowing external edges. A little care is needed to allow self-loops and asymmetric
weight-functions.

A graph fragment G is specified by:

e a set J& whose elements are called incidences

e aset V& of vertices, and sets Jf , v € VC, that partition J¢
e aset AG C JC whose elements are called external edges

e a partition EY of J&\ A® into pairs called internal edges

See Figure [3.2

A circuit ¢ is graph fragment equipped with a constraint F: {0, 1}‘]5; — Q>p for
each vertex v. We can also use a relation R C {0, 1}‘]50 as a constraint by taking FY = R.
We will drop the superscript ¢ where there is only one graph or circuit in context.

G is closed if it has no external edges. Standard graph-theoretic terminology extends

to graph fragments. In particular we will refer to connected graph fragments. An edge
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is either an internal edge or an external edge. A vertex v and an internal edge e are
incident if J, intersects e. If an internal edge e is uniquely identified by the vertices u, v
it is incident to, we will denote e by uwv.

Given a circuit ¢, for any configuration x of J,

e x is an assignment (with respect to E) if z; = x; for all {i,j} € E.
e x|, denotes the restriction of x to J,.

e The weight of x is wt,(x) = [,y Fo(X|s,)-

The weight-function of ¢ is the function [¢] : {0,1}* — Qx¢ defined by

[Pl () = wip(x)  (x€{0,1})

where the sum is over extensions of x to assignments x’: {0, 1}‘] — Q>0 with respect to
E. If a weight-function F' is equal to [¢], we will say that F' has the circuit ¢.
Another way to think of a circuit is as a “read-twice pps-formula”, a special case of

the pps-formulas of [22]. For example, consider an equation

1

1
Fz)=Y ) Gx,y)Gy,2)H(z)  (z€{0.1}).

y=0 z=0

Note how on the right-hand-side, each bound (summed) variable appears exactly twice,
and each free (unsummed) variable appears exactly once. Any equation of this form
defines a circuit in a natural way: incidences correspond to the variable occurrences
x,Y,Y, 2, z; vertices correspond to terms G(z,y), G(y, z), H(z); the sets J, are scopes for
each term; external edges correspond to free variables; and internal edges correspond to
summed variables.

For any partition E of a finite set J into pairs, for all non-negative integers k, a
k-assignment with respect to F is a configuration x of J such that z; = z; for all but
exactly k pairs {i,j} € E. So an assignment is a 0-assignment. For all closed circuits ¢
and all integers k > 0 define

Zilp) = Y wi(x).

k-assignments x

So Zp(¢p) is just [¢] (evaluated on the empty configuration).

In this chapter, we use an alternate definition of Holant problems:

Name. Holant(F)
Instance. A closed circuit ¢ using copies of weight-functions in F
Output. [¢]

This is equivalent to the definition given in Section of Holant problems as a

read-twice #CSP, because each edge in a closed circuit is used exactly twice.
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F1cURE 3.3: An example of constructing perfect matchings by symmetric differences.
From left to right, M, M’, MAM’ (with P drawn in thick solid grey), MAP, and
M'AP.

By substituting circuits, if F' has a circuit using copies of weight-functions from a finite
set F, then Holant(FU{F'}) <ap Holant(F). This justifies the focus on expressibility in
this chapter.

3.3 Even-windable functions

3.3.1 Idea

Windability is an abstraction of a property of the distribution of perfect matchings in a
graph with external edges. We will illustrate the idea briefly by the arity 4 case, where
windability is already used implicitly in [70]. But higher-arity conditions are important
for showing that windability is preserved by circuits.

Consider a graph G with four external edges ej,es,es,eq4. For all z1, 29,23, 24,
let F(x1,9,3,24) be the number of perfect matchings in G that include the out-
going edges {e; | z; = 1}. So F(0,0,0,0)F(1,1,1,1) is the number of pairs of per-
fect matchings (M, M’) such that M includes all the external edges and M’ includes
none. But for any such pair (M, M’), the symmetric difference MAM’ consists of cy-
cles and paths, and the path starting at e; ends at either es, e3, or e4, depending on
the choice of (M, M’). Thus F(0,0,0,0)F(1,1,1,1) splits into three terms. Denote
these numbers by B((0,0,0,0),(1,1,1,1), M) where M is a partition of {1,2,3,4} into
pairs: either {{1,2},{3,4}} or {{1,3},{2,4}} or {{1,4},{2,3}}. For the clique exam-
ple, Figure |3.3| (after numbering the external edges arbitrarily), we find that the value of
B((0,0,0,0),(1,1,1,1),{{1,2},{3,4}}) (for example) is 1, because there is precisely one
perfect matching of the clique giving a path from the first and second external edges. In
a similar way we can define B((1,1,0,0),(0,0,1,1), M).

When M AM' contains a path P from e; to eg, the sets M AP and M’ AP are also per-
fect matchings - see Figure[3.3] The only external edges in M AP are e3 and ey, while the
only external edges in M'/AP are e; and ea. Thus B((0,0,0,0),(1,1,1,1),{{1,2},{3,4}})
equals B((1,1,0,0),(0,0,1,1),{{1,2},{3,4}}.

In this section, for simplicity, we will consider only even functions.

3.3.2 Definition

For any configuration x € {0, 1} define My to be the set of partitions of {i € J | #; = 1}
into pairs. In particular, if 3, ; x; is odd then My = 0.
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A function F: {0,1}7 — Qs¢ is even-windable (with witness B) if there exist
values B(x,y, M) > 0 for all x,y € {0,1}” and all M € Mxgy, i.e. all partitions M of
the set {i € J | x; # y;} into pairs, satisfying:

EWL. F(x)F(y) = ZMeMx@y B(x,y, M) for all x,y € {0,1}/, and
EW2. B(x,y,M)=B(x®S,y®S, M) for all x,y € {0,1}” and all S € M € Mxay.

Note that in the second condition, S is a pair {7, j} in M: we are swapping the values of
x; and y;, and swapping the values of x; and y;. By swapping a sequence of pairs, EW2

is equivalent to

EW2. B(x,y,M)=Bx®S1® - &S,y ®S1®---® Sy, M) for all x,y € {0,1}/ and
all S1,...,8, € M € Mxay.

3.3.3 2-decompositions

Using pinnings, the even-windability conditions can be stated in a form that is sometimes
easier to check. A function H: {0,1}” — Qs has a 2-decomposition if there are values
D(x, M) > 0, where x ranges over {0,1}7 and M ranges over partitions of J into pairs,
such that:

1. H(x) = ), D(x, M) for all x, where the sum is over partitions of J into pairs,

and
2. D(x,M)=D(x®S,M) for all x, M and all S € M.

In particular if |J| is odd then the first condition forces H to be identically zero.

A function F' is even-windable if and only if for all pinnings G of F the function
GG has a 2-decomposition. For the forwards direction, given a witness B that F is
even-windable, for each I C .J and each p € {0,1}”\ define

Dp(x, M) = B((x,p), (X,p), M) (x€{0,1},M € My)

to obtain a 2-decomposition Dy, of GG where G: {0, 1} — Q>0 is the pinning of F' by
p. Indeed EW1 implies that for all x € {0,1}/,

GG(x)=F(x,p)FX,p)= Y BxxaLM)= Y Dyx,M),
MeM;y MeM;y

while EW2 implies
Dp(x, M) = B((x,p), (X,p), M) = B((x$ S,p), X® S,p), M) = Dp(x& S, M)

for all x € {0,1} and all S € M € M.
For the backwards direction, for each I C J and each p € {0,1}, pick a 2-
decomposition D of GG where G is the pinning of F' by p. For all x,y € {0,1}7,
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define B(x,y, M) = Dp(x’, M) where p is the restriction of x to {i € J | z; = y;} and
x' is the restriction of x to {i € J | x; # y;}. Then B witnesses that F' is even-windable:
EWL1 is

Fx)F(y) = GG(xX) = 3 Dp(x!, M) = 3 B(x,y, M),
M M
where M ranges over partitions of {i € J | x; # y;} into pairs, while EW2 is
B(x,y,M) = Dp(x',M)=Dp(x' ®S,M) =B(x®S,y®S, M)

for all partitions M of {i € J | z; # y;} into pairs and all S € M.
Lemma 3.7. Let F: {0,1}/ — Qxo with |J| < 3. If F is even then F is even-windable.

Proof. Let G: {0,1}! — Qx¢ be a pinning of F.

If I = () define D(x,0) = GG(x) where x € {0,1}? is the empty configuration. Then
GG(x) =", D(x, M) where M ranges over the set {} of partitions of I into pairs, so
D is a 2-decomposition of GG.

If |I| = 2, let 4,7 be the elements of I and define D(x, {{i,j}}) = GG(x). For all
x € {0,1}! we have GG(x) = > ,; D(x, M) where M ranges over the set {{{i,7}}} of
partitions of I into pairs, so D is a 2-decomposition of GG.

If |I] is 1 or 3 then G(x) and G(X) cannot be simultaneously be non-zero because G
is a pinning of the even function F', and ), ;x; = [I| + > ,c;(1 — ;) (mod 2). Thus
GG is identically zero. There are also no partitions of I into pairs, so the empty function

is a 2-decomposition of GG. O

Lemma 3.8. Even; and Odd; have a 2-decomposition whenever |J| is even. Eveny

and Odd; are even-windable for any J.

Proof. First consider Even ;. Fix a partition N of J into pairs. Define

1 ifM=Nand) . ;z;is even
D(x,M) = 2ies T
0 otherwise.

Then for all x € {0,1}” we have Even;(x) = >_,, D(x, M) (where the sum ranges over
partitions M of J into pairs). Similarly for Odd;, define

1 ifM=Nand) . ;x;is odd
D(x,M) = 2ies

0 otherwise.

Then for all x € {0,1}” we have Odd;(x) = Y ,,; D(x, M).
Now consider a pinning G: {0, 1} — Qs¢ of Even; or Odd,. If |K| is odd then
GG is identically zero, by the same argument used in Lemma . Otherwise, G = GG

is either Eveng or Oddg, which we showed have 2-decompositions. O
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The following argument gives a more difficult example of a 2-decomposition. It will
be used later (in the proof of Lemma [3.17) to show that NAE; is windable.

Lemma 3.9. Let J be an finite set with |J| even. Then EvenNAE; has a 2-decomposition.

Proof. For each subset I C J of even order fix a partition My of I into pairs. Set

D(x, M) =272 1{1 C J||I| is even, sz and Z x; are odd, and M = M;U M1}
i€l e J\I

S € MrUM\rimplies S C I or S € J\I. The conditions that 3, z; and 3 ;¢ j\ ;i
are odd are therefore not affected by changing x to x®S. Thus D(x® S, M) = D(x, M)
for all S € M.

For any x, if EvenNAE ;(x) = 0 then D(x, M) = 0. If EvenNAE ;(x) = 1, pick
i,j with #; = 0 and z; = 1. For each of the 2¥=2 subsets I’ C J \ {i,j} there is a
unique set I"” C {7, j} such that the order of I = I’ UI" is even and such that ), ; x;
and ). J\I Ti are odd. There are thus 2¥=2 such subsets I for each fixed x, which gives
YD, M)=1. So D is a 2-decomposition of EvenNAE ;. O

3.3.4 Expressibility

We will show that the weight-function of any circuit using even-windable functions is
even-windable. We will use a certain graph associated with a choice of matching of
incidences.

Let M and E each be a set of disjoint pairs of some set. Define Ly(M) to be
the multigraph on the vertex set Jgc,, S with edge set the disjoint union of M and
{Hi,jy € E|i,j € Ugerr S} (so edges in M N E give pairs of parallel edges in Lg(M)).

Note that for each vertex i of Lg(M), the degree of i is two if {i,j} € E for some
J € Ugear S, and otherwise 7 has degree one. So Lg (M) consists of paths and cycles.

We will use this graph later for the analysis of the near-assignments chain. For now,
consider an assignment x of some circuit with internal edges E and external edges A,
and let M € M. For any ¢ not in A with z; = 1, the unique j with {7, j} € E satisfies
x; = 1. This means that i € (Jgcy, S has degree 1 in Lg(M) if and only if i € A. So
every path component of Lg(M) ends in {i € A | z; = 1}, and every such i is at the end
of a path. See Figure

Lemma 3.10. Let ¢ be a circuit using only weight-functions that are even-windable.

The weight-function of ¢ is even-windable.

Proof. Recall that V, J, J,, A, E, F,, denote vertices, incidences, vertices’ incidences, ex-
ternal edges, internal edges, and vertices’ weight-functions. For each v € V pick a
function B, witnessing that F}, is even-windable.

Consider a set M’ of disjoint pairs of J. We will say that M’ induces the set of pairs
{i,7} C A such that there is a path from i to j in Lg(M’).
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FIGURE 3.4: A circuit ¢ and Lg(M) for some M € My where x is an assignment of

E = E?. (In particular, the M drawn is a union of partitions M, € My, .) Circles

represent vertices of the circuit. Squares are incidences i € J¥ of the circuit, and are

filled black where x; = 1. Elements of M are drawn as thick black lines. Elements
{i,j} € E are drawn as thin lines.

For all x,y € {0,1} and all M € Mygy define

B(x,y,M) = Z Z H By(X'|1,,¥'l 1, My)

x'y" {My} inducing M veV
where:
° > ¥/ denotes the sum over assignments x’ and y’ extending x and y respectively.

® > {M,} inducing p denotes the sum over all choices of M, € M for each

v € V, such that |J, ¢y, M, induces M.

X/®y/)|Jv

For all x,y € {0,1}* we have

Y By M= > > > I By, M)

MeMxgy MeMxgy x'y' {My} inducing M veV

- Z Z H BU(X/‘Jwy/’JUaMU)

X'y’ {My}veV

DI | ECIIALACIRS

x' )y’ veV

= [l (x) [o] (¥)-

Here ) (1, denotes the sum over all choices of M, € Mgy, for each v € V: the
vey My induces M.
Now fix x,y € {0,1}* and S = {i,j} € M € Mxgy. For any choice of {M,}

inducing M, there is a unique path component Py, ) (also depending on x,y,S) from i

sum over M eliminates the condition that |J

tojin L = Le(U,ey Usen, S)- By construction of L, the vertices of Py} are a union
of pairs S € J,cyy My. In particular, for each v € V, the intersection Py Nidyis a



73

union of pairs S € M,. Using EW2’ we have

B(x,y,M) = Z Z H By(X17,, ¥l 1, M)

x'y" {My} inducing M veV
=> > 1 B ®Ppas )l (v © Pragy)l, M)
x'y" {My} inducing M veV

=B(x®8S,y®S,M).
So B witnesses that [¢] is even-windable. O

3.3.5 The near-assignments Markov chain

Throughout this subsection fix an even-windable weight-function F: {0,1}7 — Q>0 and
a partition F of J into pairs. This can be thought of as a circuit with one vertex. We
will define and study the near-assignments Markov chain for (F, E).

Set n = |J|. For each k > 0 let ©, denote the set of k-assignments of J with respect to
E that satisfy F'(x) > 0. The state-space is @ = QyUy. The transitions are Metropolis
updates to states at distance two. More specifically, the transition probability from x to
y is defined to be

%min(l,F(y)/F(x)) if d(x,y) =2
P(X’ Y) =31- % Zy’: d(x,y’)=2 min(lv F(y/)/F(X)) if y=xXx
0 otherwise.

(We will not consider the initial state to be part of the Markov chain itself: the
Markov chain is completely described by the matrix P € R®*?)) Define a probability
distribution 7 on 2 by

) = F(x) [ SFy)  (xeQ).

yeQ

By abuse of notation we will also denote ) 7(x) by 7(X) for subsets X C Q. By

adapting the arguments of [70], we will show:

Theorem 3.11. For all x € Q) and all non-negative integers t, we have

S IP ) )] < ) exp( () /)
yeQ

Here P! denotes the ¢’th matrix power. The factor of % is convention: the left hand
side is called the total variation distance of P from .

We will use a congestion argument, with the following definitions. In this section
a “path” is a directed path 7 in the transition graph (the directed graph with vertex
set Q and an arc (x,y) whenever P(x,y) > 0). A flow from X CQtoY C Qis a
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FIGURE 3.5: Lp(M) for some 2-assignment-matching M. Squares are elements of J.
Elements of M are drawn as thick black lines. Elements {7,j} € E are drawn as thin
lines.

non-negative real-valued function f defined on paths which start in X and end in Y,
satisfying

> f) =n@)rly) (reXyeY).

paths v from z to y

The congestion of f is

p(f)= max  ——— S f(y),

transitions (x,y) 7(X)P(X,y) paths 7 with 1 5 (%, 5)
These definitions of flows and p agree with [90, Section 4].

In the following arguments we will often use k-assignments (with respect to E) of
the form x @y for x € Q, and y € Q,. Note that we do not require F(x) > 0 for
k-assignments x, though we do require F'(x) > 0 for x € Q (so Q, defined at the start
of this section, is the set of “satisfying” k-assignments). For any non-negative integer k,
a k-assignment-matching (with respect to E) is a set M of disjoint pairs of J such
that exactly k edges {i,j} € E have exactly one endpoint, i or j, in (Jgcp, S In other
words, the characteristic vector of | Jgc,, S is a k-assignment.

Consider a k-assignment-matching M. Recall the definition of Lg(M) given in Sec-
tion which consists of cycles and paths. For any i with i € (Jgc,, S, the unique
J with {7, j} € E satisfies j € (Jgcps S, except for exactly k values i. Thus Lg(M) has
precisely k/2 path components. See Figure

For all non-negative integers k define

Zr= Y F(x).

xEQ
(This is Zx(p) if we consider F' as a one-vertex circuit ¢.)
Lemma 3.12. Z()Z4 S ZQZQ.

Proof. We have

ZOZ4 = § F(X)F(Y> = § § B(X7Y7M)'
x€€Qo x€Qo MeMxay
YEQy yeQy
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For each 4-assignment-matching M, pick a path component of Ly (M) and let Hys be the
set of vertices of this component. Let B be a function witnessing that F' is even-windable.

Each Hj; is a union of pairs in M so by EW2’,

ZoZy= ), », Bxo®HuyyoHy M)
x€Qo MeMxgy

yEQ
Let X' = x®H)s and y’ = y®H),. Note that X', y’ € Q9, and that (x/,y’, M) uniquely
determines (x,y, M), or in other words, the map (x,y, M) — (x',y’, M) is an injection.

Therefore we get an upper bound by summing over all x',y’ € Qs:

ZoZy< Y > BE.y.M)

x €0y MGMxl@y/
/
y'€Q2

= Y FE)F() = Z27Z.
x'€Qo
y'eQs

O

Lemma 3.13. Assume Zy > 0. There is a flow fo from Qg to Q with congestion at most
%RB/W(Q()), such that fo(y) = 0 for paths v of length more than n/2.

Proof. We will first construct a “winding” enumeration S(M,1),...,S(M,|M|) of each
0- or 2-assignment-matching M. The property we will need is that for each 0 < k < |M],
the characteristic vector of S(M,1)U---U S(M, k) is a 0- or 2-assignment.

First define the final pair T (M) = S(M, |M]) for all non-empty 0- or 2-assignment-
matchings M as follows. If M is a non-empty 0-assignment-matching (so L (M) consists
of cycles), pick any vertex ¢ € Lg(M). If M is a non-empty 2-assignment-matching, pick
an endpoint ¢ of the unique path component in Lg(M). In either case let j be the
unique index with {4, j} € M, and set T(M) = {i,j}. In any case Lg(M \ {T'(M)}) =
Lp(M)\ {i,j} has at most one path component.

So M\ {T'(M)} is a 0- or 2-assignment-matching. By induction on |M| — k define

S(M, k) =T(M\{S(M,k+1),...,S(M,|M])}).

So M\ {S(M,k+1),...,S(M,|M])} is always a 0- or 2-assignment-matching. This
completes the construction of S(M, k).
For each x € Qp and y € Q and M € Mxqy, let 75y v denote the path

X:X@JM,O*)X@JMJ%"'HX@JM,\M|:y’

where Jjr; denotes the characteristic vector of S(M,1) U ---U S(M,k). Let B be a
function witnessing that F' is even-windable. For all paths v from x € Qg to y € €,
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define

fO(’Y) = Z B(X7y7M)/(Z0+Z2)2'

MEMXEBy
V=Vxy,M

fo is a flow from €y to 2 because for all x € Qg and y € €2 we have

> fo) =Y Bxy,M)/(Z+ %)

paths v from x to y MeMxgy
= F(x)F(y)/(Zo+ 22)?
= m(x)7(y).

The congestion of fy is, by definition,

pfo) = max  ——— 3 fol).

transitions (z,z') 7(z)P(z, z’
( ) ( ) ( ’ )pathswwithfya(z,z’)

But 7(z)P(z,2') = 2% min(n(z),7(z')), so

plfo) < 260 2. m(z)

> Jo(v)

paths v with v > z

= max

n2
zeQ) 2F(Z)(ZO —+ ZQ) Z Z B(Xaya M)

XEQO MeMx@y
YEQ  with ZEYx,y,M

In the last summation, z € yx,y, » implies z = x® J 71, for some k, so by EW2’ we have
B(x,y,M) = B(z,z ®w, M) where w = x @ y. Thus,

2

plfo) = e 2F(z)(Zo + Z2) Z Z Z B(z,2&w, M)

0- and 2-assignments w = x€Q¢  MeMw
with Ze'Yx,xéBw,I\J

For each (z,w, M) with M € My, the only values of x such that z € x xgw v are the
|M|+1 values z © Jar0, ...,z ® Jpr ar)- Thus,

2
n
p() < max (1M] +1) B(z, 2@ w, M)
zeql 2F(Z)(ZO + Zg) 0- and 2—a§nmentzs w Mg/\:/lw
2(n/2+1
< max — (n/2+1) Z F(z)F(z®w)

260 2F (2)(Zo + Zo)

0- and 2-assignments w
Using z & w € Qg U Qs U Qy,

3‘Zo+Z2+Z4

n
Q) < —
plSlo) < 2 Zo + 4o
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If Zy = 0 then by Lemma we also have Z; = 0, so the congestion is at most
n3/2. Otherwise by Lemma we have Z,/Zy < Zy/Zy and

A

Zo+ Zy+ Zy Zy Za
LOTATA P 2220
- - /Zo+ZQ

= =1/m(Qp).
Zo+ Zo Za A\ /m(8)

O

Lemma 3.14. Assume Zy > 0. There is a flow f from Q to Q0 with congestion at most
n3/m(Q0)?, such that f(v) = 0 for paths v of length greater than n.

Proof. As in [72], we will randomly route through €.

In this proof, let I'(y,x) denote the set of paths that start at y and end at x. For
all x,y,z € Q, all g € I'(y,x) and all ¢’ € I'(y, z), let gg’ denote the path from x to z
obtained by appending ¢’ to the reverse of g. For all paths v from x € Q to z € Q, define

F =33 flgfld)/my)m(Q).

Y€Qo g€l (y,x)
g'€l(y,z)
g99'=v

Then f is a flow from € to €: for all x,z € €} we have

Yo=Y Y fol@folg)/m(y)m()

vel(x,2) y€Qo gel'(y,x)
g'el(y,z)

= 3w (x)r(y)w(y)n(z) /7 (y)7 ()

y€Qo

= 7(x)7(2).

Letting (w,w’) denote an arbitrary transition, the congestion of f is

1
p(f> - (rv{/{%v}/() W(W)P(W7 Wl) paths ~ Withz'y 3 (w,w’) f(’)/)
— e 1 folg)folg')
~ (wow!) T(W)P(w, W) Z Z m(y)m(Qo)

x,zE4) 9€l(y %)
y€Qo 9'€l(y,z)
such that (w,w’) € gg’
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By symmetry, half of the sum comes from (w,w’) € ¢’ terms:

pf)=2max ——— % > fol9)folg)

(w,w') W(W)P(W, W’) x,2€Q g€l (y,x)

y€Qo 9'€l(y,z)
such that (w,w’) € ¢’

1 m(x)m !
:2max—z Z ();y)fo(g)

(w,w') m(W)P(w,w’)

x,z€0 g €l (y,z)
¥€Q0 such that (w,w’) € ¢’
1
-9 S N/m(Q
W AP 2 2 )

ASY g €ly,z)
¥€Q0 such that (w,w') € g

= 2p(fo)/m ()

< n’/m(Q)?

by Lemma O

The remaining task is to relate the congestion to Markov chain mixing.
Theorem For all x € ) and all non-negative integers ¢, we have
1 ¢ 1 -1/2 2/ 4
5 S IP! e y) = ()] < om0 2 exp(—tm(2)/n).

yeQ

Proof. The transition matrix P is reversible relative to 7: it obeys the detailed balance
condition

n(y)P(y,z) = m(z)P(z,y) for all y,z € Q.

We have
2 (n
Px,x)>1- — (2> >1/n for all x € Q. (3.2)
n

In particular, the Markov chain is aperiodic. Also, by Lemma there exists a flow f
from Q to 2, which implies that that the Markov chain is connected. This allows us to

use the results from [90] and [44]. P has eigenvalues
=X >N > ...)\‘Q|_1 > —1.

By Lemma and [90, Corollary 6],

By (3.2)) and equation 1 of [65] we have

—/\‘Q|,1 <1- 2/7’L < A\
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By [44, Proposition 3],

1 . 1 [1—m(x ;
2}{2{) |P'(x,y) — m(y)| < 3 7r(x<) ) max (A1, —Ajg|-1)
< o) exp(—tm(20)*/n).

3.4 Windable functions

In this section we extend the analysis of even-windable functions to windable functions.
The definition of windability is a natural extension of even-windability, but turns out
not to give much extra generality.

For all F: {0,1}’ — Q¢ define Fy: {0,1}'77 — Qs by

F(x) ifp+3 ;i is even
Fg(pix) = &/ (p € {0,1},x € {0,1}").
0 otherwise

Lemma 3.15. F: {0,1}Y — Qx is windable if and only if Fy is even-windable.

Proof. (=) Pick an ordering of J. Consider a partition M of a subset I C J into
singletons {a1},...,{ax} and pairs Si,...,S;. Define pu(M), when |I| is even, to be
the union of {Si,...,S¢} with a partition (depending only on M) of {ai,...,ax} into
pairs. Define (M), when |I| is odd, to be the union of {S1,...,S,} with a partition of
{1,a1,...,a;} into pairs. Let B be a witness that F' is windable. For all (p;x), (¢;y) €
{0, 1} and all M € M 500 (qsy)> define

B(x,y,M') ifp+3 c;xiand ¢+ 3 ;. ;y; are even
B'((p;x), (g;y), M) = { M’ p(M")=M

0 otherwise

For all S € M = pu(M'), if we let S’ = S\ {1} then B(x® S,y ®S',M') = B(x,y, M’).
So B’ witnesses that Fy is even-windable.
(<) For all sets M of disjoint pairs of 1 + J define v(M) to be {S\ {1} | S € M}.

Let B be a witness that Fy, is windable. For all x,y € {0,1}” and all M € M, define

1
B(x,y,M)=Y_ Y  B(px)(gy),M)
p,q=0M': v(M')=M

Forall S € M = v(M'), let S’ = S if |S| = 2 and S’ = S U {1} otherwise. Then
Bx®S,y®S' M) = B(x,y, M'). So B’ witnesses that F' is windable. O

Lemma 3.16. Let ¢ be a circuit using only weight-functions that are windable. The

weight-function of ¢ is windable.
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Proof. Replace each constraint F, by (F),)g, rename the new incidences p,, v € V(p),
and add a constraint Even;p where P = {p, | v € V(¢)}. This produces a circuit pg

with [pg] = [¢]g- By Lemmas and We find that [pg] is even-windable.
So by Lemma again, [¢] is windable. O

Lemma 3.17. For any J, the weight-functions Eveny, Odd;, and NAE; are windable.

Proof. By Lemma there is a witness B that Evenj is even-windable. Extending B
by setting B(x,y, M) = 0 for all M € Mg, \ Mxay We get a witness B’ that Even; is
windable. Similarly, Odd; is even-windable by Lemma [3.8] and it is therefore windable.

For NAE;, by Lemma it suffices to show that the weight-function (NAE)g is
even-windable. Let I C 14 J, let p € {0,1}, let K = (1+J)\ I and let G: {0,1}¥ —
Q> be the pinning of (NAE)g by p. We wish to show that GG has a 2-decomposition.
If |K| is odd then GG is identically zero so has a 2-decomposition. We can therefore
assume that |K| is even.

Let ¢ € {0, 1} be equal to |J| modulo 2. (NAE)g is the weight-function correspond-
ing to the relation Even;; ;s\ {(0;0), (¢;1)}. (Here 0 and 1 are the all-zeros and all-ones
configurations of .J). We first argue that in all cases, GG is either Eveny or Oddg, or
a flip of EvenNAE.

If °,c;pi is odd, then G takes the value 1 precisely on Oddg \ X where X consists
of at most one configuration x € Oddg. If X = () then GG = Oddy. If X is a singleton
{x} then GG is the flip of EvenNAE by x.

If > ;7 pi is even, then G takes the value 1 precisely on Eveng \ X where X consists
of at most two configurations in Eveng. If | X| < 1 we are done by the same argument as
the previous paragraph: GG is either Eveny or a flip of EvenNAEg. If | X| = 2 then
X consists of two configurations x,y with d(x,y) = |J|+¢. But |[J|+¢ < |K| < |J|+1,
and |K| and |J| + ¢ are both even, so |K| = |J]| 4+ ¢. Thus y = X, and again GG is a flip
of EvenNAE.

By Lemmal[3.8|the weight-functions Eveng and Odd g have 2-decompositions. So we
only need to check the last case where GG is a flip, by z € {0, 1} say, of EvenNAEf.
Let D be a 2-decomposition of EvenNAEg given by Lemma Define D'(x, M) =
D(x @ z,M) for all x € {0,1}¥ and for all partitions M of K into pairs. For all
x € {0,1}* we have GG(x) = EvenNAEk (x®z) = >, D(x®z, M) =Y, D'(x, M),

where M ranges over partitions of K into pairs. So D’ is a 2-decomposition of GG. O

3.5 Strictly terraced functions

3.5.1 Idea

To apply Theorem to Holant problems, we want to bound the ratio of the weight of
2-assignments to the weight of 0-assignments in certain closed circuits. Given a closed
circuit ¢, consider breaking an edge. This gives an circuit ¢’ with two external edges The

sum of [¢'] (1,0) and [¢'] (0,1) contributes to the weight of 2-assignments in ¢, while
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<

FIGURE 3.6: A circuit with weight-function F' with F(0,0) = 2 and F(1,1) =
1 and F(0,1) = F(1,0) = 0.  Vertices represent “exact-one” constraints
{(1,0,0),(0,1,0),(0,0,1)}.

the sum of [¢'] (0,0) and [¢'] (1,1) contributes to the weight of 0-assignments in ¢. So
one idea (if we are trying to bound the ratio of the weight of 2-assignments of ¢ to the
weight of 0-assignments) is to try to find a bound on ratios like [¢'] (0,1)/ [¢'] (0,0).

It is instructive to consider multiplication of two-by-two matrices. To see the rela-
tionship between multiplication of matrices and circuits (in the form of read-twice pps-
formulas), for matrices M with rows and columns indexed by {0, 1}, define Fy;: {0,1}? —
Q>0 by Fa(i,j) = M, ;; then Fyn (i, k) = Zj Fur(i,5)Fn (g, k).

Matrix multiplication can produce exponentially-large ratios: for any z,y > 0, we

r oy n_ " oyl o+ 1)
o1/ \o 1

and z™/1 is exponentially large if = > 1.

In fact, the matrix (29) corresponds to the circuit depicted in Figure using

have

“exact-one” constraints {(1,0,0), (0,1,0),(0,0,1)}, which can be used to construct coun-
terexamples to the bound on nearly perfect matchings [14].

We might guess that exponentially-large ratios can only be produced by matrix mul-
tiplication when the zero entry in the matrix is surrounded by values that are different.
And indeed this property of being “strictly terraced” turns out to give some control over
ratios. For strictly terraced functions, the worst ratio in a weight-function is bounded
by the sum of the worst ratios that can be obtained by mixing the individual functions

with parity relations.

3.5.2 Definitions

A function F: {0,1}7 — Qg is strictly terraced if
Fx)=0 = F(xde)=F(xdej) for all x € {0,1}” and all 4, € J.

For all weight-functions F', a parity-weight-function of F' is a constant multiple of
the weight-function of a circuit using one F' constraint and such that all other constraints

are parity relations. If F' is not identically zero, define

F':{0,1}! = Qs is an arity 1
parity-weight-function of F' with
F'(1) >0

We extend 6 to all weight-functions F' by setting 6(F') = 0 if F' is identically zero.
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We can show that 6 is well-defined using the following operation. For any circuit ¢
and any internal edge e € E¥ between incidences i, € J,, and i, € J,, with u,v € V' (not
necessarily distinct), define the contraction of ¢ by e to be the circuit ¢’ obtained
by replacing v and v by a vertex w with incidences (J, U J,,) \ {éy, iy} and defining the
constraint for this new vertex w to be the weight-function of the circuit with constraints
F, and F,, edge e, and external edges (J, U Jy) \ {iw, iy }-

Lemma 3.18. Let ¢ be a connected circuit whose constraints are all parity constraints.

The weight-function of ¢ is a constant multiple of a parity constraint.

Proof. By induction on the number of edges of ¢, it suffices to show that contracting a
single edge of ¢ leaves only parity constraints (up to multiplication by constants).

Consider the case that the edge {i,j} goes between distinct vertices, which are
equipped with a Eveng; ; constraint and a Eveng;y,; constraint. Then contraction
gives a copy of Evenyy, because Eveny (x,y) = >, Even(t;x)Even; 1 ;(t;y) for
allx € {0,1}/ and all y € {0,1}’. Similarly Oddy;;; and Odd ;s produce Evenyy;,
while Eveng;r and Oddyjy; produce Oddpy,.

If the edge {4,7} is a loop on a vertex with constraint Eveny; ;1,;, contracting {3, j}

produces 2Even,;. Similarly Oddy; j3u; produces 20dd,. O

Note that contracting an edge does not affect the weight-function of a circuit. By
contracting edges between parity relations, the circuits appearing in the definition of
a parity-weight-function can be rewritten not to use any edges except external edges
and edges incident to the F' constraint. For fixed F' there are therefore a finite num-
ber of equivalence classes of parity-weight-functions F’: {0,1} — Q> with F’(1) > 0,
under the equivalence relation of multiplication by constants. Thus the maximum
in the definition of A(F') is taken over a finite set, which can be seen to be non-
empty if F' is not identically zero (if F((x) > 0 for some x € Even; then the func-
tion F': {0,1}} — Qxo defined by F'(t) = > xefo1ys 0ddi () F(x)Even,(x) satisfies
F'(1) > 0, and if F(x) > 0 for some x € Odd; then the function F’: {0,1}! — Q¢
defined by F'(t) = > (0,137 Oddi(t)F(x)Odd,(x) satisfies F'(1) > 0).

Note that if G is a parity-weight-function of F', then 6(G) < 0(F). In particular if
G is a pinning of F' then 0(G) < 6(F). Also, since Odds = NEQ = {(0,1),(1,0)} is a
parity relation, it is not important that we took F’(0)/F’(1) rather than F’'(1)/F’(0) in
the definition of 6.

3.5.3 Examples

A relation R C {0,1}” is coindependent if for all x € {0,1}/ \ R we have x ® e; € R
for all indices i. For example, the disequality relation {(0,1),(1,0)} is coindependent.

Any coindependent relation R gives an example R of a strictly terraced weight-function.

Lemma 3.19. For all finite sets J, the functions Eveny, Odd; and NAE; are strictly
terraced. Also, 0(Eveny) = 6(0dd;) =0, and 6(NAE;) < 3.
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Proof. The first statement follows from the fact that the corresponding relations are
coindependent. To show #(Even;) = #(Odd ;) = 0, note that by Lemma a parity-
weight-function of a parity relation must be even.

Now we will show that §(NAE;) < 3. Consider a connected circuit ¢ with one
external edge, such that ¢ uses one NAE; constraint, and all other constraints are
parity relations, with no internal edges between parity relations (this is without loss of
generality, because we can contract any such edge). Assume that [¢] (0) and [¢] (1) are
non-zero. We will show that [¢] (0) < 3[¢] (1).

We can write

Ll = 3 R:x)
xENAE,
where R is an affine subspace of GF(2)'*/. Since [] (0) and [¢] (1) are non-zero, the
sets Rgp = {x | (0;x) € R} and R; = {x | (1;x) € R} are non-empty. Since R is an affine
subspace, |Rp| = |R1], so

[£] (0) < [Rol = [Ra| <[] (1) +2 < 3[] (1).

3.5.4 Properties

An important property we will use is that a strictly terraced function F' is either identi-
cally zero or its support {x | F/(x) > 0} is coindependent. (If F(x) =0 and F(y) > 0
for some y, pick such a y with d = d(x,y) minimal. If d > 1, there are distinct
indices i,j such that z; # y; and x; # yj, so F(y @ e;) = Fly Pe; dej) =0
by minimality of d(x,y), which means F' is not strictly terraced: F(y @ e;) = 0 but
Flly®e)de) #F((yde) ®ej).)

The Cartesian product of coindependent relations is in general not coindependent,
for example {(0,1),(1,0)} x {(0,1),(1,0)} is not coindependent (set x = (0,0,0,0) and
i = 1). Thus the class of strictly terraced functions is not closed under taking weight-

functions of disconnected circuits.

Lemma 3.20. Let ¢ be a connected circuit using strictly terraced weight-functions. Then

[] is strictly terraced.

Proof. We will argue by induction on the number of internal edges of ¢. If there are no
internal edges, then ¢ consists of a single constraint using a strictly terraced function F,
and [¢] = F. Otherwise, pick an internal edge e. We wish to argue that the function
created by contracting e is strictly terraced. There are two cases.

(i) e is loop on a vertex v.
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Let F: {0,1}?*/ — Qs¢ be a copy of F,, indexed so that the ends of e become
enumerated indices. We wish to show that the function H: {0,1}’ — Q¢ defined by

1

H(x)=> F(t.tx) (x€{0,1}/)
t=0

is strictly terraced. Consider x € {0, 1} satisfying H(x) = 0 and let 4,j € J. Since F is
strictly terraced and F'(0,0;x) = F'(1,1;x) = 0, we have F'(0,0;x®e;) = F(0,0;x® e;)
and F(1,1;x®e;) = F(1,1,x @ e;). Hence H(x @ e;) = H(x @ ej).

(ii) e is incident to distinct vertices u and v.

Let F: {0,1}'* — Q0 and G: {0,1}!T7 — Q50 be copies of F,, and F, respectively,
reindexed so that the ends of e become the enumerated indices (and with I and J
disjoint). We wish to show that the function H: {0,1}/%/ — Qs defined by

1

H(x,y)=> Ftx)G(ty)  (x€{0,1},y €{0,1})
t=0

is strictly terraced. If F' or G is identically zero then H is identically zero and therefore
strictly terraced.

Otherwise consider x € {0,1}! and y € {0,1}” satisfying H(x,y) = 0. Since F
and G have coindependent support and F'(0;x)G(0;y) + F(1;x)G(1;y) = 0, there exists
t € {0,1} such that F(t;x) = G(1 —t;y) =0 and F(1 —t;x),G(t;y) > 0. For alli € T
we have

H(x®e,y) =F(t;x®e)G(ty) = F(1 - ;x)G(ty).

Similarly for ¢ € J we have
Hx,y®e)=F1-tx)G(l-ty®e)=F(1-t:x)G(ty).

Therefore for all 4, j € I U J we have H((x,y) ® e;) = H((x,y) @ €;). O

The following calculations bound ratios produced by certain circuits.

Lemma 3.21. Let F: {0,1}'*7 and G: {0,1}’ — Qs¢. Define H(0), H(1) by

Hit)= Y  Ft:x)G(x).

xe€{0,1}/

Assume that F' and G are strictly terraced and that H(1) > 0. Then
H(0) < (0(F) + 0(G))H(1).

Proof. We will use induction on |J|. For the base case J = () we have H(0) < 6(F)H(1)
by definition of §(F). So assume that J is non-empty.

For each i € J and each ¢ € {0,1} define F;.: {0,1}'+/M# — Q5 to be the pinning
of F by taking i to ¢, and similarly define G;.: {0,1}'T/\M#} — Q¢ to be the pinning
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of g by taking ¢ to ¢, and define

Hz',c(t) = Z Fz’,c(t;X)Gi,c(X) (t € {07 1})

x€{0,1}7\{i}

Since pinnings are parity-weight-functions, 6(F;.) < 6(F) and 6(Gi.) < 0(G). If
there exists ¢ € J such that H;o(1) and H; (1) are non-zero, then by the induction
hypothesis we have

H(0) = Hip(0) + Hi1(0) < (0(F) + 0(G))(Hio(1) + Hia (1)) = (0(F) + 0(G)) H(1)

as required. Otherwise, taking a choice for each ¢, we may assume that there exists
y € {0,1}7 such that for all i € J we have H;1_,(1) = 0. So for each i € I the sets
R ={x| Fi1—y,(1;x) > 0} and § = {x | Gj1—y,(x) > 0} are disjoint. R and S are
pinnings of coindependent relations, so they are coindependent. For all x € R we have
x ¢ S,soxde; € S for any i, and xDe; ¢ R. Repeating this, we find that R consists of
the configurations at even distance from x, and S consists of the configurations at odd

distance from x. In other words, for each i € J there exists ¢; € {0,1} such that

F(1;x) >0 <= ¢+ ij is even, and
jeJ
Gx)>0 < ¢+ ij is odd.
jedJ

(x € {0,1}, 25 # y5) (3.3)

For any 4,7 € J there is some choice of x € {0,1}7 with x; # y; and z; # y;, so
¢; = ¢j. Thus there is a single choice of ¢ such that (3.3]) holds for all i taking ¢; = ¢

F(l;x) >0 <= c+ Z:L'j is even, and
jedJ
G(x) >0 «— C—I—Zl'j is odd.
JjeJ

(x € {0,117\ {y}) (3-4)

For any x € {0,1}’ with ¢ + Y ics i even, and any distinct i,j € J, we have
F(1;x) = F(1;x @ e; ® e;) because F' is strictly terraced and either F(1;x @ e;) or
F(1;x®e;) is zero. Similarly for any x € {0,1}/ with ¢+, ; z; odd, and any distinct
i,j € J, we have G(x) = G(x @ e; ® e;). This implies that there are constants A, > 0
such that

F(l;x)=Xif c+ sz is even, and

<7 (x € {0,1}"). (3.5)
Gx)=pif c+ Zml is odd.
i€J
If ¢+ ,c;yi is odd then by and (3.4), G is pEven,; (if ¢ = 1) or pOdd;
(if ¢ = 0). In this case G is a constant multiple of a parity relation. Considering H as
the weight-function of a circuit with constraints F' and G, we get H(0) < 0(F)H(1) by

definition of . We may therefore assume that ¢+, ; y; is even.
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Define F'(0), F'(1),G'(0),G'(1) by

F'(t) = F(t;y)

G'(t)= Y 0ddyy,(t c;x)G(x)
xe{0,1}7

F'(0) = F(0;y)

F'(1)=F(ly) =

G'(0) = p2~!

G'(1) = G(y)

Since F’ is a parity-weight-function of F' we have F(0;y)/A < 6(F). Since G’ is a parity-
weight-function of G we have p2l/171/G(y) < 6(G). For all x € {0,1} with ¢+, z;
odd, we have F'(1;x) =0 and F(1;x®e;) = A (for any 7 € J) and therefore F/(0;x) = A
because F' is strictly terraced. So

H(0)  F(0;y)G(y) + Au2I™!

o 3667 < O(F) + 6(G).

Lemma 3.22. Let ¢ be a circuit using strictly terraced weight-functions. Then

0([e]) < D O(FS).
veV®
Proof. We will argue by induction on the number k of constraints of ¢ that are not parity
relations. The cases £k = 0 and k = 1 follow from the definition of . Components of
a circuit not connected to the external edges simply contribute a constant factor to the
weight-function. And 6(F) = 0 for parity-weight-functions F (Lemma [3.19). So for a
given k, it suffices to show that [(0)] / [¢(1)] < 3 ,cpe O(FY) whenever:

e ¢ is a connected circuit with one external edge, with [¢(1)] > 0, and
e ( uses strictly terraced weight-functions, at most k of which are not parity relations.

For the k£ = 2 case, if there is a loop on a vertex v, contract it. This changes the
weight-function F),, but the resulting weight-function is a parity-weight-function of F,,
vey 0(Fy). And F, is still strictly terraced by Lemma
Similarly, if there is an edge incident to distinct vertices w,v where F, is a parity

so this process does not increase »

constraint, contract that edge. The weight-function F introduced by the contraction is a
parity-weight-function of F,, so this process does not increase ) i 0(F,). And again,

F is strictly terraced by Lemma [3.:20] Repeating this process we end up with a circuit
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FIGURE 3.7: An illustration of the correspondence between arbitrary configurations

in a closed circuit and assignments in a modified circuit. Solid circles are arbitrary

constraints, empty circles are copies of Evens. Thin black lines are incidences given the
value 0, thick grey lines are incidences given the value 1.

with at most two vertices. If there is only one vertex we can appeal to the £ < 1 case,
and otherwise we are done by Lemma [3.21

For k > 2, contract any internal edge. From the k& < 2 case we know that >, 0(F,)
has not increased. This process does not change the weight-function of ¢, and by Lemma

[3:20] the constraint function introduced by the contraction is strictly terraced. O

Lemma 3.23. Let ¢ be a closed circuit using strictly terraced constraints, and assume
that Zo(p) > 0. Then

2
gi(soi < %]E‘”\Qmax <1, > 0(Ff)> : (3.6)

veV e

Proof. We will consider a circuit ¢ obtained by attaching Evens to edges of ¢ as illus-
trated in Figure 3.7 In words: let J* be a disjoint copy of .J, consisting of an element
i* for each i € J. Define ¢ to have incidences E U J U J*, external edges F, edges
{i,i*} for each i € J, vertex set V U E, the same constraints at each v € V, and
Ffﬁ’j} = Eveng; j- 1; ;13 for all {i,j} € E.

Zi(p) is the sum of [+] (x) over configurations x of E¥ with ) _p,ze = k. By
pinning, 6 bounds the ratio F(x @ e;)/F (x) between the weights of neighbouring config-
urations of non-zero weight. Letting 0 denote the all-zeros vector, for all ¢ £ j such that
[¥] (e:) # 0,

[¥] (e; +€j) < () [¥] (es) < 0(¢)? [] (0).

If [¢] (e;) = 0 we have [¢] (e; + ej) = [¢] (0) because [¢/] is strictly terraced. Thus

22() < 2u() () max(1,000)

The result follows by applying Lemmas and O
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3.6 Proofs of Theorem [3.1] and Theorem [3.4]

For the algorithmic results we will use a reduction of counting to sampling. This is
a standard argument, which has been formalised in particular in [73, Theorem 6.4].
The important hypothesis is called self-reducibility and means that a problem can be
expressed as a combination of not too many smaller subproblems. Rather than check
this hypothesis (which can require a problem to be encoded in an unusual way), we
will now describe the argument for the particular case of Holant problems, illustrating
exactly what type of samples are needed.

The aim is to approximate Zy(y) for a closed circuit ¢ with Zp(p) > 0. We will
consider the unweighted case, by assuming that wt, takes values in {0,1}, so Zy(p) =
|Q]. First, the set of variables J is ordered, say as 1,...,n. Foreach k = 1,...,n in turn,

! sampled “almost uniformly”

the procedure takes a large number ¢ of samples z', ...,z
from the set Ex_1 = {x € Qo | (x1,...,2k-1) = (y1,---,yk-1)} (Y1,-..,yx—1 will have
been chosen in steps 1, ..., k—1). This is the important sampling step we need to be able
to implement. Then y; is defined to be the most common value in the list z,i, e z};, and
oy, is defined to be the proportion of these values equal to yi. The output is 1/aq .. . .
This approximation relies on the telescoping product
1 |Ey||Es| | En|

= S e IR
Zo(p)  |Eol [Ex]  [En "

where E, = {y}.

The calculations in [73, Theorem 6.4] show that this approximation gives an FPRAS
as long as for any € > 0 we can take a sample z € E}, satisfying (14¢)71|Ey| ™t < Pr(x =
z) < (1+¢)|Ex|™! for all x € Ey, in time polynomial in the size of ¢ and in log(1/).

The important requirement is that we can sample to within a small error from the
uniform distribution on the sets Ej — holding some variables constant. This ability to
hold variables constant is a type of self-reducibility. For an FPRAS, we also need to be
able to test whether there are any satisfying assignments at all, that is, Zy(¢) > 0.

Theorem #ParityNAE has an FPRAS.

Proof. We are given a labelled graph, which is naturally a closed circuit ¢ using con-
straints of the form Evenj;, Odd;, and NAE.

As described above, it suffices to show that we can test Zy(p), and that we can
sample uniformly from the subsets of {2y where some variables are kept constant. But we
can test whether Zp(¢) > 0 in polynomial time by Cornuéjols’ algorithm for the general
factor problem [39]. And degree-1 parity relations can be used to fix variables to take a
particular value, so it suffices to show how to sample uniformly from Qg (without holding

any variables constant).
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We will use the near-assignments chain to sample from assignments of . Define
F: {0, 1}J — QZO by

Flx) = wtp(x), if Y ;2 is even

0 otherwise.

(In fact, wty,(x) is always 0 or 1.)

By Lemma [3.17, all the constraints of ¢ are windable. By Lemma [3.16] wt,, is
windable. By Lemma (wty)e is even-windable. But F' is a pinning of (wty)e
(setting the parity bit to zero). A pinning of an even-windable function is even-windable
- this is immediate from the characterisation in terms of 2-decompositions given in Section
0.3.0l

We will use the notation 7, 2, Q from Theorem [.17] for the near-assignment chain
on the pair (F, E¥).

Recall from Lemma that 6(NAE;) < 3 and §(Even;) = #(Odd;) = 0, and
that all these weight-functions are strictly terraced. Let R = 3|V|?|E|?; by Lemma
we have 1/R < Zo(¢)/Za(¢) < Zo()/(Zol) + Za()) = 7().

By Cornuéjols’ algorithm, mentioned above, we get an assignment y with wt,(y) > 0
and in particular w(y) > 2Bl Let § > 0 be an error parameter, which will be specified
later. Applying Theorem by simulating the near-assignments Markov chain of
(F,E) for t > (2|E|)4R2(10g% + |Ellog2) steps we can take a sample z from near-

assignments of ¢ such that

% S [Pr(x = 2) — (x)| < §/2R
x€e€)

Thus
% S [Pr(x = 2lz € Q) — F(x)/Zo(9)| < 6/2
x€Qo
We sample from g by rejection sampling: run the simulation at least 2R log % times
and return the first sample in €. The probability that this fails is small (at most
(1—%%(90))2}%1‘%% < §/2). To get the condition that (1+¢)7|Qo| ™! < Pr(x =z) < (1+
£)|Q|~! for all x € Q, as required by [73, Theorem 6.4], we can take § = ¢/2/F1T1, [

The reduction of counting to sampling in |73, Theorem 6.4| is stated in the setting
of unweighted counting and uniform sampling. But the results generalise to weighted
sums and non-uniform distributions. Instead of the uniform distribution on the sets
E, we need to be able to sample to within a small error from the distribution on
E}, proportional to wt,. The FPRAS described above would output wty,(z)/ai...as,
instead of 1/a; ...a,. The sampling condition becomes (1 + &) 1m(x) < Pr(x = z) <

(1 +¢e)me(x) where mg(x) = Wty (X)/ D e, Wt (2).

Theorem Let F be the class of strictly terraced windable functions. Then
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e F is closed under taking weight-functions of connected circuits
e F contains Eveny, Oddy, and NAE, for all £ > 1
e for all finite subsets 7/ C F there is an FPRAS for Holant(F")

Proof. The first statement is Lemma The second statement is Lemma [3.17

For the third statement, given F', let 7’ = F' U {Even;,0dd;}. For the decision
problem we can use Feder’s algorithm for coindependent relations [52, Theorem 4]. We
can use Even; and Odd; to fix the value a variable takes. Otherwise the argument
proceeds as in the previous proof except taking R to be |E|?|V|? maxpcr O(F), and
taking d slightly smaller, for example § = /2/Z1¥1(M/m)IV] where M is the maximum
value taken by any function in F and m is the minimum non-zero value taken by any
function in F. We find that Holant(F”), and therefore Holant(F’), has an FPRAS. O

3.7 Matchings circuits

Define a matchings circuit G to be a graph fragment equipped with:
e a non-negative rational edge-weight w(e) for each internal edge e
e a non-negative rational fugacity A(v) for each vertex v

Note that in this definition the external edges are not given weights.
For any set of edges FF C AUFE, let degp(v) denote the number of edges in F incident
to the vertex v. The weight of F' is:

0 if degp(v) > 2 for some vertex v

wtg(F) =
’ (Hdegp(v):0 )‘(U)) (HeeF w(e)) otherwise.

The weight-function of G is the function [G] : {0,1}* — Q>0 where A is the set of

external edges and

[G] (x) = > Wt (F).
FCE
FNnA={ecAlz.=1}

As with circuits, if F' = [G] we will say the F' has the matchings circuit G.
For all w > 0 define Edge™: {0,1}% — Qx>0 by

1 0
Edge”(i,7) = (0 w)

Z?]
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FIGURE 3.8: 2¥"1ORj; matchings circuit. Hollow circles are vertices with fugacity 1.
All other vertices have fugacity 0, and all edges have edge-weight 1.

where the matrix rows and columns are indexed by {0,1}. For all A > 0 and all finite
sets J define Fugacityf}: {0,1}7 — Q>0 by

A if Zie] €Ty — 0
Fugacityﬁ(x) =<1 if Zie] zi=1
0 otherwise.

Given G, define a circuit by equipping each vertex v with the function Fugacityﬁ(v)

v )

then subdividing each edge e and equipping the new vertex with the function Edgew(e).
The circuit clearly has the same weight-function as the matchings circuit. So matchings

circuits are just a special type of circuit. We will use the same notation and terminology.

3.7.1 Example

Proposition 3.24. For all finite sets J define OR; = {x € {0,1} | 3.,z > 0}.
Then OR; has a matchings circuit.

Proof. We may assume J = {1,...,k}. The matchings circuit is illustrated in Figure
2.
Define F': {0,1}% — Q>0 by

2 0
1]

),

11
- (1)
i?j

(with rows and columns indexed from zero.) Each of the smaller boxes shown in Figure
have the weight-function F' (where external edges are numbered from left to right).
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For all xy,..., 2, € {0,1},

[C] (@1, s2k) = > F(lz1,51)F(y1,22,2) - .. F(ye—1, 2, 0)

Y15 Yk—1

B 2 0 k—x14-—zk 11 1+t
{\o 2 11

= 2" 1ORy(21,. .., xk).

1,0

So the weight-function of G is 2"'ORy,. To deal with the scalar multiple, add an
isolated vertex with fugacity 1/2%1. O

In particular, let & > 1 be odd. Then (ORy)g is a copy of EvenORy 1 where
EvenORy41 is defined as Evengiq N ORgy1. By Lemma EvenORy; is even-
windable. Thus EvenORka = EvenNAE,; has a 2-decomposition.
This gives an alternate proof of Lemma [3.9 which, via Lemma [3.17] shows that NAE
is windable for all finite sets J. But this argument does not seem to show that NAE;

has a matchings circuit.

3.7.2 Approximate counting

Define

Name. #PM
Instance. A simple graph G
Output. The number of perfect matchings in G

The aim of this section is to establish Theorem[3.5] that Holant(F) <ap #PM for any
finite set F of weight-functions of matchings circuits, showing that matchings circuits

are a natural choice of circuit for #PM. We will reduce via the following problem.

Name. #FugacityWeightedPM
Instance. A closed matchings circuit ¢ where fugacities and edge-weights are given as

ratios of non-negative integers specified in binary
Output. Zy(p)

The fugacities and edge-weights can both be simulated using matchings circuits. A

similar reduction appears in [59].

Lemma 3.25. There is a polynomial-time algorithm which, given non-negative integers
p,q specified in binary, outputs a matchings circuit G, 4 whose fugacities are all 0 and

whose edge-weights are all 1, and with two external edges such that

0
[[Gp,q]] (Zaj) = <€ q) fOT’ all Z?] € {Oa 1}
.3

where we consider the rows and columns of the matriz to be indexed from zero.
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t=ws4
V32 V33

FIGURE 3.9: G72, with one path in the copy of G, labelled. All fugacities are 0, all
edge-weights are 1.

Proof. See Figure (3.9

For all p > 0 there is a unique binary expansion p = 2™ + ... + 2™ with 0 <
ny < --- < ng. Define Gp 1 in the following way. Take two vertices s and ¢, each
with one external edge. For each 1 < ¢ < k, if n; = 0 add an edge between s and
t, and otherwise add a path between s and t of length 2n; — 1, which we can denote
5 =10i1,Vi2,...,Vi2n; =t, and add a parallel edge in the odd positions: between v; 2;_1
and v; 95 for each 1 < j < n;.

There is a unique perfect matching of G, 1 that includes the external edges: it uses
the edges in even position in each path, v;2;v;2;41 for all 1 <¢ < kand all 1 < j < n;.
The perfect matchings of G 1 that do not include the external edges are determined by
a choice of 1 < ¢ < k such that the ’th path uses edges in odd positions, and a choice
of edge in each of the n; odd positions in this path; there are 2™ choices for each i. So
Gp,1 has the correct weight-function: [Gp1] (i,5) = (B ?)i,j'

Define H to be the circuit consisting of one vertex with fugacity zero, with two
external edges. For ¢ # 1 define Gy, ; to be serial composition of copies of G 1, H, Gg.1,
and H, that is, we identify the second external edge of the i’th circuit with the first
external edge of the (i + 1)’th, for ¢ = 1,2,3. The weight-function of G, is then given

L)CIEE ()

Lemma 3.26. Given a matchings circuit G for a weight-function F, we can efficiently
construct a matchings circuit G' for Fg (defined in Section in which every vertex

has fugacity zero. Conversely, given a matchings circuit G for Fg, we can efficiently

by the matrix

O

construct a matchings circuit G' for F.

Proof. For the first statement, pick an enumeration v, ..., v, of the vertices of G. Form
G’ as follows. For each 1 < i < n, add vertices a;, b;, ¢;, edges a;b;,a;c;,b;c; with edge-
weight 1, add an edge v;a; with weight A(v;), and if i < n add an edge ¢;b;y1 with
edge-weight 1. Set all the fugacities to zero and add an external edge at b;. See Figure
Consider a matching M C FE of G. We will argue that there is a unique way to
extend M to a perfect matching M’ of G'.
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FI1GURE 3.10: Illustration of a matching circuit for Fig built from a matchings circuit
for F%, as described in Lemma [3.26]

Let U = {i | deg;(v;) = 0} be the indices of unmatched vertices. Let M; = {a;v; |
i € U}. Note that the extension M’ must include Mj, and if i ¢ U we cannot have
bic; € M'. Consider the following subset P of external and internal edges: the external
edge at by, edges b;c; for all i € U, and the edges b;a; and a;c; for all i ¢ U. So P is
a path, except that at one endpoint, P has an external edge b;. Observe that there is
a unique choice of perfect matching My C P along this path: the odd-numbered edges
starting from the end of P not incident to the external edge b;. (If P has an odd number
of vertices then we get by € My, and otherwise by & Ms.) Define M’ = M U M; U M.
Any extension of M to a perfect matching of G’ would have to include Mj, and hence
Ms, and so the extension is unique.

This gives a weight-preserving bijection between matchings M of G and perfect
matchings M’ of G’. Since G’ has an even number of vertices, the sets M’ must in-
clude an even number of external edges. Thus [G'] = F.

The converse is easy: given a matchings circuit G for Fg, add a vertex of fugacity 1

to the external edge 1 to get a matchings circuit for F. O
Lemma 3.27. #FugacityWeightedPM < p #PM

Proof. Given a matchings circuit G; with no external edges, we will construct a simple
graph G with C [G;] perfect matchings where C' is an easily computed positive integer.

By Lemma we get a matchings circuit Go such that [G2] = [G1],. Deleting
the external edge, we get a circuit G with [G3] = [G1]. At each edge e of G3, we
have integers pe, g. such that the weight of e is p./ge. Insert a copy of the circuit G, ,
given by Lemma this produces a circuit G4 whose weight-function is C [G3] where
C = [l.cges ge, and where all fugacities are 0 and all edge-weights are 1. Forgetting
the fugacities and edge-weights we get a multigraph with C [G3] perfect matchings. To
construct G, delete any loops and subdivide each edge into a path of length 3; this does

not affect the number of perfect matchings. O
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Theorem If F is a finite set of weight-functions that have matchings circuits, then
Holant(F) <ap #PM.

Proof. Pick a choice of matchings circuit G for each F' € F. Given an instance 1 of
Holant(F), for each vertex v the function F, is a copy of some F' € F; we can substitute
G into 1 at v. This process gives a matchings circuit G’ with the same weight-function
as 1. We can then appeal to Lemma O

3.7.3 Expressive power

Lemma 3.28. The weight-function of any matchings circuit is windable.

Proof. By Lemma and Lemma [3.15 it suffices to show that the weight-function of
any matchings circuit where all fugacities are zero is even-windable. For all w > 0,
Lemma implies that Edge® is even-windable. For all A > 0 and all finite sets J,
consider a pinning G: {0,1} — Qs¢ of Fugacity). If (GG)(x) > 0 for some x then
>ier®i and Y, (1 — ;) are at most 1, so |I| < 2. Thus GG has a 2-decomposition as
in Lemma 3.7 O

To give circuits for low-arity functions we will apply linear programming duality
in the form of Farkas’ lemma. For a very short proof of Farkas’ lemma, as well as a
statement explicitly allowing a general ordered field, see [4]. For all x,¢ € Q¢ denote
the dot product z1¢p1 + -+ - 4+ 244 by x - .

Lemma 3.29. Let Xq,...,X;,y € QL. The following are equivalent:
o y=c1X1 + -+ Xy for some cy,...,c, € Q>
o y-p>0 for all o € Q% that satisfy x1 - @, ..., X - @ >0
Lemma 3.30. Let F': {0,1}* — Qso. Assume that F(e1), F(e3),F(e3),F(e1) are not

all zero, and that F(x1,x9,x3,2x4) = 0 whenever x1 + xo + w3 + x4 is even, and that for

all z1,x9, 3,24 € {0,1} we have

F(x1,x9,x3,24)F(1 — 21,1 — 29,1 — 23,1 — x4)
< F(xi,29,1 — 23,1 —x4)F(1 — 21,1 — 29,23, 24)
+ F(x1,1 —x9, 23,1 —x4)F(1 — 21, 22,1 — x3,24)
+ F(x1,1 — 29,1 —x3,24)F(1 — 21, 29,3, 1 — 4).

Then F' has a matchings circuit.

Proof. We will construct values w(v;v;) > 0 satisfying

F(e1) = F(e2)w(vsvs) + F(€3)w(vav2) + F(€1)w(vavs)
F(ez) = F(e3)w(vqv1) + F(€1)w(vivs) + F(€r)w(vsvy)
F(e3) = F(ex)w(vivz) + F(er)w(vava) + F(ez)w(vav1)
F(e4) = F(en)w(vavs) + F(€2)w(vzv1) + F(ez)w(vivz)
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FIGURE 3.11: A weighted clique. All fugacities are zero, and w(uv;) = F(€;) for all 1.
The other edge-weights are to be determined.

(and also w(v;v;) = w(vv;).) This suffices because then F' = [G] where G is the
weighted clique illustrated in Figure 3.1} We need to show that the vector

y = (F(e1), F(ez), F(es), F'(es))

is a non-negative linear combination of the vectors e; F’ (Q) —i—ejF(eﬁ-) with 1 <i < j <4,
By Farkas’ lemma (Lemma [3.29), it suffices to show that y - ¢ > 0 for all ¢ € Q*
satisfying

piF'(€j) + ¢jF(e) >0 forall 1 <i<j<A4. (3.7)

If p1, 2, 3,04 > 0 we are done. Otherwise ¢; < 0 for some 7. By assumption F'(€;) > 0
for some j. If j # ¢, then (3.7 implies that ¢;F(€;) is non-zero. In any case F(€;) > 0.
If ¢ =1 then

Therefore y - ¢p > 0. By symmetry the other cases, i # 1, are similar. O
Theorem Let F: {0,1}® — Q>¢. The following are equivalent:

1. F' is windable
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2. For all z1,x9, 23 € {0,1} we have

F(zy,20,23)F(1 — 21,1 — 29,1 — 23

IN
T

w1, 29,1 — 23)F(1 — 21,1 — 22,23

“ij

( )
( 3)
+ (1,1 — 29,23)F(1 — 21, 22,1 — x3)
+ F(z1,1 = 22,1 — 23)F(1 — w1, 72, 3)

3. F has a matchings circuit

Proof. For notational convenience, in the following argument we will use a particular

copy of Fg. For all x1, 9, 23,24 € {0,1} define

, F(xy,x9,23) if 1 + 29 + x3 + x4 is even
F(x1, 29,23, 24) = .
0 otherwise.

(1 = 2) Let B be a witness that F” is even-windable (using Lemma [3.15). Let
x1, 2,23 € {0,1}. Let ¢ € {0,1} be the unique value such that z1 + x9 + 3 + ¢ is even.
Then (z1,z2,23,¢) ® (1 — 21,1 — 29,1 — 23,1 —¢) = (1,1,1,1). Note that

M(l,l,l,l) = {{{17 2}7 {37 4}}’ {{17 3}’ {2’ 4}}’ {{17 4}’ {2’ 3}}}
We have

F(xy,x9,23)F(1 —x1,1 — 29,1 — x3)
= F'(z1,29,23,¢)F' (1 — 21,1 — 29,1 — 23,1 — ¢)
= B((x1,22,23,¢), (1 — 21,1 — 22,1 — 23,1 — ¢), {{1,2},{3,4}})
+ B((z1, z2,x3,¢), (1 —x1,1 —xo,1 — 3,1 —¢),{{1,3},{2,4}})
+ B((z1, z2,x3,¢), (1 —x1,1 —xo,1 — 3,1 —¢),{{1,4},{2,3}})
= B((z1,22,1 — 23,1 —¢),(1 — 1,1 — 9,23, ¢),{{1,2},{3,4}})
+ B((z1,1 —x2, 23,1 —¢), (1 — x1,29,1 — x3,¢),{{1,3},{2,4}})
+ B((z1,1 —x9,1 —x3,¢), (1 — 21,29, 23,1 — ¢), {{1,4},{2,3}})
< F'(z1,29,1 — 23,1 — ¢)F'(1 — 21,1 — 29, 73, )
+ F'(21,1 —29,23,1 — ¢)F'(1 — 21, 29,1 — 23, )
+ F'(21,1 — 29,1 — 23,¢)F'(1 — 21,29, 23,1 — )
= F(z1,29,1 —x3)F(1 — 21,1 — 29, x3)
+ F(x1,1 — x9,23)F(1 — x1, 22,1 — x3)
+ F(x1,1 — 29,1 — x3)F(1 — 21,22, 23)

(2 = 3) We can assume that F is not identically zero (otherwise, take two vertices

of fugacity 0, and attach four outgoing edges to one of them - the isolated vertex can
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never be matched). Pick x € {0,1}* with F'(z1, 79, 23,74) > 0. Lemma implies
that the flip F” of F' by x&® (1,1, 1,0) has a matchings circuit. By subdividing the i’th
outgoing edge for each 7 with z; = 1, we get a matchings circuit for F’. By Lemma

we get a matchings circuit whose weight-function is F.

(3 = 1) Lemma [3.2§ O

In particular by Theorem [3.6| and Theorem Holant({R}) <ap #PM where

R = {(0,0,0),(1,0,0), (0,1,0), (1,0,1), (0,1,1)}.



Chapter 4

Holant problems with arity three

relations, and counting downsets

In this section we study some unweighted counting problems: first, degree-two #CSPs
and Holant problems using arity 3 relations, and secondly, a restriction of #Downsets.

We first discuss unweighted #CSPs without degree restrictions.

4.1 Introduction to bounded-degree unweighted #CSPs

There is a trichotomy for #CSP(I") where T' is a finite unweighted constraint language.
Proposition 4.1. [/8/ Let I be a finite unweighted constraint language.

o [f every relation in T is affine then #CSP(T") € FP.

e Otherwise, if I' C IMconj then #CSP(I") =5p #BIS.

o Otherwise, #CSP(I") =ap #SAT.

In particular #CSP(NAND) =ap #SAT and #CSP(IMP) =ap #BIS. The following
examples show that bounded-degree problems are unlikely to have a classification of
the same form as Proposition without some assumptions. Example shows that
#CSP 5 is different from #CSP .

Example 4.2. The problem #IS,; of counting independent sets in graphs of maximum
degree at most d has a (deterministic) FPRAS [100] for d < 5, while for d > 6, this
problem has no FPRAS unless the complexity classes RP and NP are equal [92]. But
#1S, is AP-equivalent to #CSP_;(NAND), where NAND = {(0,0), (0,1), (1,0)}, by the

correspondence mentioned in Section [I.3] o

Example rules out any classification of constraint languages into a finite number
of classes such that #CSP_,(I') can be classified up to AP-equivalence in a way that
depends only on d and the class of I'.

99
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Example 4.3. A hypergraph is a set, of vertices and a set of hyperedges, where a hyperedge
is any set of vertices. The degree of a vertex v is the number of hyperedges including
v, while the size of an hyperedge e is the number of vertices in e. An independent set
of a hypergraph is a set of vertices I such that no hyperedge e is a subset of I. For all
positive integers d, there is an FPRAS for the problem of counting independent sets in
hypergraphs where every vertex has degree at most d and every hyperedge has size at
least 2d + 1 [9].

Unfortunately, the natural way to model hypergraph problems as a #CSP tends to
give a subtly different problem - while the edges of a hypergraph are sets, the scope of a
constraint may use the same variable more than once. However, we get the crude con-
sequence that the problem #CSP_;(NAND;;2) has an FPRAS, where NAND,, denotes
{0,1}*\ {0}*. Indeed, given an instance of #CS P_4s(NAND3;2), consider the “primal con-
straint hypergraph” whose vertices are variables of the instance, and whose hyperedges
are sets {v1,...,v3g2} for each constraint ((vq,...,v3s2), NAND3;2) (ignoring repeated
hyperedges). Each hyperedge has size at least 3d > 2d + 1, so we can count the number
of independent sets in this hypergraph efficiently by [9].

Conversely #CSP_;(NAND;/3) does not have an FPRAS, at least when d is a pos-
itive multiple of 6 and RP # NP. Recall from Example that there is no FPRAS
for #CSP_4(NAND3) unless RP = NP. But given an instance of #CSP_45(NAND3) we
can replace each constraint ((u,v), NANDg) by ((u,...,u,v,...,v),NAND,/3) — repeat-
ing each variable d/6 times — to get an instance of #CSP_;(NAND/3) with the same
satisfying assignments. o

The problem #CSP_,(I") for d > 3 was studied in [51], giving a trichotomy for d > 6

for constraint languages that include constants:

Proposition 4.4. [51, Theorem 24| Let T be a finite unweighted constraint language
containing {(0)} and {(1)}. Let d > 6.

e If every relation in I is affine then #CSP_,(I') € FP.
e Otherwise, if I' C IMconj then #CSP,(I') =ap #BIS.
e Otherwise, #CSP4(I") has no FPRAS unless RP = NP.

The aim of this chapter is to give an analogue of this result for d = 2. The distinction
between degree-two #CSPs and Holant problems does not seem to be important — the
only difference is that degree-two #CSPs allow variables to be used less than twice. But
we state results in both settings in the hope that it is convenient for future research.
Note that degree-two #CSPs can be viewed as read-twice #CSPs (where every variable

must appear ezactly twice):

Lemma 4.5. [101), Proposition 9.2] #CSP -,(R) is equivalent to Holant(R, {0, 1Y), un-

der AP-reductions and under polynomial-time Turing reductions.
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Proof. (Note we have incorporated [I0I, Proposition 9.2| into our definitions to some
extent, by taking Holant problems to be encoded like a constraint satisfaction problem
rather than as a graph.)
Given an instance (V, C) of #CSP ,(R) we can insert 2—deg(v) constraints ((v), {0, 1}')

for each variable v, where degy(v) denotes the number of occurrences of v. This gives
an instance of Holant(R, {0,1}!) with the same partition function. Conversely, given an
instance of Holant(R, {0,1}!) we can delete the {0,1}! constraints to get an instance of
#CSP o (R) with the same partition function. O

To emphasise the similarly between degree-two and read-twice problems, in this chap-
ter we will write Holant(F) as #CSP_,(F).

4.2 Expressibility reductions

The reductions in this section are mostly a combination of previous results, and the

following type of expressibility reduction. We will express a function F' in the form

F(x1,...,2,) = > 1T G(xiy, ... x5,) (4.1)

1‘7l+1,...,xn+m€{0,1} <(i1,‘..,ik),G>€C

where on the right-hand-side each unsummed variable x1, ..., z, occurs exactly once and
each summed variable 1, ..., Zytm occurs exactly twice.

If holds, we can substitute each F' constraint ((v1,...,v,), F) in a #CSP in-
stance (V',C") by a copy of the constraints C, renaming the unsummed variables to
v1,...,VU, and renaming the summed variables to new variables for each F' constraint.
This does not affect the partition function: if we let (V" C") denote the modified in-

stance then
ZV/,C' = ZV//7C//,

(In fact, each assignment o: V' — {0, 1} satisfies wty+ or(0) = > wtyr cn(0’) where
the sum is over extensions of o to ¢’: V" — {0,1}. We formalise this argument further

in Section [5.2.1})

This gives both an AP-reduction and a polynomial-time Turing reduction, from
#CSP_o(FU{F}) to #£CSP_,(F), for any finite set F such that G € F for all {(i1,...,ix),G) €
C.

4.3 Exact evaluation

The problems #CSP(T") in the last two cases in Proposition are #P-complete; this was
shown earlier by Creignou and Hermann [40]. But there turn out to be more tractable

cases for degree two #CSPs and Holant problems.
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In this section we will classify the complexity of exactly evaluating #CSP_,(I") where
I" is a set of relations of arity at most 3. We will do this by applying a dichotomy for
symmetric Holant problems. Throughout this section, functions {0,1}* — C are called
signatures, and [fo, ..., fr] denotes the symmetric function F: {0,1}¥ — C defined by

F(x1,...,2%) = Joi4tay, (z1,. ..,z €{0,1}).

We will use a dichotomy theorem for symmetric Holant problems stated in terms of
certain classes of functions. A signature is degenerate if it is [a*,a*~1b, a* =202, ... b¥]
for some a,b € C and some integer k > 0. A symmetric signature is of product type if
it is degenerate or [a,0,0,...,0,b] or [0, a, 0] for some a,b € C. Let P denote the class of
signatures of product type. We will also need to refer to affine signatures. The symmetric
affine signatures are listed below; see for example the discussion following Definition 2.7

in [31]. In each case A is an arbitrary constant.

Al. A
A2, A1

[1,0,...,0, 1]
[1,0,...,0,£v/~1]
A3. A[1, 0,1,0 ,0or 1]
A4. )\[1,—\/7,1, V—=1,...,—v/—1or1]
A5. A[0,1,0,1,...,0 or 1]
A6. A[1,v=T,1 F V=T or 1]
A7, \[1,0, 10,1,0 1,0,...,0 or 1 or —1]
A8, A[L, 1, 1,1,1,—,—1,...,10r—1]
A9. )\[0,1,0 1 ,0,1,0,—1,...,0 or 1 or —1]
Al

A10. A[L, -1, 1,1,1,—1,—1,1,...,1or—1]

The dichotomy is stated in terms of signatures of the form T®*F. For any set of
signatures F define TF = {T®*F | k > 0 and F: {0,1}¥ — C is in F}.

Proposition 4.6. [67] Let F be a set of symmetric signatures on Boolean variables with
real values. Then #CSP_q(F) is #P-hard unless one of the following conditions hold.

(i.) the arity of any non-degenerate signature in F is no more than 2
(ii.) F C TA for some orthogonal matriz T € C?*2
(iii.) F C TP for some orthogonal matriz T € C?*?
In these cases, #CSP_qo(F) is computable in polynomial time.

(A matrix is orthogonal if it is the inverse of its transpose.) We will next show that
these conditions simplify slightly if F consists of non-negative-valued signatures.

First, we will need to discuss a type of signature appearing in the third class in
Proposition A function F' = [fo,..., fr] is a “generalised Fibonacci signature” if
there exist a, 5 € C not both zero such that af;_1+8fi—afiy1 =0forall 1 <i<k—-1.

These are mentioned in [67].
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An important property is that a function is a generalised Fibonacci signature if and
only if it is of the form T®*[X,0,0,...,0, \] for some orthogonal matrix 7' € C2*2. This
property is used, for example, in the proof of [67, Corollary 4.6]; we will give a proof here
for completeness.

For the forward direction, note that 7" is orthogonal so is either of the form (fb 2)
or (*ba Z) We have

(% 8)%F[X,0,0,...,0,X] = ¥ + N5, A" (=b) + Nab* 1, ... A(=b)F + NaP]
(7 2)**14,0,0,...,0,N] = [A(—a)* + Nb*, A(=a)* b+ NabF 1 .. AP 4 Na¥]
(4.2)
which both satisfy abf;_1 + (a* — b*)fi —abfiz1 =0 forall 1 <i <k —1.

Conversely given «, 5 not both zero, there are a,b not both zero satisfying @ = ab
and 8 = a2 — b* if @ = 0 take b = 0 and pick a square root a of 8 and set b = 0,
otherwise pick a zero X of X2 — (B/a)X — 1 (which ensures aX — a/X = j), pick a
square root a of X, and set b = a/X. Then the first equation of gives the full
two-dimensional space of solutions to the recurrence: af;—1 + 8f;i — afir1 = 0 for all
1< <k—1.

Lemma 4.7. Let F be a set of non-negative-valued symmetric signatures. If F C TA
or F C TP for some orthogonal matriz T € C**2, then one of the following conditions
holds.

(i.) FC A
(ii.) FCP

(iii.) There exists i € R such that every non-degenerate [fo, ..., fx] in F satisfies fi_1+
pli— fir1 =0 forall1 <i<k—1

Proof. First consider the case that F C TP for some orthogonal matrix T'. Suppose that
condition (ii.) fails, so 7" is not of the form (%1 fl) or ( 2 %1). So T is of the form
(_ab Z) or (_b“ 2) with a,b # 0 and a® + b> = 1, and F consists of functions of the form
T%2[0, \,0] or T®*[X,0,0,...,0,\] (with A\, ) € C). But T®2[0, \, 0] cannot occur with

A # 0, because

(9 )%2(0,1,0] = [2ab, a® — b, —2ab
(72)%*[0,1,0] = [~2ab, b — a®, 2ab)]

and the values 2ab\ and —2ab) cannot both be non-negative. For T®¥[),0,0,...,0,\],
by (4.2) condition (iii.) is satisfied with pu = “2657b2; if this value is not real we can just
tz;keQ,u = 0 because for any [fo,..., fr] € F the differences f;_1 — fiy1 = %fi lie in
a=b"RNR = {0}.

Now consider the case that F C T'A for some orthogonal matrix T. So F consists

of functions A\T®*F where A € C and F is in one the ten forms (A1)-(A10). If F is
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of the form (A2), (A4), or (A6), and F is not of the form (Al), (A3) or (A5), then

Zih_”,xk:o F(x1,...,25)F(x1,...,2) is zero. Since T is orthogonal,
1 1
Yo Flo,.ap)F(a,.om) = Y (T¥FF) (@1, ap) (THFF) (21, )
Z15..., 2k =0 Z1,.., T =0

but T®*F takes non-negative values, so must be identically zero. Similarly if F is in one
of the forms (A7)-(A10), and F is not of the form (A1), (A3) or (A5), then the arity k—2
function F’ defined by F'(x1,...,x5_2) = Zizo F(x1,...,25—2,y,y) is identically zero.
Thus (T®*=2)F")(zy,...,x5_2) is zero for all 21, ..., zx_s € {0, 1}. But by orthogonality

of T,
1

(T2 F ) (@1, wpg) = Y (TFF) (2, 2k-2,,)
y=0
for all x1,..., 252 € {0,1}, so F is identically zero (or F' = [0, A, 0] for some \, so F' is
of the form (A5)).

We have shown that for all T®*F ¢ F, the function F is in one of the forms (A1),
(A3) or (A5). Define H = % (1 ). Note that if 7" or T'H is one of the eight matrices
(j([)l ). (2 iol) then T®*F € A for any function F in the forms (A1), (A3), or (A5),
which implies condition (i.). So we may assume 7T is not one of these eight matrices.

Both (A3) and (A5) are constant multiples of functions of the form H®*[1,0,0,...,0,41],
so F is contained in TP UTHP. We previously argued that if 7 C TP then condition
(ii.) or (iii.) holds. Similarly if 7 C THP then we are done. So we may assume that
F TP and F € THP. Note that all functions of the forms (A1), (A3) and (A5) of
arity at most 2 are in P. So F contains S®¥[X,0,0,...,0,+A] where S € {T,TH} and
k > 3. Since S is orthogonal, S is (_ab 2) or (*b“ 2) where a,b # 0 and a® + b? = 1. Let
G = S®4)\2,0,0,0,)%]. Let F = S®*[X,0,0,...,0,4+\]. By orthogonality of S, for all
Y1,---,Y1 € {0,1} we have

1
G(y1>y27y373/4) = Z F(xh"'amk’—QaylayQ)F(;Ela'-->mk—2ay37y4)-

21 o2 =0
F € F takes non-negative values, so G(1,0,0,0),G(1,1,1,0) > 0. But G is either
(2% 122,0,0,0,%] = A2[a* 4 b*, —a®b + ab®, 2a%?, —ab® + a®b, a* + b or
(52 2)%* [32,0,0,0,2%) = A2[a* + b*, —a®b + ab®, 24, —ab® + a®b, a" + b).
So A2(—a?b + ab®) and A%(—ab® + a3b) are non-negative, which implies that a = 0 or

b =0 or a®> = b. But this contradicts the assumption that 7" was not one of the eight
matrices (%1 £1)7 (iol iol). O

Lemma [4.7] simplifies the dichotomy slightly for non-negative-valued functions. An-
other way we will simplify the study of #CSPs is to restrict to studying constraint



105

languages that do not contain Cartesian products. This is justified by the following

argument.

Lemma 4.8. Let R C {0,1}" and S C {0,1}* be non-empty relations, and let I" be a
set of relations. Then #CSP_o(T'U{R x S}) is equivalent to #CSP_o(T'U{R, S}) under

AP-reductions and under polynomial-time Turing reductions.

Proof. We first give a reduction from #CSP_,(I'U{R}) to #CSP_o(I'U{R x S}) where
S is any non-empty relation. Consider an instance I of #CSP_,(I' U {R}) with k
constraints using R. Let 2 - I denote two disjoint copies of I. Let I’ denote the in-
stance of #CSP_o(I" U {R x S}) obtained from 2 - I by replacing each R constraint
¢ = ((ve1,- -+, Ver), R) and its corresponding copy ¢’ = ((v 1, ..., v, ), R) with the con-

straints ((ve1,. .., Ver, Wel,-- -, Wes), B x S) and <(’Ué,17 ... ,vém,wa, ce Wes), R X S),

where w1, ...,w.s are new variables.

Zp gets k new factors of 3, c¢q1y: S(x)S(x) = [S]. So Zp = ISk Zy.r = |SIF(Z1)%
We can compute Zr from Zp by Zr = \/W (For an AP-reduction, given error
parameter ¢, we can call the Zp oracle with error parameter 2¢.) Repeating the same
argument with the roles of R and S reversed, we get a reduction from #CSP_,(TU{R, S})
to #CSP_,(TU{R}U{R x S}).

In the other direction we reduce #CSP_o(F U{R x S}) to #CSP_o(F U{R,S}) by
replacing each ((v1, ..., vy, w1, ..., ws), RXS) constraint by a ((vy,...,v,), R) constraint

and a ((wi,...,ws),S) constraint. O

Proposition 4.9. Let I' be a set of relations of arity at most three, and assume that
no relation in T is a Cartesian product of relations R C {0,1}! and S C {0,1} with
|I|,|J| > 1. Then #CSP_4(T') is #P-complete unless one of the following conditions
hold.

(i.) every relation in I' has arity at most two
(ii.) every relation in T is affine
(iii.) T € {[1,0,1,1],[0,1,1], [1,0,1], [1, 1], [0, 1], [1, 0]}
(iv.) T C {[1,1,0,1],[L,1,0],[1,0,1],[1,1],[0, 1], [1, 0]}
(See Figure [4.1)) In each of these cases, #CSP_y(T') can be computed in polynomial

time.

Proof. #CSP_,(T") is clearly in #P. To show #P-hardness we use symmetrisation gad-
gets (this approach is used for similar purposes in [103]).

Let F be the set containing: the symmetric relations in I', and [2,1,1] and [1,1, 2] if
IMP = {(0,0),(0,1),(1,1)} isin " (or {(0,0),(1,0),(1,1)} is in I"), and for each arity 3
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arity at most two

p=1 p=—1

FIGURE 4.1: Tractable families of indecomposable relations of arity at most three. N/A

means there are no indecomposable relations of arity at most three with the specified

properties. IMP represents {(0,0),(0,1),(1,1)} (and {(0,0),(1,0),(1,1)}), while E
represents {(1,0,0),(0,1,1)} (and {(0,1,0),(1,0,1)} and {(0,0,1),(1,1,0)}).

relation R in T, the signatures Fy, Fp, F3: {0,1}3 — C and Fy: {0,1}? — C defined by

Fi(z,2g,23) = > R(z1,y1,92)R(z2,y2,y3) R(3, Y3, 1)
y1,y2,y3€{0,1}

Fy(a1,w2,@3) = Y Rya,w1,51)R(ys, 22, 42) R(y1, 23, 3)
y1,y2,y3€{0,1}

Fy(a1,w2,@3) = Y R(y1,y2,21)R(y2, ys, 72) R(ys, y1, v3)

y1,92,y3€{0,1}

Fy(zy,m2) = Y R(x1,y1,92)R(z2, 1, 12)
y1,y2€{0,1}

Fy and F} are represented in Figure
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These functions have cyclic symmetry, and any function on {0,1}? or {0,1}3 with

cyclic symmetry must be symmetric. We have

[27 17 1]($1a$2) = Z IMP($17y)IMP($2ay) and
yE{O,l}

[1,1,2](1)1,$2): Z IMP(yvml)IMP(ya$2)
yE{O,l}

for all z1, 9 € {0, 1}, so there is an expressibility reduction from #CSP_,(F) to #CSP_,(T")
(see Section[4.2)). It remains to show that if " is not in any of the classes (i.) to (iv.) then
#CSP_,(F) is not in any of the tractable classes given by Proposition By Lemma
it suffices to show that F € A4 and F € P and there is no p € R such that every
non-degenerate symmetric signature [fo, ..., fx] in F satisfies f;_1 + ufi — fix1 = 0 for
all 1 <i<k-—1.

Here is how binary relations affect the classification. The binary relation [1,1,0] is
not affine or of product type, and forces y = —1, while the binary relation [0, 1, 1] is not
affine or of product type, and forces 1 = 1. On the other hand, [0,1,0] is affine and of
product type, but forces p = 0. If IMP € T then [2,1,1],[1,1,2] € F, but these are not
affine or of product type, and rule out any pu.

By considering each arity 3 relation, as shown in Figure[4.3 we can show that amongst
arity 3 indecomposable relations R, the problem #CSP_,(R) is already #P-hard unless

R is one of the following relations (possibly after permuting variables):

e [1,0,0,1] and {(0,0,1),(1,1,0)}, which are affine and of product type; each rules

out any u.

e [0,1,0,1] and [1,0, 1, 0], which are affine but not of product type, and each forces
w=0.

e [1,1,0,1], which is not affine or of product type, and forces = —1.
e [1,0,1,1], which is not affine or of product type, and forces u = 1.

Putting this all together verifies the #P-hard cases.

Indeed for the relations R marked F; in Figure [£.3] 1 < ¢ < 3 the function F; =
[fo, f1, f2, f3] defined above is already non-degenerate, not affine, and not of product
type, and there is no p such that fo + pfi — fo = 0 and f1 + pfa — f3 = 0. For the
special cases marked * we find that Fy is [2,0,1] or [1,0,2], which is not affine nor of
product type and rules out any p, while one of Fy, Fs, or F3 is [0,1,0,1] or [1,0,1,0],
which are non-degenerate signatures of arity greater than two. For example, in the case
R ={(0,0,0),(0,1,1),(1,0,1)} we get Fy = [2,0,1] and F3 =[1,0,1,0] in F.

For tractability, for case (i.) we can use [27, Theorem 2.2|, and for case (ii.) we
can appeal to Proposition (note that these results deal with asymmetric signatures).
The third case consists of generalised Fibonacci signatures, [fo, ..., fr] with fi_1 + fi —

fix1 = 0. The last case consists of generalised Fibonacci signatures, [fo, ..., fix] with
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T 1 1 T2

FIGURE 4.2: Symmetrisation gadgets Fy and Fj. The numbers denote the position of
a variable (drawn as an edge) in the constraint (drawn as a vertex).

fic1— fi — fit1 = 0. In cases (iii.) and (iv.) we can therefore appeal to Proposition
O
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4.4 Approximate evaluation

We now study approximate evaluation of degree-two #CSPs and Holant problems whose
constraint language consists of a single arity 3 relation. The results are listed in Figure
The table only shows one member of each equivalence class under the symmetries
of permuting variables and permuting the domain {0, 1}, because these operations do
not affect the computational complexity. Also, the problems shown to be in FP by
Proposition are not shown. Each relation R C {0,1}? is listed by writing ijk for each
(i,j,k) € R. For example the first row represents the relation {(0,0,1), (0,1,0),(1,0,0)}.

In each row:
e “FPRAS” means that #CSP_,(R) has an FPRAS

o “#X’, where #X is #PM, #BIS or #SAT, means #CSP_o(R) <ap #X <ap
#CSP_,(R)

o “<ap #X" means #CSP_,(R) <ap #X

R Complexity

100 010 001 #PM Lemmas [4.14] & [4.15]
000 100 010 001 FPRAS Lemma
000 001 110

100 001 110 #SAT Lemma
000 100 001 110

100 010 001 110 #SAT Lemma [4.17
000 100 010 001 110 FPRAS Lemma [4.11
000 110 101 #PM Lemmasﬁéy & |4.16]
000 100 110 101 FPRAS Lemma
000 010 110 101

100 001 110 101 #SAT Lemma
000 100 010 110 101
000 010 001 110 101 <ap #PM | Lemma .14

100 010 001 110 101 <ap #PM | Lemma (4.14
000 100 110 101 011
000 100 010 110 101 011 FPRAS Lemma [4.13

100 010 001 110 101 011 FPRAS Lemma [4.13
000 100 010 001 110 101 011 FPRAS Lemma [4.13
000 100 111 | #BIS Lemma [£.17
000 100 010 111
000 100 101 111 | #BIS Lemma [£.17]
000 100 010 110 111 | <ap #BIS | Proposition 4.1
000 100 001 110 111 | <ap #PM | Lemmal[d.14
000 100 010 001 110 111 | FPRAS Lemma [4.13
000 010 001 110 101 111 | FPRAS Lemma [1.13
000 100 010 001 110 101 111 | FPRAS Lemma [4.13

FIGURE 4.4: Summary of results for degree-two #CSPs and Holant problems.



111

Remark 4.10. The proof of Lemma [£.11] gives a deterministic FPRAS, sometimes called
an FPTAS, for two rows.

4.4.1 FPRASes, and reductions from #CSPs to other problems

Lemma 4.11. Let

Then #CSPo(R, S) has a FPRAS.

Proof. Given an instance (V,C) of #CSP,(R, S), let G be the multigraph with vertex
set V', three edges xy,xz,yz for each ((z,y,2),R) € C, and two edges xz,yz for each
((z,y,2),S) € C. Then G has maximum degree four, and there is a bijection o
o~ 1({1}) from satisfying assignments of (V,C) to independent sets of G. We can then
use an FPRAS for the problem of counting independent sets in multigraphs of maximum
degree at most five [100]. O

Lemma 4.12. Let R = {(0,0,0),(1,0,0),(1,1,0),(1,0,1)}. Then #CSP_5(R) has an
FPRAS.

Proof. We will reduce to computing the number of (not necessarily perfect) matchings
in a multigraph, which has an FPRAS [70, Corollary 4.5|. For all integers k > 1 define

1 ifxi 4+, <1

0 otherwise.

Note that M;(0) = Mi(1) = 1. There is an expressibility reduction from #CSP 5 (R)
to #CSP,(NEQ, M3) where NEQ = {(0,1), (1,0)}:

R(‘T’y’ Z) = Z NEQ(LE‘,SL‘,)Mg(QS‘/,y, Z)'
x'€{0,1}

By Lemma , #CSP,(NEQ, M3) <ap #CSP_,(NEQ, M1, M3). It remains to estab-
lish an AP-reduction from #CSP_,(NEQ, M, M3) to the problem of counting matchings
in a multigraph. The important observation is that two M constraints joined by a NEQ

constraint act like a single M constraint:

ZMk’—l-l(xa Z1,--- ,ZL’k)NEQ(ZL’, y)Mé-i-l(ya Yty .- 73/2) = Mk+ﬁ($1a ey Ty YLy - - >yf)
x?y

for all x1,...,2k,y1,...,y¢ € {0,1}. We will use this identity to eliminate constraints
until we are only left with constraints over {Mj, | k > 1}.

We are given an instance (V,C') of #CSP_o(NEQ, M7, M3) and an error parameter
e. Set (m1,V1,C1) = (1,V,C). Given (m;, Vi, C;) such that:
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° ZV,C = miZVi,Cia and
e deg, (v) =2 for all v € V;, and

e C; consists of constraints over {NEQ, PINy, PIN;} U {M}, | k > 1}, where PINy =
{(0)} and PINy = {(1)},

we will show that if C; uses a NEQ, PINy, or PIN; constraint, then we can efficiently
construct (m;41, Viy1, Cit1) with these same three properties, such that V;; is a strict
subset of V;. Note that |C;] is necessarily bounded by 2|V;|, so to get a polynomial time
algorithm we only need to ensure that each step runs in polynomial time in |Vj].
Consider the case where, for two variables x,y € V;, the constraint ((x,y), NEQ)
appears twice in C;. Then we can set Vi1 = Vi \ {z,y}, set Ci;1 to be C; with the
two ((z,y), NEQ) constraints removed, and set m;y; = 2m;. This is correct because

Zv.c, =2 Zy,

i11,Cis1- We denote this transformation by:

>y NEQ(z,y)NEQ(z,y) — 2.

This notation means that the summed variables and constraints represented by the
left-hand-side are deleted, and we multiply m; by 2. In this case we do not introduce any
new constraints. Since NEQ is a symmetric relation (as are PINg, PINy, and My), the
order of variables does not matter: we can apply the same transformation if ((x,y), NEQ)
and ((y,x), NEQ) are in Cj.

A more complicated case is when there is a constraint ((z,y), NEQ), and 2 appears
in a constraint using M} for some k£ > 1, and y appears in a different constraint, using
M, for some ¢ > 1 (possibly with k& = ¢). Set Viy1 = Vi \ {z,y}, let C;11 be the
result of deleting these three constraints using x or y then inserting a new constraint
((1,..., 2k, Y1, -, Ye), Migty), and set mip1 = m,. This is correct because Zy, ¢, =
2y,

+1,Cip1- We denote this transformation by

szy Mk-+1((13, Tlyew- ,fEk)NEQ(Qf, y)M€+1(y7 Y1, .- 7y€) — Mk+f(x17 o Ty Y1, e e 7Z/£)~

Again, we delete the summed variables and constraints represented by the left-hand-side,
and the order of variables in a constraint does not matter. In this case we do not need
to multiply m;, but we do get a new constraint, represented by the expression on the
right-hand-side.
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If C; has a ((z), PINp) or ((z), PINy) constraint for some = € V;, we can apply one

of the following transformations, depending on which other constraint x appears in:

PINy(z
PIN; (z

> PINo(z) (
)PIN(
JPIN (z
)PINo(
JPIN(

(
S PINy(z
S PINg(z
Yow M1 (z, 21, ..., 25)PINg (2
Y ow Myyp1(z, 21, ..., 25)PINy () = PINg(21) ... PINg(2y)
S PINo(2)NEQ
S PIN (2)NEQ

z,

)=
)=
)=
) = My(z1,...,xp)
)
y)
y)

z,

If C; has a ((z,y), NEQ) constraint for some z,y € V;, we can apply one of the
following transformations, depending on whether © = y, or otherwise depending on

which other constraints  and y appear in:

> . NEQ(z,z) —
5., NEQ(z, y)NEQ(z, ) -
5., NEQ(, 2)NEQ(z, y)NEQ(y, w) — NEQ(2, w)
>wy M1 (z, 21, 2p)NEQ(, ) Mea (y, y1s -, Ye) = Mo, oo Thy Y1, -, Ye)
dowy M1 (z, 21, - 2p) NEQ(z, y)NEQ(y, 2) = My (2, 21, - -, T)
>owy Mi2(z,y, 21, ..., 2 ) NEQ(z, y) — 2PINg(1) . .. PINo(zy)

(It is possible to show that some of these rules are unnecessary, but that argument
seems to be much more complicated than just covering extra cases.)

The remaining case is that C; does not contain a NEQ, PINy or PIN; constraint.
Let G be the multigraph whose vertex set is C; and, for each variable v € Cj, there is an
edge between the two constraints in which v is used in C;. The number of matchings in
G is Zy, ¢, and we wish to approximate Zy ¢ = m;Zy, ¢,. By [0, Corollary 4.4| we can
find an approximation ¢ of Zy, ¢, satisfying the FPRAS condition Pr(e™*Zy, ¢, < g <
2y, c;) > %. We can then output m;q. O

We will use the results of Chapter [3| concerning windable strictly terraced functions.

By Theorem [3.5] the condition for an arity three relation to be windable simplifies to:
There are at least four triples (z,y,z) € R with (1 —z,1—y,1 —2) € R.  (Wind)

Also note that an arity three relation R is strictly terraced whenever it is coindependent,
that is, (1 — x,y,2), (z,1 —y,2), (z,y,1 — 2) ¢ R for all (z,y,2) € R. Thus:

Lemma 4.13. Let R be a coindependent relation satisfying (Wind). Then #CSP _o(R)
has an FPRAS.
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Proof. The function U defined by U(0) = U(1) = 1 is windable and strictly terraced.
#CSP_o(R) =ap #CSP_,(R,U) by Lemma and #CSP_,(R,U) has an FPRAS by
Theorem [3.4 O

Lemma 4.14. If R C {0,1}? satisfies (Wind) then #CSP_,(R) <ap #PM.

Proof. By Theorem , R has a matchings circuit. The function U defined by U(0) =
U(1) = 1 has a matchings circuit (take a vertex of fugacity 1 with one external edge).
The reduction is given by Theorem and Lemma [4.5 O

4.4.2 Reductions from other problems to Holant problems

The following reduction is essentially due to Fisher [53].
Lemma 4.15. #PM <p #CSP_,(PM3)

Proof. The reduction is given a graph G and error parameter €. For any degree-1 vertex
v we can delete v and its neighbour; repeating this process gives a graph with the same
number of perfect matchings and no vertices of degree 1. If G has a vertex of degree
zero or if |G| is odd, then G has no perfect matchings and we can output zero. So we
may assume that G has minimum degree at least two and that |G| is even. Replace any

vertex of degree k > 3 by vertices of degree 2 and 3 as shown in Figure [£.5]

7 oty

FI1GURE 4.5: A vertex of degree k > 3 is transformed to vertices of degree two and three,

preserving the total number of perfect matchings. In words, the vertex is replaced by

a path viuivaus ... up_3vk_2, and the k edges that were incident to v are now incident
to v1,v1, V2,03, ..., Vk_3, Uk_2, Vg_2 Tespectively.

v

This produces a multigraph G’ with the same number of perfect matchings as G, and
where every vertex has degree 2 or 3, and with an even number of vertices. Any graph
has an even number of odd-degree vertices, so G’ has an even number of even-degree
vertices. Enumerate the degree 2 vertices as v1,...,v9,. For each 1 < ¢ < k add new
vertices x;, y; and edges v;x;, vit1%i, TiYi, yiy; to produce a new multigraph G”. Observe
that for all 7 the edge z;y; is in every perfect matching in G”, so G” has the same number
of perfect matchings as G.

Let C consist of one constraint ((e1, ez, e3), PM3) for each vertex in G” with incident
edges eq, ey, es (possibly with repeats, corresponding to loops in G”). The reduction
calls the oracle on (E(G"),C) with error parameter . This is correct because number

of perfect matchings in G" is Zp(gmy,c- O

Lemma 4.16. Let R = {(0,0,0),(0,1,1),(1,0,1)}. Then #PM <xp #CSP_,(R).
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Proof. Define F: {0,1}? — R>o by F(0,0) = 1 and F(1,1) =2 and F(0,1) = F(1,0) =

0. It suffices to establish the following reductions:

#PM <ap #CSP_,(PMs)
<ap #CSP_y(R, PIN)
<ap #CSP» (R, {(1,1)})
<ap #CSP_,(R, F)

(R

<ap #CSP_5(R).

The first reduction #PM <ap #CSP_,(PM3) is Lemma The second is an express-
ibility reduction #CSP_o(PM3) <ap #CSP_o(R,PIN;):

PM3($7y7 Z) = Z R(ZL’,Z,])R(@,?/, Z)PINl(j) (m,y,z € {071})
1,j€{0,1}

The third reduction #CSP_y(R, PIN;) <ap #CSP_,(R,{(1,1)}) follows from Lemmal4.§|
For the fourth reduction #CSP_o(R,{(1,1)}) <ap #CSP_y(R, F) we are given an
instance (V, C') of #CSP_,(R, {(1,1)}) and error parameter €, which we can assume is less
than 1/2. Let k be |V|+1+ [logy e~ 17: the least integer satisfying 2/V|=* < /2. Denote
the constraints using {(1,1)} by ((z1,v1),{(1,1)}), ..., {(m,ym), {(1,1)}). Let (V',C")
denote the result of replacing, for each 1 < i < m, the constraint ((z;,v;),{(1,1)}) by

<(£L’i, ’UZ'J), F), <(’Uz"1, 1),'72), F), e <(Ui,k—la yi)7 F> (4.3)

where v;1,...,v; -1 are new variables. The reduction calls the oracle with error pa-
rameter €/2 to obtain a value ¢, outputs zero if ¢/ omk <1 /2, and otherwise outputs
q/2m*.

For any 0: V — {0,1} let o’: V' — {0, 1} denote the extension of o with o/(v; 1) =

= 0’ (vig—1) = o(z;) for each 1 < i < m. If ¢ is a satisfying assignment of (V,C),
then the weight of ¢ is 1 and the weight of ¢’ is 2%, Summing over o we get Zyc <
Zy1 o /2™F. Conversely any assignment of (V’,C”) of positive weight is of the form o’
for some o, and if o is not a satisfying assignment of (V,C) then the weight of ¢’ is at

most 2(m—Dk, Summing over o we get
Zyo < ZV/7C//2mk < Zyc+ olVI=k,
With probability at least 3/4, the value ¢ satisfies

675/22‘/110/ <gqg< GE/ZZV/’C/
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If Zyo = 0 then ¢/2™F < e5/22IVI=F < 1/2 5o the reduction correct outputs zero. If
Zy,c > 1 then

e—e/QZMC < q/2mk < 66/2(ZV,C _|_2|V\—k)
< e (Zyo +¢/2)
< e Zyo(l+¢/2)

<eZyc

as required.
The fifth reduction #CSP_y(R, F) <ap #CSP_,(R) is an expressibility reduction:

F(z,y)= > RG,j,2)RG,jy)  (r.y€{0,1}) O
,j7€{0,1}

Lemma 4.17. Let R C {0,1}3, and assume:

o for all (xz,y,z) € R we have x <y

e cither (0,0,0),(1,1,1) € R and (0,0,1),(1,1,0) € R, or (0,0,0),(1,1,1) € R and
(0,0,1),(1,1,0) € R

Then #CSP_o(R) =ap #CSP(R), so the classification of Proposition applies.

Proof. The reduction #CSP_,(R) <ap #CSP(R) is obvious. For the other direction
we will use the technique of 2-simulating equality from [5I]. The reduction is given an
instance (V,C) of #CSP(R). For each v € V let degq(v) denote the total number of
occurrences of v in C. Let V' consist of distinct variables wv,i,w;’i for each v € V and

each 1 <14 < degq(v). Let C’ consist of constraints:

o ((w, w1y, Wy i), R) for each v € V and each 1 < i < deg(v) where w), deger ()41

means w’ ;, and

v,1»

o ((Wyy iy, Wyy o, Wys iz ), R) for each constraint ((vi,ve,v3), R) € C such that this use
of v1 is the i1’th occurrence of vy, this use of vy is the i9’th occurrence of vy, and

this use of vg is the i3’th occurrence of vs.

For each v € V, the ((wy, ;,wy, ;,1,wy i), R) constraints force the variables wy, ; to take
the same value for 1 < i < deg-(v). Given a satisfying assignment o of (V,C) we get
a satisfying assignment o’ of (V/,C’) by, for each v € V and each 1 < i < degq(v),
setting o' (wy,;) = o(v), and o'(wy;, ;) = o(v) if (0,0,0) € R, and o'(w; ;) = 1 — o (v)
if (0,0,0) ¢ R. Conversely any satisfying assignment of (V’,C") arises as ¢’ for some
satisfying assignment o of (V,C). Therefore (V/,C") is an instance of #CSP_,(R) such

that ZV’,C’ = ZV,C’- O
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4.5 Downsets in directed acyclic graphs of maximum degree
three

As mentioned in the introduction (Example , one of the problems originally shown
to be AP-equivalent to #BIS is #Downsets. The input of #Downsets is usually defined
to be a partially ordered set. However, in this section we will think of the input as being
a directed graph. A downset in a directed graph is a set of vertices D such that for
all w € D and all arcs v — v, we have v € D. We can then consider the following
problem, which is easily seen to be AP-equivalent to the usual definition as given in the

introduction.

Name. #Downsets
Instance. A directed graph G.
Output. The number of downsets in G.

Downsets correspond to satisfying assignments of the constraints ((u,v),IMP) for
each v — v, where IMP = {(0,0),(0,1),(1,1)}. The restriction of #Downsets to di-
rected graphs of maximum degree at most d is therefore AP-equivalent to #CSP_;(IMP).
(“Degree” will always mean total degree: the sum of the in-degree and out-degree.) In
particular the restriction to directed graphs of maximum degree at most 2 is in FP by
Proposition and the restriction to directed graphs of maximum degree at most 3 is
AP-equivalent to #BIS by [51, Theorem 23].

However, the reductions used in [51] rely in a crucial way on cycles. Contracting
a cycle to a single vertex does not affect the number of downsets. So #Downsets is
AP-equivalent to its restriction to directed acyclic graphs, which we abbreviate as dags.
In this section we will show that #Downsets remains AP-equivalent to #BIS even when

restricted to dags of maximum degree three.

Remark 4.18. Consider the restriction of #Downsets to dags of depth two, that is, di-
rected bipartite graphs with a bipartition U U V' such that all the arcs go from U to V.
There is a bijection I — IAV from the set of independent sets of the underlying undi-
rected graph to the set of downsets of the original graph. So the restriction of #Downsets
to directed graphs of depth two is still AP-equivalent to #BIS. But there is an FPRAS
for the restriction of #Downsets to dags of depth two and maximum degree five - we can
use the equivalence just described for dags of depth two, then apply the Weitz’s FPRAS

for counting independent sets in graphs of maximum degree five [100].

Lemma 4.19. Given an integer n > 4 specified in binary, we can build a dag G that has
exactly n downsets, in polynomial time in logn, such that G has a unique source and a
untque sink, which are distinct and each have degree 1, and such that every vertex of G

has degree at most three.

Proof. We will first define certain graphs H,,, p > 2. Define Hs to be the directed path

of length one. For each integer p > 2, define H), 1 by adding three new vertices s, u,t to
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S U t
S U t
———o m
Hy Hj Hy

FIGURE 4.6: Three H), graphs used in Lemma

H, and arcs s — s’ — u — ¢ and t — ¢ where s’ denotes the source of H, and ' denotes
the sink of Hy; see Figure The downsets of Hy, 1 are 0, V(Hp), V(H,) U{u,t}, and
DU{t} and DU{u,t} for each downset D of H,, that does not include the source s, that
is, D # V(H,). Letting h(p) denote the number of downsets in H,, we have h(2) = 3
and h(p+1) =2(h(p) —1) + 3. So h(p) =2P — 1 for all p > 2.

Let n’ denote the greatest multiple of four with n’ < n. Denote the binary expansion
of n/ by 2Pr + .. + 2Pk where 2 < p; < p2 < -+ < pg. Let £ =n —n' +4k —2. Let
G consist of a copy Hj of Hy, for each 1 < i < k, as well as £ — k copies H} ,, ..., H,
of the directed edge Ha, except that for each 2 < ¢ < ¢ we identify the sink of H]
with the source of H]. The downsets of G are (), V(G), and DUV (Hj,,)U---UV(Hy)
for each 1 < ¢ < ¢ and each downset D of HZ’ that includes the sink of Hl’ but not the
source. Note we have not counted any downset twice. So the number of downsets in G
is 24+ (h(p1)) —2)+ -+ (h(pr) = 2)+ (L —Kk)(h(2) —2)=24+n"—3k+{—k = n.
Note that the graphs H,, have O(m) vertices, so G has O((logn)?) vertices and can be

constructed in polynomial time in logn as required. O

Theorem 4.20. #Downsets is AP-equivalent to its restriction to dags of maximum de-

gree at most three.

Proof. We will describe an AP-reduction from #BIS. Consider an instance G of #BIS,
specified by vertex sets U and V and a set of edges F C U x V', and an error parameter 0 <
£ < 1. We may assume that there are no isolated vertices. Let w = [(2/¢)4/VI+IVI+IE,
For each v € UUV choose an enumeration {e, 1, - - - ,evydeg(v)} of the edges incident to v,
where deg(v) denotes the degree of v. Let G, be a copy of the dag with exactly wdes®) 9
downsets given by Lemma [£.19] For each e € E let G, be a copy of the dag with exactly
w + 2 downsets given by Lemma For each z € UUV U E let s(x) denote the source
of G, and let ¢(x) denote the sink of G,. Construct G’ by taking the disjoint union of
the dags G, with z € U UV U E, together with arcs t(u) — s(ey,1) — -+ — s(€y deg(u))
for each u € U and t(ey,1) — -++ = t(€y deg(v)) — $(v) for each v € V. The reduction

calls the oracle on G’ with error parameter /2, divides by w!®! and returns the result.
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Let Z denote the number of independent sets in G, and let Z’ denote the number of

downsets of G'. We will argue that
Z <w Pz < Z 4 alVHVIHEL (4.4)

Assuming , the AP-reduction is correct: with probability at least 3/4 the value ¢
returned by the oracle satisfies e ¢/22’ < ¢ < €¥/2Z’ which implies e Z < w™Elg < ¢ Z
as required.

Let X be the partial order with underlying set |J,cpoyupis(u), t(u)} where z < y
means there is a directed path from z to y in G’. Consider a downset Y of X, and a
downset D of G’ with DN X =Y. For each x, we have:

e DNG,=0ift(x) €Y, and
e DNGy =G, if s(x) €Y, and

e otherwise s(z) ¢ Y and t(z) € Y, so D N G, can be any downset of G, with
s(z) € DN Gy and t(z) € DN G,. There are w such sets if z € E, and wies®)
such sets if z €e UU V.

So there are exactly w*®) downsets D of G’ with DN X =Y, where

cY) = Zdeg(v)—i—Zl: Z 214— Z 1+Zl :
(w)¢Y

veUuV eck uw)EE \ s(u s(u,w)2Y s(v)gY
) gy AT SR A W <A b | S A 2
t(v)ey t(e)ey

Note that the contribution from each (u,v) € E is at most 1, and ¢(Y') = |E| if and
only if for all (u,v) € E we have: s(u) € Y, and t(u) € Y <= s(u,v) € Y, and
t(u,v) €Y <= s(v) €Y, and t(v) € Y. For each independent set I of G let Y7 C X

be the set containing:
o t(u),s(eu1), -, 8(€udeg(n)) for each u € UNI, and
o t(ev1), .-, t(€ydeg(v))s $(v) for each v € V'\ I, and
e t(v) for each v € V.

By the previous remarks we have w012l = 1 while w®)~IEl < = for any downset
Y of X not of the form Y; where I is an independent set of G. Since X has cardinality
2(|U| + |V| + |E|), it has at most 4VIHVIHEl downsets. This gives Z < w~1FlZ/ <
Z + w4lUHIVIHEL which is ([@4). O






Chapter 5

Degree-two ##CSPs with variable
weights

(This chapter is a revised version of [83] with a modified introduction.)

This chapter aims to study the computational complexity of approximately evaluating
#CSPs where variables range over the Boolean domain {0, 1}, and we restrict the allowed
constraints to a fixed constraint language I', and we restrict each variable to appear at
most twice, but we allow instances to specify a weight for each value that each variable
can take. These problems, degree-two #CSPs with variable weights, are an abstraction

of the problem of counting perfect matchings in a graph with edge weights.

5.1 Introduction

Recall Proposition

Proposition [51, Theorem 24| Let I' be a finite unweighted constraint language
containing {(0)} and {(1)}. Let d > 6.

e If every relation in I' is affine then #CSP_,(T") € FP.
e Otherwise, if I' C IMconj then #CSP_,(I") =ap #BIS.
e Otherwise, #CSP_,(I") has no FPRAS unless RP = NP.

Note the assumption that I' contains the “pinning” relations {(0)} and {(1)}. In
other words, the instance is allowed to specify that configurations x with x(v) = i
contribute to the output, for various pairs (v,7). We can interpret this as saying the
instance may specify variable weights of zero or one: the number of configurations with
x(v) = 4 is multiplied by a factor of 1, while other configurations are multiplied by
a factor of 0. The main result of this chapter is a classification of degree-two #CSPs
with unweighted constraint languages, where we allow the instance to specify arbitrary
non-negative variable weights.

As mentioned in the introduction, we will be studying the following problem:

121
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Name. #CSP;S(F)
Instance. A tuple (V,C,w) where:

e V is a finite set of variables.
e (' is a finite set of constraints over I" on V' such that deg,(v) < 2forallv e V

e w is a function from V to Q>¢ x Q>0, where rationals are specified as ratios

of binary integers.

Output. The sum of [ ¢y w(v)x() over satisfying assignments x: V' — {0,1} of C,
where we index the pair w(v) from zero: w(v)y(,) denotes the first element of w(v)

when x(v) = 0, and the second element when x(v) = 1.

Here and throughout the chapter we restrict to rational numbers, rather than some
larger class of numbers, because rationals are easy to encode as input to a Turing machine.

Yamakami [I03] investigated the problem Holant®(F), where arbitrary complex-valued
arity 1 functions are allowed as part of the instance. Because of the degree bound, variable
weights are more invasive than arity 1 functions: the weights are applied to a variable,
which is then used in two constraints, whereas an arity 1 function only affects a vari-
able used in one other constraint. However, we are only allowing non-negative variable
weights. So variable weights are neither a weaker assumption nor a stronger assumption

than the “Holant™ complex-valued arity 1 functions used in [103].

5.1.1 Delta-matroids and set family notation

To state the main theorem we need to define delta-matroids. Usually, delta-matroids are
defined as set families. A set family A is a set of subsets of some finite set (called the
ground set). Let AAB denote the symmetric difference of sets A and B. A set family
A is a delta-matroid if for all X,Y € A and all i € XAY there exists j € XAY, not
necessarily distinct from 4, such that XA{i, j} € A. For example, setting X = () and
Y ={1,2,3} and i = 1, we see that {0, {1,2,3}} is not a delta-matroid.

Delta-matroids were used by Feder [52], under the name of generalised matroids.
Feder studied the decision version of #CSP ,(I') — the problem of deciding if there is
any satisfying assignmentﬂ He showed that if the constraint language contains a non-
delta-matroid, and the constant relations {(0)} and {(1)}, then the graph constraint
satisfaction is equivalent to the unbounded-degree constraint satisfaction problem [52,
Theorem 4]. In fact, some of the NP-hardness implied by our main theorem is already
implied by Feder’s result. We will adapt this work to the setting of counting CSPs.

In this chapter we will call the corresponding relations delta-matroids:

Definition 5.1. We will denote {i | z; # y;} by xAy.
A relation R is a delta-matroid if for all x,y € R, for all i € xAy there exists
Jj € xA\y, not necessarily distinct from ¢, such that x @ {i,j} € R.

! Actually, Feder studied the variant where every variable is used exactly twice, rather than at most
twice.
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Note that, for example, (1,0,0)A(1,1,0) = {2}, while (1,0,0) & {1,2} = (1,0,0) &
(1,1,0) = (0,1,0). The difference between A and @ is whether a set or a configuration
is returned.

In particular the perfect matchings relation PM3 = {(0,0,1),(0,1,0),(1,0,0)} is a
delta-matroid, while the arity 3 equality relation EQ4 = {(0,0,0), (1,1,1)} is not.

5.1.2 Main result

We will refer to two more classes of relations in addition to those of Section [I.7.2]

Definition 5.2. NEQconj is the set of relations that can be written as a conjunction of
equalities, disequalities, and constants.

A relation R is basically binary if it is a Cartesian product of relations of arity at
most two: there is a partition of {1,...,k} into sets Dy, ..., Dy of order at most two and
relations R; C {0,1}"7 for each 1 < < ¢ such that

R={xec{0,1}"|x|p, € R; foreach 1<i</},

where x|p, denotes the restriction of x € {0, 1}* = {0, 1}{%*} from {1,...,k} to D;.

For example {x € {0,1}® | z1 # x5 and 22 # x3 and 73 = 1} is in NEQconj, and
{x € {0,1}* | 1 < 3 and 2o < x4} is basically binary, but EQ; = {(0,0,0), (1,1,1)} is
not basically binary.

With these definitions we state the main result of this chapter.

Theorem 5.3. Let I' be a finite unweighted constraint language. If every relation in T’
is basically binary, or if ' C NEQconj, then #CSP%g(I’) is in FP. Otherwise:

o [f every relation in I' is a delta-matroid then #PM <ap #CSP?Q)(F).

o [If some relation in I' is not a delta-matroid and I' C IMconj, then #BIS =ap
#CSPZY(I).

e [If some relation in I' is not a delta-matroid and I' € IMconj then #SAT =ap
#CSPZY(T).

Theorem says that every degree-two Boolean #CSP with variable weights either
lies between #PM and #SAT, or is AP-equivalent to #BIS, or is in FP. Under the
assumption that #PM and #BIS do not have an FPRAS, this classifies completely which
problems have an FPRAS.

This is quite a different situation from the corresponding decision problems, consid-
ered in [4I]. For degree-two decision CSP there is no known dichotomy, and there are
many tractable problems using delta-matroids.

Even if #PM does have an FPRAS, it might be that there are delta-matroids R such
that #CSP;g(R) does not have an FPRAS. Perhaps Theoremcould be refined to say

more about which of these scenarios can be ruled out.
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An approximation algorithm necessarily gives a decision algorithm: if a #CSP has
an FPRAS, then there is a (randomised) polynomial-time algorithm that determines
whether a satisfying assignment exists. The following example shows that the converse
does not hold for the problems considered in Theorem

Ezample 5.4. Let R be the relation {x € {0,1}3 | 21,72 < x3}. By Schaefer’s clas-
sification [89] (or reduction to 2-SAT), there is a polynomial-time algorithm that de-
termines whether a list of constraints over { R, NAND} has a satisfying assignment. R
is not a delta-matroid, because there is no j such that (1,1,1) & {3,5} € R. Also,
R € IMconj, and NAND ¢ IMconj. By Theoremwe have #CSPZ9(R) =ap #BIS and
#CSPZ5(R, NAND) =5p #SAT. o

5.1.3 Weighted #CSPs and other generalisations

We now discuss some variants of Theorem [5.3] Here we will not restrict to unweighted
constraint languages, and we will extend the notation to generalise the degree restrictions
and to allow restricted sets of variable weights. For all K C N (recall 0 € N), all
W C Q>0 X Q>0, and all finite weighted constraint languages F define:

Name. #CSPYW (F)
Instance. A triple (V,C,w) where

e V is a finite set of variables.
e (C is a list of constraints over F on V such that deg-(v) € K for allv e V

e w is a function from V to W, with rationals represented as ratios of binary

integers.

Output. The value

Zvew= Y, Whyow(x)
x: V—{0,1}

where

Wty (X) = (H w(v)x(y)> 11 F(x(s1),...,x(s1))
(

veV $1,..,8k),F)EC

For readability we will use the following shorthand for K and W: if K is omitted
then K = N (no degree restriction), if K is “= d” then K = {d}, and if K is “< d” then
K = {1,...,d}; if W is omitted then W = {(1,1)} (no weighting), if W is “> 0” then
W = Q>0 x Q>0 (arbitrary variable weights). Also, when w is omitted from (V,C,w) it
means the unique function V' — {(1,1)} — this convention is only used in proofs.

Note that if ' =T is a set of relations, then #CSP(I"), #CSP,(I") and #CSP%g(I‘)

all agree with their earlier definitions.

Ezample 5.5. Let B be an arity 2 weight-function that is symmetric (B(0,1) = B(1,0)).
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The problem #CSP{(L/\)}(B) is then the problem of computing the partition func-
tion of a two-state spin system as discussed in Chapter 2 Examples are the Ising model
(B(0,0) = B(1,1)) and the hardcore gas model (B = NAND). In the ferromagnetic
case B(0,0)B(1,1) > B(0,1)B(1,0) the problem #CSP(B) has an FPRAS [64]. If
B(0,0)B(1,1) < B(0,1)B(1,0), then #CSP{N}(B) corresponds to the partition func-
tion of an anti-ferromagnetic spin system. The research on these problems is a rare
example of a (near) dichotomy for approximate counting for weighted problems. See [79)

for details. In particular, consider the following problem:

Name. #HC,(\)
Instance. A simple graph in which every vertex has degree d.

Output. The sum of M| over all independent sets I of G.

For all integers d > 3 and all rationals A < (d—1)%1/(d—2)%, the problem #HC,(\)
has an FPRAS (in fact an FPTAS). But for A > (d —1)?~1/(d —2)¢, there does not exist
an FPRAS for #HC;(A) unless RP = NP [92] Theorem 1|. Using the correspondence
mentioned in Section[I.3] the partition function of the hardcore model with fugacity A for
regular graphs of degree d is AP-equivalent to (a restriction of) #CSP{:(;”\)}(NAN D). ©

Thus, in terms of #CSPs:

Proposition 5.6. [93] For all rationals A > 4, there is no FPRAS for #CSP{:%’A)}(NAND)
unless RP = NP.

The paper [22] studies weighted #CSPs where all (non-negative valued) arity 1
weight-functions are assumed to be in the constraint language. To make this precise,
rather than allowing variable weights, the statement of [22, Lemma 16| involves inserting
finite sets of arity 1 functions into a given finite constraint language. The classification
is in terms of LSM, as defined in the introduction to the thesis, and another class which
we will call WNEQ.

Definition 5.7. F’ is a simple weighting of F if F' is of the form
F'(x) = AF(x)Ur(z1) - - Uk(2)

with A, U1(0),U1(1),...,Ux(0),Ux(1) € Q>09. WNEQ is the set of simple weightings of
weight-functions in NEQconj.

Proposition 5.8. [22, Lemma 16] Let F be a finite weighted constraint language.
o If F C WNEQ then #CSP(F) is in FP.
e Otherwise, there is a finite set of S of weight-functions {0,1}! — Q>o such that

— #BIS <ap #CSP(FUS), and
— if furthermore F € LSM then #SAT =ap #CSP(F U S).
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(This statement takes the liberty of restricting to rational numbers, which is justified
because the relevant constructions in [22] only use field operations. The original state-
ment in [22] only gives an FPRAS for the first case, but membership in FP follows by
inspecting the algorithm used in the proof when F is rational-valued, or by the algorithm
of [29]. The set WNEQ is the same as the set “(NEQ, B1)” used in [22], by [22, Remark
14].)

Much like Theorem merely gives a reduction from #PM in some cases and not an
equivalence, Proposition merely gives a reduction from #BIS in some cases and not
an equivalence. The truth could be that #BIS has an FPRAS but there exists F' € LSM
such that there is no FPRAS for #CSP(F).

5.1.4 Terraced weight-functions

How might Theorem generalise to weighted constraint languages? The #CSP result
stated here as Proposition [5.8] suggests that WNEQ and LSM can be seen as a gener-
alisation of NEQconj and IMconj. Basically binary weight-functions can be defined by
replacing Cartesian products by tensor products: a function F': {0,1}* — Q>0 is basi-
cally binary if there is a partition of {1,...,k} into sets D1, ..., D, of order at most two
and functions F;: {0,1}P — Q> for each 1 < i < ¢ such that
‘
P(x)=][Fxlp) (xe{0,1}").

=1

Then we have the following generalisations of the classes used in Theorem [5.3}

Unweighted Weighted
basically binary | basically binary
NEQconj WNEQ
IMconj LSM
delta-matroid ?

Terraced weight-functions give one weighted version of delta-matroids.

Definition 5.9. A partial configuration p of V is an element of {0,1}V for some subset
U C V, which we call dom p.

Two weight-functions F, G': {0,1}Y — Qx¢ are parallel if there are ), ;1 not both zero
such that for all x € {0,1}" we have AF(x) = uG(x). Note that if either F or G is
identically zero then F' and G are parallel.

A weight-function F' of arity k is terraced if for all partial configurations p such that
the pinning F'(p, -) is identically zero, for all 7, j € dom p the pinnings F(p @ {i},-) and
F(p@® {j},-) are parallel.

For example, EQ; = {(0,0,0),(1,1,1)} is not terraced: define p by p1 = 0 and
p2=1,and set i =1 and j = 2.
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A relation is terraced if and only if it is a delta-matroid (Lemma . Terraced
weight-functions are thus a weighted version of delta-matroids that allow a generalisation
of Theorem [5.3} First, we define the support supp(F) of a weight-function F: {0,1}* —
Q>0 to be the relation {x € {0,1}* | F(x) # 0}.

Theorem 5.10. Let F be a finite weighted constraint language.

(i.) If F C WNEQ or every weight-function in F is basically binary, then #CSP%g(?)
is in FP.

(ii.) Otherwise, if there is a non-terraced weight-function in F, then we have a similar
classification to Proposition [5.8: #BIS <ap #CSPZ)(F) and if F € LSM then
#SAT =ap #CSPZY(F).

(#3.) Otherwise (when neither of the two conditions above hold), if there is a weight-
function in F whose support is not basically binary, then #PM <ap #CSPE(Q)(}").

Under the assumption that #PM and #BIS do not have an FPRAS, this theorem
classifies when there is an FPRAS, except for the case of terraced weight-functions whose

support is basically binary.

Ezample 5.11. Theorem says nothing about the problem #CSPES(F) where F': {0,1}3 —
Q>0 is defined by

F(0,0,0) =0 F(1,0,0) =0
F(0,0,1) =1 F(1,0,1) =1
F(0,1,0) =1 F(1,1,0)=1
F(0,1,1) =1 F(1,1,1) =2 o

Note that the reductions in Theorem [5.10] are slightly sharper than Theorem in
one respect. They are stated for #CSPzg, or Holant problems with variable weights:

every variable must be used exactly twice.

5.1.5 Other results

The conclusion of Theorem [£.10] can be extended in some cases to allow finite sets of

variable weights:

Definition 5.12. A weight-function F' is IM-terraced if it satisfies the definition of a
terraced function whenever “p, i, 5”7 satisfy p; # p;. In full: for all partial configurations
p such that the pinning F(p,-) is identically zero, for all 4, j € dom p such that p; # p;,
the pinnings F(p & {i},-) and F(p & {j},-) are parallel.

The “IM” prefix is meant to suggest that we are ruling out powerful IMconj-like
relations, such as {(0,0,0),(1,1,1)}.
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Theorem 5.13. Let F be a finite weighted constraint language. Assume F € WNEQ),
and that not every weight-function in F is basically binary, and that not every weight-
function in F is terraced. (This is the same setting as the #BIS and #SAT reductions
in Theorem [5.10.)

Unless all the following conditions hold, there is a finite set W C Q>0 x Q¢ such that
#BIS <ap #CSPY,(F), and if furthermore F ¢ LSM then #SAT =xp #CSPY,(F).

(i.) Every weight-function F' € F is IM-terraced.

(ii.) Either the support of every weight-function F in F is closed under meets — F(x), F(y) #
0 = F(xAy)#0 — or the support of every weight-function F in F is closed
under joins — F(x),F(y) #0 = F(xVy) #0.

(iii.) No pinning of the support of a weight-function F' € F is a copy of EQ, that is,
there are no x,1, j satisfying z; = x; and F(x), F(x®{i,j}) #0 and F(x® {i}) =
Fx®{j})=0.

An interesting class of relations not covered by Theorem [5.13]is the class of monotone

relations, for example the relation
R =1{(0,0,1),(0,1,1),(1,0,1),(1,1,0),(1,1,1)}.

This is not a delta-matroid: there is no j € (0,0,1)A(1,1,0) such that (0,0,1)®{3,5} €
R.

A simple type of reduction we will use is to substitute one constraint by other
constraints. We will formalise this process by “K-formulas”, a bounded-degree refine-
ment of the pps-formulas used in [22]. The important property is that if G can be
expressed by a K-formula over F then #CSPW (F,G) <ap #CSPW(F) for any set
{(1,1)} €W C Qx>0 x Q¢ — see Lemma [5.21]

An important feature is that Theorem cannot be improved by this type of
reduction alone. Suppose that some non-terraced function G could be expressed by
some terraced function F. Then by Theorem and substitution (Lemma we
would know #CSPE%(F) =ap #SAT, at least if F' is neither basically binary nor in
LSM UWNEQ. The following result shows that this cannot happen.

Theorem 5.14. No non-terraced function can be defined by a (< 2)-formula that only

uses terraced functions.

Feder proved the analogous result for delta-matroids [52, Theorem 4]; a similar result
was given by Bouchet and Cunningham [I3, Theorem 2.2].

For higher degrees, the situation is quite simple as long as F contains a weight-
function with non-degenerate support, where a relation is degenerate if it is a Cartesian

product of arity 1 relations.
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Theorem 5.15. Let F be a finite weighted constraint language and assume that not every
weight-function in F has degenerate support. There exists a finite set of variable weights
W such that #CSP=°(F) has an FPRAS if and only if #CSPY5(F) has an FPRAS.

So under these assumptions, by Proposition the tractable cases are just what can
be computed exactly (unless #BIS has an FPRAS). On the other hand, we show that

the tractable region has positive measure, loosely speaking, for all d > 2:

Theorem 5.16. Let d,k > 2. Let F' be an arity k weight-function with values in the
range [1, jgzjg—j) Then #CSP%S(F) has an FPRAS.

In Section we show that infinite sets of variable weights are necessary in Theo-
rem at least unless #PM has an FPRAS:

Theorem 5.17. Let AtMostOnes = {x € {0,1}® | 21 + z2 + 23 < 1}. Let W be a finite
subset of Q>0 X Q>o. Then #CSP%VQ(AJCMOSJCOHQ?,) has an FPRAS.

Note that by Theorem #PM <ap #CSPE%(AtMostOneg).

5.1.6 Other definitions and notation

The tensor product F @ G: {0,1}YYV — Qx¢ of F: {0,1}V — Q>0 and G: {0,1}V —
Q>0, where U and V are assumed to be disjoint, is defined by (F ® G)(x,y) = F(x)G(y)
for all x € {0,1}Y and y € {0,1}V. So if F and G are relations, then F' ® G is just the
Cartesian product and will be denoted F' x G. Consider a weight-function F: {0,1}" —
Q>0 that is not identically zero. F'is decomposable if it is the tensor product of at least
two weight-functions of arity at least one. Otherwise F' is indecomposable.

We will sometimes write partial configurations using the notation {i — p; | i €
domp}. For example {i — ¢} denotes the unique function {i} — {c}.

A partial configuration p is non-empty if domp is non-empty. For a property P
of weight-functions, a weight-function F' is pinning-minimal subject to P if F' satisfies
P and every pinning of F' by a non-empty partial configuration does not satisfy P. A
weight-function pair is a pair (F,G) where F,G: {0,1}V — Qs for some V. We say
(F,QG) is pinning-minimal subject to not being parallel if: F is not parallel to G, and
F(p,-) is parallel to G(p, -) for any non-empty partial configuration p.

5.2 Reductions

This section establishes some reductions between #CSPs.
We will often implicitly use the fact that #CSPY (F) <ap #CSPY, (F’) whenever
K C K'and W C W’ and F C F'. The reduction is to pass through the input to the

oracle and return the result.
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5.2.1 K-formulas

Another basic reduction uses a simple type of gadget we will call a K-formula, similar to
the T-constructability of [103] and refining the pps-definability of [22]. A natural type of
gadget for #CSPII/(V(]-" ) would allow variable weights. However, this amount of generality
is not needed in the reductions later. We will be more restrictive, defining K-formulas

without variable weights.

Definition 5.18. Let F be a weighted constraint language (not necessarily finite). For
any K C N, a K-formula over F of arity k is a tuple ¢ = (V,C,v1,...,v) where:

e V/ is a finite set of variables.

C is a list of constraints over F on V.

e v1,...,u are distinct elements of V, called the external variables.

The degree of each internal (i.e. not external) variable is in K.
e Each external variable has degree 1, unless K = N.

¢ defines a functions [¢] : {0,1}¥ — Q>o:

[el (x(v1), .. x(op)) = Y 11 F(x(s1),...,x(sp))

X[\ {vq,..0p ) ((8150588), F)EC

for all x: {vy,...,vx} — {0,1}, where the sum is over all extensions of x to functions
V —{0,1}.

We will usually specify a K-formula implicitly as a summation of a product. For
example, a {1, 2}-formula ({z,y, z}, {{(y, 2), F), {(x,y, 2), G)}, x) could be specified by:

[e] (x) = Y F(y.2)G(z,y, 2).

The same conventions for the K in #CSP also apply to the K in K-formulas:
(< d)-formulas are {1, ..., d}-formulas, and (= d)-formulas are {d}-formulas. The degree

restriction on the external variables allows substitutions, defined below.

Definition 5.19. For all K C N, all W C Q>0 x Q> containing (1,1), all sets F of
weight-functions, all K-formulas ¢ = (V,,,Cy,v1,...,v;) over F, all weight-functions F
of arity k, and all instances I = (V;, Cr,wy) of #CSPW (FU{F}), define the substitution

I/ F] = (Viip/r)s Crip/F)s Wi/ F)) as follows.
® Vi) is the disjoint union of V; and U, x C" where U, is the set of internal

variables of ¢, and C’ is the set of constraints in C; that use F. (If there are

repeated constraints, C should be a set of labels for these constraints.)
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e Crip/r = (Cr\ C") U C" where C” has one constraint ((Ued,1,---,Uedk,), Ga) for
each ¢ = ((se1,. .-, 5ck), F) € C" and each d = ((ug1, ..., udk,), Ga) € Cyp, where

(ugi c)  ifug; & {vi,..., v}
Uc,d,i =

Sc,j otherwise, where j satisfies uq; = v;.

o Wi,/ (v) = wr(v) for all v € Vy, and wyi,/p = (1,1) for all (u,t) € U, x C".

The condition that external variables of ¢ have degree 1 (when K # N) again means
that I[p/F] is an instance of #CSPY (F).

Lemma 5.20. If F' = [p] then Z; = Z1,/p-

Proof. We will use the notation from the definition of I[¢/F]. Let

b(x) = | J] w(®)xw 11 H(x(s1),...,%(sm))

veVr ((81,--s8m),H)eCI\C’
Then,
Zr = Z < H F(x(sc1) (Sc,k)>>
x: V1—{0,1} ceC’
= Y o) [T D, I GaxUean) - x(Uear,))
X: V[*}{O,l} ceC’ X|U¢X{c} dGCw
where ) denotes the sum over all extensions of x to functions V' U (U, x {c}) —

X|Ugx e}
{0,1}. By the distributivity of multiplication over summation,

7 = > b(xlv,) [T T] Gax(Uean),--- x(Ucar,))

x: ViU(U, xC")—{0,1} ceC’ deCy,
= Z1lp/F)- O
Lemma 5.21. Let F be a finite weighted constraint language. Let (1,1) € W C Qx¢ X

Qso. Let K C N. Let ¢ be a K-formula. Then #CSPWY (F U {F}) <ap #CSP}Y(F)
where F' = [¢].

Proof. Given I, the reduction calls the oracle on I[p/F], without changing the error
parameter, and returns the result. This is a correct AP-reduction by Lemma [5.20) O

5.2.2 h-maximisation

We now discuss a reduction which is an important step in the proof of Theorem it

shows that we can delete configurations in certain sense.
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Definition 5.22. For all k > 0, all h € Z* and all F: {0,1}* — Qx¢ not identically
zero, define the h-mazimisation Fj,_max: {0,1}% — Qso of F by setting

F(x) if Y0 @b = MaXy esupp(F) ¥ yihi, and

0 otherwise.

Fh—max (X) =

Lemma 5.23. Let F be a finite weighted constraint language. Let W = Q>0 X Q>¢ or
W = {(2%,2% | a,b € Z}. Then for every F € F, and every h € Z¥ where k is the arity
of F', we have

#CSPY (F U {Fhomax}) <ap #CSP (F).

Proof. The reduction is given an instance (V, C,w) of #CSPW (F U {Fj_max}) and error
parameter € > 0 which we can assume is less than 1/2. We wish to compute a value Z
such that e ™ “Zy,cw < Z < e Zy,c -

Let s = |V| + |C|. Let M be the maximum over: the value 1, the values taken by
weight-functions in F, and the values w(v); for all v,7. Let m be the minimum over:
the value 1, the non-zero values taken by weight-functions in F, and the values w(v);
for all v,7 such that w(v); # 0. Let n = [|V]| 4 slogy M — logy(m®e/4)]. Note that
n is polynomially bounded in the size of the input, and 2VI*slogz M=n < (2 /4)ms. Let
H = maxyegupp(F) Zle yihi. Define F,,: {0,1}* — Q>0 by

Fo(x) = F(x)2n(Zimzhi=H)  (x € {0,1}F).

Note that for all x either: Ele x;h; = H so Fj(Xx) = Fp—max(x) = F(x), or Zle xih; <
H s0 Fj_pax(x) = 0 and F,(x) < M27". Let C), be the result of replacing F}_ax by
F, in C.

Zy,c,, w can be approximated using the oracle as follows. First, let C’ be the result of
replacing Fj,_max by F in C. Then define w': V.— W by w'(v)p = w(v)p and w'(v); =
w(v)12™") where h(v) is the sum of h; over all pairs (((s1, ..., k), Fh—max), 1) € C x N
with s; = v. So every time that v is used in position ¢ in an F}_ ., constraint, we

onHt where ¢ is the number of

get a contribution of h; to h(v). Then Zy.cr w = Zv,c, w
constraints in C using Fj,_max. Call the oracle on (V, C’, w’) with error parameter /2 and
divide the result by 2"t to obtain a value Z’ such that e_E/ZZmew <7< e“:/QZv,me
with probability at least 3/4.

We will argue that the following algorithm is a correct AP-reduction: compute Z’ as
above; if Z/ < m®/4 then output Z = 0, and otherwise output Z = Z’. Tt suffices to
show that 6*5/22‘/,(;”7“, <7Z'< eE/QZv,me implies e Zy,cw < Z < e Zy,cw-

For all configurations x, if wtycw(x) # wtyvc, w(x) then wtyc,(x) = 0 and
wty,c,w(x) < M*27". Hence

|2v.ca0 = Zvcp) < 2VIH 10BN < (e /1),
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zero. Otherwise, Zy,cw # 0,50 Z' > Zy c, w/2 > (Zv,cw —m®(e/4))/2 > m® /4. In this
case | Zy.caw — Zv.onwl < Zv.cw(e/4), and since e/ <1 — /4 we have

If Zycaw = 0then Z’' < 2Zv ¢, . < 2m®(e/4) < m®/4, so the algorithm correctly outputs

(1 — 5/4)ZV,C,w < ZV,me < (1 + E/4)Zv7c7w

676/2ZV,C,1U < Z\/,Cn,w < 68/2ZV,C’,w

e_EZV,C,w < Z' < eEZV,C’,w- 0

5.2.3 Other reductions

We will use variable-weighted versions of known reductions.
Lemma 5.24. Let F be a finite weighted constraint language.

(i.) If F € WNEQ then #CSP=°(F) € FP [29]. If every weight-function in F is
basically binary then #CSP%g(}") € FP [27, Theorem 2.2].

(ii.) If F C IMconj then #CSP=°(F) < #BIS.
(i4i.) #CSP=0(F) <ap #SAT.
(iv.) #CSP=0(F) <ap #CSPZ(F U{EQs}).

Proof. (i.) is a straightforward modification of the cited algorithms to include variable
weights. In (ii.) and (iii.), by scaling we can assume all the variable weights and values
taken by weight-functions are in fact integers.

For (ii.), we have #CSP(IMP, PINy, PIN;) <ap #BIS by Proposition (48, Theo-

rem 3]), so it suffices to show that #CSP=°(IMP, PINy, PIN;) <ap #CSP(IMP, PIN, PIN;).

Since there is no degree bound, arity 1 functions can be used as variable weights. The
construction in [22] Proposition 25| defines any positive-integer-valued arity 1 weight-
function F' in polynomial time in [log(F'(0)) + log(F(1))], as a N-formula. So we can
simulate any variable weight.

For (iii.), the problem of evaluating a #CSP, with explicit integer-valued weight-
functions as part of the input, is in #P and hence AP-reduces to #SAT - see the remarks
in Section 3 of [40].

(iv.) is called “2-simulating equality” in [5I]. Since this reduction is an important
part of Theorem we will give details here.

For all k > 3 let ¢, be the (= 2)-formula over {EQ3} on the variable set {u1, ..., ug, v, ...

with external variables (v1,...,v;) and constraints ((u;—1,vi,u;), EQz) for 1 < i <k,
where ug means ug. Then [pr] = EQy.

The reduction is given an instance (V,C,w) of #CSP=%T) and an error param-
eter . For each variable v € V of degree deg-(v) > 2, replace all but one of its
occurrences in C' by distinct new variables vg, ..., Ugeg,(v) and add a new constraint

VU9, ...y U , . Call the new variable set and the new constraint list
(( dego(v))s EQdeg . (v))- Call th iabl V' and th int li

7”/6}
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C'. Extend w to w': V' — Q>0 X Q> by setting w(v;) = (1,1) for all v; € V/\ V. Then
Zyr ot = Zvcw- Let (V7,C" w") be the repeated substitution

(V', " w")pa/EQy] - .. [¢p/EQp]

where D = max,cy deg(v). This substitution can easily be computed in polynomial
time. By Lemmal[5.20) we have Zy» cn i = Zy1 o1 0 = Zv,0w, 50 the reduction can just

call the oracle on Zy cn ,» with error parameter € and return the result. O
Pinning is very useful throughout.

Lemma 5.25. Let F be a finite weighted constraint language. Let F': {0,1}™ — Qxq be
a copy of a pinning of a weight-function F € F. Then #CSPig (FU{F',PINg, PINy}) <ap
#CSPZY(F).

Proof. F' is [¢], for some (= 2)-formula ¢ over {F,PINy, PIN;}. Specifically, let k be
the arity of F. Permuting F” if necessary, there are indices 1 < iy < -+ < 4,, < k and
constants x; € {0,1} for i € {1,...,k} \ {i1,...,%m} such that

F'(ziyy .o ym,) = Fxy, ..., o8) for all z;,,...,x;, €{0,1}.

Thus F' = [¢] where ¢ is the (= 2)-formula on the variable set {v1, ..., vy}, with exter-
nal variables (v;,,...,v;,, ), consisting of a constraint ((v1,...,v), F'), and a constraint
((v3), PINg,) for each i € {1,...,k}\ {i1,...,im}
I . >0
Therefore, by substitution (Lemma , it suffices to show #CSPZ,(FU{PINp, PIN1}) <ap
#CSPig(}"). Given an instance (V,C,w) of #CSP;S(}"U {PINp, PIN;}), let C”" be the
list of constraints in C' not using PINy or PINy, and define w’: W — Q> x Q>o by

/ 0 if ((v), PIN;_) € C,
w (’U)l =
w(v); otherwise.
Then wty,c., agrees with wty o, on all configurations, so Zy,c. = Zy,cr., and
(V,C',w') is an instance of #CSP%g(}"), .

We can convert between finite sets of variable weights and simple weightings. This
is useful for Theorems [5.13] and B.15]

Lemma 5.26. Let K be a finite non-empty set of integers. Let F be a finite weighted

constraint language.

1. Let G be a finite set of simple weightings of weight-functions in F. There is a finite
set W C Qso x Qs such that #CSP . (G) <ap #CSPY (F).

2. For all finite sets W C Q>0 x Q>¢ there is a finite set G of simple weightings of
weight-functions in F such that #CSPY (F) <ap #CSPx(G).
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Proof. (1.) Each G € G can be expressed as G(x) = A\gFg(x) Hfgl Ug,j(x;) for some
Fg € F and some A\, Ug1(0),Ug1(1),...,Uq ks (0),Ug k. (1) > 0 where kg is the arity
of G. Given a function n taking pairs (G, j), G € G, 1 < j < kg, to integers 0 < ng ; <
max(K), define

Wn = [T Ues  JI  Uai()™ | €Qz0x Q0.

GeG1<j<kea GeG1<j<ka

Let W be the set of pairs w, where n ranges over all (max(K) + 1)2ces*c choices of
the integers ng ;.

Given an instance (V, C') of #CSP ;- (G), let C’ be the list with one constraint ((v1, . .., vg), Fg)
for each constraint ((v1,...,vx),G) € C. Define w: V. — W by w(v) = wy(,), where
n(r)g,; is the number of constraints in C using G' and using v in the j position:
((v1,...,v%),G) € C with v; = v. This ensures that wty,c(x) = p - wty o (x) for
all x € {0,1}V, where u = Iir....o0).cyec Ac- So the reduction can just query the

oracle with (V,C’, w), passing the error parameter to the oracle, and divide by pu.

(2.) For all F: {0,1}* — Q>0 and all w € (W U {(1,1)})¥, define

k
Gru() = FOo [Jwli  (xe{0,1)").
i=1
Let G be the set of weight-functions of the form Gg,, with ' € F.
We are given an instance (V,C,w) of #CSPW (F). Let V! = {v € V | degs(v) > 0}.
Let g: V! — C be any map taking each variable v € V' to the index of a constraint with
v in its scope: if g(v) = ((v1,...,vx), G) then v = v; for some i. Let C’ be the list with

one constraint ((v1,...,vs), Grwy) for each constraint ¢ = ((v1,...,v;), F) € C, where

(0 w(v;)  if g(v;) = ¢, and
wp(i) =
(1,1)  otherwise.

This ensures that wtyr ¢, (x) = Wty or(x) for all x € {0,1}, 50 Zv.cw = Zyr o o
where pt = [, e/ (w(v)o +w(v)1), so the reduction can just call the #CSPx(G) oracle
on Zy ¢, passing through the error parameter, then multiply by the result by u. O

5.3 Main theorem

We first establish some useful properties of delta-matroids.
Lemma 5.27. A relation is a delta-matroid if and only if it is terraced.

(Recall that a relation R is a delta-matroid if for all x,y € R and for all i € xAy
there exists j € x/Ay, not necessarily distinct from 4, such that x @ {i,j} € R. A
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weight-function F' is terraced if for all partial configurations p of V and all ¢, 5 € dom p,
if F(p,-) is identically zero then F'(p @ {i},-) and F(p & {j},-) are parallel.)

Proof. Let R be a delta-matroid. Let p be a partial configuration such that R(p,-) is
empty and let 4, j € dom p be indices such that R(p & {i},-) and R(p & {j},-) are non-
empty. We will show that R(p @ {i},-) = R(p® {j},). By symmetry it suffices to show
that for all x € R(p @ {i},-) we have x € R(p & {j},:). Picky € R(p & {j},-). By the
delta-matroid property applied to ((p @ {i},x), (p® {j},¥), ) there exists d, such that
xq # ya or d € {i,j}, and such that (p & {i},x) & {i,d} is in R. Since R(p,-) is empty
we have d = j and hence x € R(p @ {j}, ).

Conversely let R be a relation which is terraced when considered as a weight-function.
For all x,y € R and all d € xAy we wish to show that x®{d,d'} € R for some d’' € xAy.
Let y' € R satisty {d} C xAy’ C xAy with [xAy’| minimal. If xAy’ = {d} we can
take d’ = d. Otherwise pick d’' € (xAy’) \ {d}. Let p be the restriction of x & {d} to
{d,d'}y U{i | x; = yj}. Configurations z € R(p, ) satisfy {d} C xA(p,z) C (xAy’) \
{d'}, but |xA(p,z)| < |xAy’| contradicts the choice of y’; therefore R(p,-) is empty.
And R(p @ {d},-) and R(p @& {d'},-) contain the restrictions of x and y respectively (to
(xAy')\ {d,d'}). Since R has a terraced weight-function, R(p ® {d},-) = R(p ® {d'}, ")
sox®{d,d'} € R. O

The following argument is useful for studying pinnings.

Lemma 5.28. Let (F,G) be a weight-function pair that is pinning-minimal subject to not

being parallel. Then supp(F') Usupp(G) = {x,X} where x € supp(F') and X € supp(G).

Proof. First we give another characterisation of when a weight-function pair is parallel.
For any F,G: {0,1}V — Q>0 consider the two-by-2IV| matrix M, with columns indexed
by {0,1}V, defined by M;x = F(x) and Mayx = G(x). The weight-function pair is
non-parallel if and only if M has row rank two, hence if and only if M has column rank

two, and hence if and only if there exist x,y such that the two-by-two submatrix

Mix.y) = (F(x) F(y))
has linearly independent rows.

Now let (F,G) be a weight-function pair that is pinning-minimal subject to not
being parallel. For any (x,y) such that M(x,y) has linearly independent rows, let
p={i— ;| x; = y;}. Then F(p,-) is not parallel to G(p,-). But (F,G) is pinning-
minimal subject to not being parallel, so y = X.

There exists some x such that M (x,X) has linearly independent columns. For all
z such that F(z) or G(z) is non-zero, (F(z),G(z)) € R? cannot be a multiple of both
(F(x),G(x)) and (F(X),G(X)), so either M (x,z) has linearly independent columns or
M (z,X) has linearly independent columns. By the previous paragraph, z = X or z =
X = x. Hence supp(F) Usupp(G) C {x,X}. Finally, since F' and G are not parallel, if
one of F(x) and G(X) is zero, then F'(X) and G(x) are both non-zero. O
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To get a reduction from #PM to a degree-two #CSP whose constraint language

consists of delta-matroids, we will use certain pinnings.

Lemma 5.29. Let R be a delta-matroid that is not basically binary. There is a copy
R': {0,1}® — Q>0 of an arity 3 pinning of R such that for some h: {1,2,3} — Z and
some x € {0,1}3,

;L—max = {(1 — X1, X2, $3)7 (3317 1- $2’$3)a (1‘171‘27 1- 563)}

Proof. We will show that some pinning R’: {0,1}V — Qs of R with |V| = 3 has the
following property. The conclusion of the lemma then follows after choosing a bijection
from V to {1,2,3}.

There exists y € {0,1}" and d € {1,2} such that: y @ U ¢ R’ for each subset

SP
U CV with |[U| <d,and y ® U € R’ for each subset U C V with |U| = d. (SP)

Given (SP), let h(i) = 2y; — 1 for all i € V. Observe that R} . consists precisely
of the three configurations x @ U with |U| = d. If d = 1, we may take x = y, and if
d = 2 we may take x =Y.

It remains to establish (SP). We may assume that R is indecomposable. (If R = SxT
for some S and T, then S and T" cannot both be basically binary, but both .S and T are
pinnings of R.) There exists a configuration not in R (otherwise R would be basically
binary). In other words, there is an arity zero pinning of R that is the empty relation.
Let R(p, -) be an inclusion-maximal pinning (so dom p is minimal) subject to R(p, -) = 0.
For each v € dom p the pinning R(P|qom p\{v}, ) is non-empty by maximality of R(p,-).
Hence the relations R(p @ {v},-) are non-empty. The weight-function of R is terraced
by Lemma [5.27, so R(p @ {v},-) = R(p @ {v'},") for any v,v' € domp.

If dom p = {v} for some v then R is the product of {1—p,} with R(p @ {v}, ), which
contradicts the indecomposability of R.

If [domp| > 3, pick z € R(p @ {v},-) (for any v) and pick a subset D of order 3
of domp. Let R': {0,1}” — Qs be the pinning of R by (Pldomp\D»%)- Note that
plp ¢ R but p|p @ {v} € R’ for all variables v € D. Hence (SP) holds with d = 1.

The remaining case is that domp = {i,j} for some distinct variables 4,j. Since
R is indecomposable, R is not the product of R(p @ {i},-) with {p @ {i},p @ {j}} or
{p@{i},p®{j},p®{i,j}}. Hence R(p ® {i},-) and R(p & {i,j},-) are not parallel. Let
R’ be a pinning of R such that (R'(p @ {i},-), R'(p ® {7, 7}, -)) is pinning-minimal subject
to not being parallel. By Lemma [5.28 we have R'(p & {i},-) U R'(p & {i,j},") = {z.Z}
where z € R'(p® {i},) and z € R'(p® {i,j},-). Also, to recap: R'(p,:) = 0 and
R(pe{i},-)=Rpe{i},)# RPe{i})

If z ¢ R'(p®{i},-) then by the delta-matroid property applied to (p & {i,j},%),
(p @ {i},z) and j there exists k € {j} Udomz such that (p ® {i,j},2) ® {j,k} € R/,
but then & must lie in domz and z ® {k} € R (p® {j}, ). Hence |domz| = 1, and R’
has arity 3, and (SP) holds with x = (p,z) and d = 2. Otherwise z ¢ R'(p @ {i,j},).



138

Then, by the delta matroid property applied to (p @ {i},z), (p ® {i,7},2) and j, there
exists k € {j} Udomz such that (p® {i},z) ® {j,k} € R, but then k must lie in dom z
and z® {k} € R'(p® {i,j},-). Hence [domz| = 1, and R’ has arity 3, and (SP) holds
withz = (p® {i,j},2) and d = 1. O]

The following observation is important for getting a complete classification in Theo-

rem [5.3
Lemma 5.30. Let R be a delta-matroid in IMconj. Then R s basically binary.

Proof. We may assume that R is indecomposable, because a Cartesian product of basi-
cally binary relations is basically binary. Assume for contradiction that R has arity at
least three.

Let V be the variable set of R. Note that no variables are pinned: if there exists
i € V and ¢ € {0,1} such that x; = ¢ for all x € R, then R is the product of {c} with
the pinning of R by {i — ¢} (the unique function {i} — {c}), but this contradicts the
assumption that R is indecomposable. Since R is in IMconj and no variables are pinned,
R is a conjunction of implications of variables. Therefore there is a subset P of V x V'
such that

R ={x|xz; <zjfor all (i,5) € P}.

Consider the undirected graph G on V' where i and j are adjacent if and only if (i, j)
or (7,4) is in P. Then G has at least three vertices, and since R is indecomposable, G is
connected. Hence there is a vertex i of degree at least two. There exist distinct variables
J,k € V such that (i,7), (i, k) € P, or (4,7),(k,i) € P, or (j,4), (i,k) € P. In the first
case, there is no ¢ € V such that 0 @ {i,¢} € R. In the second case, there is no ¢ € V
such that 1 & {i,¢} € R. In the third case, there is no ¢ € V such that 0 ® {j,¢} € R.
But the all-zero configuration 0 and the all-one configuration 1 are both in R. Hence the

delta-matroid property fails for R. O

We now give a reduction from an unbounded-degree #CSP, which will be used to
give reductions from #BIS and #SAT.

Lemma 5.31. Let I" be a finite unweighted constraint language, not consisting entirely
of delta matroids. Then
#CSP=0(T) <ap #CSPZH(T)

Proof. Let R € I be a relation that is not a delta-matroid. We will first argue that there
is a configuration z € {0,1}® and a (< 2)-formula ¢ over { R, PINy, PIN; } such that [¢]

is an arity 3 weight-function F' satisfying:

F(z®(0,0,0)) = F(z & (1,1,1)) = 1, and (5.1)
1,1,0)) = F(z & (1,0,1)) = 0.

=
N
S
=
2
=
[
=
N
@

By Lemma R is not terraced, which means there exists a partial configura-
tion p and 4,5 € domp such that R(p,-) is identically zero but R(p @ {i},-) and
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R(p & {j},-) are not parallel. Fixing {7, j}, take p to be maximal such that R(p & {i}, ")
and R(p @ {j},) are not parallel. By Lemma [5.28] R(p @ {i},-) and R(p ® {j},-) are
distinct non-empty subsets of {y, ¥} for some y. Without loss of generality (swapping i
and j if necessary, and swapping y and y if necessary), R(p @ {j}, ) = {y}.

Pick some index k£ not in domp. Let ¢ be the (< 2)-formula on variable set
1, ...,V where n is the arity of R, with external variables (v;, v;,vi), with a constraint
((v1,...,vy), R) and constraints ((v;), PIN,,) for each ¢t € domp\ {7, j}. Let F' = [¢], so
for all x € {0, 1}{%7F} the quantity F(x;, xj, x)) is the number of extensions of x to a con-
figuration of R agreeing with p on dom p\{i,j}. Set z = (1—p;, p;, 1 —yi). Since R(p,-) is
identically zero, we have F(z®(1,0,0)) = F(z®(1,0,1)) = 0. Since R(p & {j},-) = {y}
we have F(z® (1,1,1)) = 1 and F(z@® (1,1,0)) = 0. Since {y} C R(p ® {i},-) C {y.¥}
we have F'(z & (0,0,0)) = 1.

So F' satisfies . By pinning (Lemma and substitution (Lemma we
have #CSPZY(T' U {F}) <ap #CSPZY(T). Let h(1) = 2 — 42 and h(2) = 225 — 1
and h(3) :722'3 — 1. Then S = F;:,max is the relation {z,z}. By h-maximisation
(Lemma we have #CSP?Q)(F U{S} <ar #CSPig(F U {F'}). Taking a copy of S
if necessary, we have S = EQz; = {(0,0,0),(1,1,1)} or S = {(0,1,1),(1,0,0)}. In the
second case note that EQs(x,y, z) = Z;Z:O S(z,Y,Z2)S(Y,y,z) for all z,y,z € {0,1},
so by substitution (Lemma , #CSP%g(F U{EQ3}) <ap #CSP?Q)(F U {S}). By
Lemma [5.24{iv.)] #CSP=%(T') <ap #CSPZ3(I' U {EQy}). 0

Lemma 5.32. Let R be a delta-matroid that is not basically binary. Then #PM <ap
#CSPZO(R).

Proof. Define the temporary notation PM* = {(1—x1, 9, x3), (x1, 1 —z2, 3), (x1, 22,1 —
x3)} for all x € {0,1}3. We will first argue that #PM <ap #CSPZ3(PM*) for all
x € {0,1}%. -

For z1 4+ xo + 3 > 2, note that reversing the roles of zero and one gives a AP-
reduction, #CSPEg(PMi) <AP #CSPEg(PMx). So we only need to consider the case
1 +x2+ 23 < 1._Lemma implies_#PM <ap #CSP%g(PM(O’O’O)). For x = (1,0,0)
note

1
PMOOD (2, y,2) = > PINy () PMIOO (¢, 2, /) PMUIOO) (2 y, 2)

t,x’=0

By Lemma and substitution (Lemma ,
#PM <xp #CSPZ(PM00) <, p #CSPZ5(PM00) PINy). (5.2)

By pinning (Lemma we get #PM <ap #CSPég(PM(LO’O)). By permuting variables,
the same reduction applies whenever x1 + x5 + x3 = 1. Thus #PM <ap #CSPE(Q)(PMX)
for all x € {0,1}3. B

By Lemma there is a copy R’ of a pinning of R and some x € {0, 1} such that
x@U ¢ R for subsets U of {1,2,3} with [U| < dand x® U € R for |U| =d. Let h(1) =
221 —1 and h(2) = 2z9—1 and h(3) = 2z3—1. Then R, is PM* (if d = 1) or PM* (if

h—max
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d = 2). We have shown that #PM <ap #CSPZ3(R),_, ..}, and by pinning (Lemma,[5.25)

h—max
and h-maximisation (Lemma ) we have #CSP%g(R’ ) <ap #CSP%g(R}. O

h—max
Theorem Let T" be a finite unweighted constraint language. If every relation in I'
is basically binary, or if I' C NEQconj, then #CSP%S(F) is in FP. Otherwise:
o If every relation in T is a delta-matroid then #PM <ap #CSPZ5(T).
e If some relation in I' is not a delta-matroid and I' C IMconj, then #BIS =ap
#CSPZY(I).
e If some relation in I' is not a delta-matroid and I' € IMconj then #SAT =ap
#CSPZY(I).

Proof. The inclusion in FP is given by Lemma [5.24(i.)] We will therefore assume that T’
contains a relation that is not in NEQ-conj and a relation that is not basically binary.

Consider the four cases depending on whether I' C IMconj and whether I' consists entirely

of delta-matroids:
IMconj | delta
matroids

yes yes impossible by Lemma |5.30

no yes #PM <ap #CSPig(F) by Lemma |5.32 0
#BIS =ap #CSPE(Q)(F) by Lemma |5.31

ye "o Proposition 5.8 and Lemma 5.24(ii.)
#SAT =pp #CSPZ)(T) by Lemma|5.31

"o "o Proposition 5.8 and Lemma 5.24(iii. )

5.4 Extensions of the main theorem

In this section we will establish the extensions of Theorem [£.3] mentioned in the intro-
duction.
5.4.1 Simulating an unbounded degree problem

To extend Lemma from non-delta-matroids to non-terraced weight-functions, rather
than reducing #CSP(F) to #CSP_,(F), we will reduce from a #CSP using functions of
the form T®*F and T®*(FG).

Definition 5.33. For any weighted constraint language F define TF' and TF? by
TF' = {T®*F | F is an arity k function in F for some &k > 0}
TF? ={T®*(FQG) | F and G are arity k functions in F for some k > 0}.

Lemma 5.34. Let F be a finite weighted constraint language. Let T € Q?*2.

1. If F contains some G: {0,1}> — Qso such that for all z,y € {0,1} we have
G(1,0,y) =0 and G(z,x,y) = Ty, then #CSP(TF') <pp #CSP_o(F).
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2. If F contains some G: {0,1}* — Qx¢ such that for all z,y,y" € {0,1} we have
G(1,0,9,9") = 0 and G(z,z,y,y") = EQo(y,y') Ty, then #CSP(TF?) <ap #CSP_y(F).

Proof. (1.) The reduction is given an instance (V,C) of #CSP(TF'). We may assume
that every variable has non-zero degree. It will be convenient to label the functions and
variables used by constraints as ¢ = ((ve1, ..., Vek.), T®FF.) for ¢ € C. We wish to
approximate
Zve = Z H(T®kCFC)(z(vc,1), o 2(Vek,))-
z€{0,1}V ceC

We will enumerate each use of each variable in the following way. Define L = {(v,d) |
veV,l<d<degs(v)} and R = {(c,j) | c € C,1 < j < k.}. There is a bijection
g : L — R where g(v,i) = (¢,j) means that that i’th occurrence of v, according to a
fixed enumeration of C| is as the j’th variable in the constraint ¢. In other words, for all
ce C, for all 1 <1i < k. there exists 1 < j < dego(ve;) such that g(ves,j) = (¢,9).

Define (V',C") to be the instance of #CSP_,(F) where:

e the variable set V' is the disjoint union of L and R,

e there is one constraint (((v,d—1), (v,d), g(v,d)),G) for each pair (v,d) € L, where
(v,0) means (v,deg-(v)), and also

e there is one constraint (((c,1),..., (¢, k.)), Fe) for each ¢ € C.

Thus

ZV’,C’ = Z H G(X(U, d— 1)’ X(U’ d)v y(g(v, d))) (H FC(Y(C’ 1)7 cee vY(cv kc))) :

X,y v,d

Here, and for the rest of the proof of case (1.), indices ¢, j,v,d range over ¢ € C
and 1 < j < k.and v € V and 1 < d < degx(v). The variables x,y,z range over
x: L - {0,1} and y: R — {0,1} and z: V — {0,1}. And x(v,0) means x(v, deg-(v)).

The reduction queries the #CSP_,(F) oracle on (V’,C"), passing through the error
parameter, and returns the result. To show that the reduction is correct we will show
that Zy,c = Zy+ cr. Define
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ZTerms(z) = H(T®kcF )(Z(ve), .- 2 (Ve k)
YZTrans(y, z HT (ve.;) ¥ (c:d)
YTerms(y H Fo(y y(c, ke))
XEq(x HEQdegc ) (x(v, 1), -+ x(v, deg(v)))
XYTrans(x,y) H Tx (v,d),

XYGTrans(x,y) HG ,x(v,d),y(g9(v,d)))

Note:

For fixed z we have ZTerms(z)
definition of T®k<F,.

= >y YZTrans(y,z)YTerms(y) by expanding the

Summing over x with the factor XEq(x) is the same as summing over z and defining
x by x(v,d) = z(v). Hence summing over x with the factor XEq(x)XYTrans(x,y)

is the same as summing over z with the factor YZTrans(y, z).

Fix x and y. If XEq(x) = 1 then XYTrans(x,y) = XYGTrans(x,y) by defi-
nition of G. And if XEq(x) is zero then so is XYGTrans(x,y), which implies
XEq(x)XYTrans(x,y) = XYGTrans(x,y) = 0.

Hence

Zvco = Z ZTerms(z)
z

= Z YZTrans(y,z)Y Terms(y)
y7z

= Z XEq(x)XYTrans(x,y)YTerms(y)
xy

= Z XYGTrans(x,y)YTerms(y)

x7y

= ZV’,C/

(2.) The reduction is given an instance (V,C) of #CSP(TF?).

We may assume

that every variable has non-zero degree. It will be convenient to label the functions and

variables used by constraints as ¢ = ((ve1, . .-

Ve k), TR (F.1F.2)) for c € C. We wish
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to approximate

Zve= Yy, [I@*(FnFe2)(@(ven). ... alvey,).

z€{0,1}V ceC

Let L, R, g be defined as before. Define (V/,C”) to be the instance of #CSP_y(F)

where:
e the variable set is the disjoint union of L and R x {1,2},

e there is one constraint (((v,d — 1), (v,d), (g(v,d), 1), (g(v,d),2)),G) for each pair
(v,d) € L, where (v,0) means (v,deg-(v)), and also

e there is one constraint ((((c,1),b),...,((c, k), b)), Frp) for each ¢ € C and each
be{l,2}.

Thus

ZV’,C’ = Z H G(X(Uv d— 1),X(1), d),y(g(?),d), 1),y(g('l),d), 2))

X,y 'U,d

H Fc,b(y((c7 1)7 b)7 e ’Y((Cv kc)v b))

Here and for the rest of the proof, indices ¢, j, b, v,d range over ¢ € C and 1 < j < k.
and b € {1,2} and v € V and 1 < d < degy(v). The variables x,y,z range over
x: L - {0,1} and y: R x {1,2} — {0,1} and z: V' — {0,1}. As before, x(v,0) means

x(v,deg(v)).

The reduction queries the #CSP_,(F) oracle on (V' C"), passing through the error
parameter, and returns the result. To show that the reduction is correct we will show
that ZV,C = ZV’,C’- Define

ZTerms(z) = H(T®kc(Fc 1Fe2))(2(ve), - 2(vek. )
YZTrans(y, z HEQQ 1), ¥ ((65): 2) L., ) () 1)
Y Terms(y) :HFc,by ¢, 1),b),...,y((c, ke), b))
XEq(x HEQngC )(x(v,1),...,x(v,dego(v)))  (as in case (1.))

XYTrans(x,y) HEQ2 1), ¥(9(v, ), 2)) Te(w.d) y (9(v.),1)

XYGTrans(x,y) HG ,X(v,d),y(g(v,d),1),y(9(v,d),2))
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As in case (1.) we have ZTerms(z) = >/ YZTrans(y,z)YTerms(y) by expanding
the definition of T®ke (Fe1Fe2). The rest of the argument is identical to case (1.) and
we get Z{/’C = ZV’,C" [l

5.4.2 Pinnings

As in the main theorem, we will use pinnings. The following lemma gives the necessary
analogue of Lemma [5.25]

Lemma 5.35. Let F be a finite weighted constraint language. Let F' be a copy of
a pinning of a weight-function F € F. Let (1,0),(0,1) € W C Qs0 x Q9. Then
#CSPY, (F U {F',PINy, PIN; }) <ap #CSPY,(F).

Proof. As in Lemma , it suffices to show that #CSPY,(F U {PINg, PIN1}) <ap
#CSPY,(F). The reduction is given an instance (V, C,w) of #CSPY,(FU{PINg, PIN;})
and an error parameter €. If ((v),PINg), ((v),PIN;) € C for some v € V then the
reduction can correctly output Zy,c,. = 0, so we will assume this does not occur. We
will define an instance (V/,C",w’) of #CSPY,(F) such that Zy ., can be computed
easily from Zy ¢ .

Let Cr be the list of constraints in C' that do not use PINy or PIN;. For each
d € {0,1,2} let Vg = {v | degc,.(v) = d}. Let V' be the disjoint union of V5 x {0,1} and
V1. For each i € {0,1} define s;: V1 UVy, — V' by

v if v eV, and
si(v) =

(v,7)  otherwise.

Let C’ be the list with the two constraints ((so(v1), ..., so(vk)), F)y and {(s1(v1),. .., s1(vk)), F)
for each constraint ((v1,...,vx), F) € C. Define w': V! — W by

,0) for v € Vi where ((v), PINg) € C
,1) for v € Vi where ((v),PINy) € C
w'(v,1) = w(v) for all v € V5 and i € {0, 1}.

For each v € V, U V] there is a unique p(v) € {0, 1} such that ((v),PINp(v)> € C'. Define
KO = H’UEVO w(v)p(v) and Kl — HUEV1 w(U)p(v). Then

2 _ 2 _ 2172
ZV,C,w = K Z WtV1UV2,Cf,w\v1uv2 (x050) WtVIUVQ»C]-'77U|V1UV2 (x0s1) = KgK7] AN
xe{0,1}V’

The reduction should call the oracle on (V’/,C’, w') with error parameter ¢ to obtain a
value Z' satisfying e~*/2\/Zv: cr . < VZ' < €¥/%\/Zy1 cr 4y (with probability at least
3/4) then compute a rational Z” such that e~¢/2\/7" < Z" < €¥/2\/Z'  then return
KoK12". O
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Since the constraint language is no longer restricted to relations, to show #BIS-
and #SAT-hardness we will require some observations about weight-functions that are

pinning-minimal subject to various conditions.

Lemma 5.36. Let F' be a pinning-minimal weight-function subject to not being log-

supermodular. Then supp(F') C {0,x,X,1} for some x.

Proof. For all x,y such that F(x ANy)F(xVy) < F(x)F(y), the pinning of F' by {i —
x; | x; = y;} is not log-supermodular so y = X. Taking the contrapositive, for all y,z
such that z # ¥ we have F(z Ay)F(zVy) > F(z)F(y). And there exists x with
F0)F(l) < F(x)F(X). Let z ¢ {0,1,x,X}. Then

In each case we have used the fact that the configurations on the right-hand-side are not
complements, or, equivalently, the configurations on the left-hand-side are not 0 and 1.
Multiplying these four inequalities we get F'(0)F(1)C > F(x)F(X)C where

C=F(z)*F(xN2)F(xV2z)F(XAz)F(XVz)> F(x)F(X)F(z)"

But F(0)F(1) < F(x)F(X) so C' = 0 and hence F(z) = 0. O

Lemma 5.37. Let R be a pinning-minimal relation subject to not being closed under
joins (so there exists X,y € R such that xV'y ¢ R). Then R ={0,x,X} or R = {x,X}.

Proof. For all x,y € R with xVy ¢ R, the pinning of R by {i — x; | ; = y;} is not
closed under joins so y = X. Hence there exists x with x,X € R, and 1 ¢ R. Also, taking
contrapositives, if y,z € Randy #Z theny Vz € R.

Consider y € R\ {x,X}. By the previous paragraph, xVy € R and XVy € R. But
(xVy)V(XVy)=1¢ R, soxVy is the complement of X Vy. Hence max(z;,y;) =

1 — max(1 — x;,y;) = min(z;, 1 — y;) for all variables ¢, which implies y = 0. O]

Recall that F'is IM-terraced if for all partial configurations p such that the pinning
F(p, ) is identically zero, for all 7, j € dom p such that p; # p;, the pinnings F(p & {}, )
and F(p @ {j},) are parallel.

Lemma 5.38. For every weight-function G that is pinning-minimal subject to not being
IM-terraced, there is a copy F: {0,1}* — Qx¢ of G such that:

o for allys,...,yxr € {0,1} we have F(1,0,ys,...,yx) =0, and
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e there exists a configuration z of {3,4,--- ,k} and a non-singular matriz T € Q**?

such that for all x,ys,--- ,yr € {0,1} we have

Tey. Ufy=zory==1uz
F(x7$7y37"' 7yk): oo fy Y
0 otherwise.

Proof. Consider an arbitrary weight-function G: {0,1}" — Qsq that is pinning-minimal
subject to not being IM-terraced. Since G is not IM-terraced there exist p, ¢, j such that
pi = 1 and p; = 0 and G(p,-) is identically zero but G(p @ {i}, ) and G(p @ {j},")
are not parallel. Let p’ be the restriction of p to domp \ {1,2}. Then F' = F(p/,-)
is also not IM-terraced: F'((p @ {i})|fij3,-) = F(p @© {i},-) and F'((p @ {j})lij1,) =
F(p@®{j},-) are not parallel. Hence dom p = {4, j} by minimality of F'.

Pick a bijection 7 from V to {1,...,k} sending i to 1 and j to 2. Then the copy F of
G defined by F(x) = G(x o 7) has the same properties with ¢ = 1 and j = 2; letting 00,
10 and 11 denote (0,0) and (1,0) and (1,1) considered as partial configurations living
in {0,1}{12} the pinning F(10,) is identically zero but F(00,-) and F(11,-) are not
parallel.

We will argue that (F'(00,-), F(11,-)) is pinning-minimal subject to not being paral-
lel. We need to check that for any non-empty partial configuration y of {3,---,k} the
pinnings F'((00,y),-) and F((11,y),-) are parallel. F'((10,y),-) is identically zero, and
10 ® {1} = 00 and 10 & {2} = 11, and F'(y,-) is IM-terraced by minimality of F', so
F((00,y),-) and F((11,y),-) are parallel.

By Lemmal5.28|there exists z € {0, 1}{3% ¥} such that supp(F(00, -))Usupp(F(11,-)) =
{z,z}. Without loss of generality we may take z3 = 0. Set Tpo = F(00,z) and
To1 = F(00,z) and Ty9 = F(11,z) and T1; = F(11,z). This T satisfies the required
expression for F'. Furthermore the weight-functions Fyg and Fj; are not parallel, hence

neither are the vectors (Tpo, To1) and (719, T11), and hence T is non-singular. O

5.4.3 #BIS- and #SAT-hardness

We will need a few constructions to help reduce from a suitable unbounded-degree #CSP.
We work in the setting of finite sets W as much as possible, to help the proof of Theo-
rem 0. 19|

To use Proposition [5.8 we need to insert arity 1 weight-functions into the constraint
language of a #CSP. Lemma [5.39| provides these, and Lemma says that we can
reduce one of the #CSPs considered in Proposition [5.8] to a read-twice #CSP with a
non-IM-terraced weight-function. Lemma [5.42] applies this to reducing #BIS and #SAT
to certain #CSPY, problems.

Lemma 5.39. Let B =1 or B =2 and letT € Q2>>62 be non-singular. Assume that
either: Tog > Tho and Ty1 < T11, or Tog < Tiog and T01_> Ti1. Let U(0),U(1) be positive
rationals and let F' be any weight-function with |supp(F)| > 1. Then U = [¢] for some
N-formula ¢ over TFB where F is a finite set of simple weightings of F.
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Proof. First we will write U in the form U(z) = Uj(x)...Ug(z) such that for each
1 <4 < k the ratio U;(0)/U;(1) lies in the closed interval from Tyo/T1o to To1/T11 where
one of these endpoints may be +oo (so the interval is [Tpo/T10, +00) when T1; = 0, and
[To1/T11,+00) when T1p = 0).

If U0) < U(1), let i € {0,1} satisfy Ty; < Ty;. Let & > 1 be the unique integer
with (Ty; /T1:)F < U(0)/U(1) < (Tp;/T1:)* 1. Then let Uy(z) = - -+ = Up_1(x) = Ty and
Up(z) = U(x)/(Ty)*t for each x € {0,1}. Note that Tp;/T1i < Uy(0)/Ux(1) < 1.

If U(0) > U(1), let i € {0,1} satisfy Tp; > Ty;. Let & > 1 be the unique integer
with (To;/Th:)*~1 < U(0)/U(1) < (Toi/T1i)*. Then let Uy(z) = - -+ = Up_1(x) = Ty and
Up(z) = U(x)/(Ty)* ! for each x € {0,1}. Note that 1 < Ui (0)/Ux(1) < To;/T1s.

We have constructed Uy, ..., Us. Now let x,x’ be distinct elements of supp(F’). By
permuting variables if necessary we can assume that z;, # z,, where n is the arity of F.
Let

1
Fl(yn) = Z Ty - - Txn—1,yn—1F(Y)B for y, € {0, 1}.

l"l:-~~:33n—17y17~~:yn—1=0

Since x, # x, we have F'(0), F'(1) > 0. Define W;(0), W;(1) by the following equation.

(F’(O)W¢(0)> e (Ui(0)> _ 1 ( T —T01> <U¢(0)>
FI(1)Wi(1) Ui(1) detT'\ -Tyg  Too Ui(1))
If Too > Tip then det T > 0 and so W;(0), W;(1) > 0 because To1/T11 < U;(0)/U;(1) <
Too/T10 (where the final inequality should be ignored when T79 = 0). If Tpo > Tip then
det T < 0 and so W;(0), W;(1) > 0 because Tog/T10 < U;(0)/U;(1) < Tp1/T11 (where the
final inequality should be ignored when T7; = 0).
For each 1 < i < k define F; to be the simple weighting Fi(x1,...,z,) = F(z1,...,zn)Wi(xy).
Then

=1 [T, . o(T®(FF)(x) iB=2

This implicitly defines a N-formula ¢ over TF? with U = [¢], where F = {F, F}, ..., F}}.
O

Lemma 5.40. Let F be a finite weighted constraint language containing a non-IM-
terraced weight-function. There exists B € {1,2} and a non-singular matriz T € 2>>62
such that for all finite sets of arity 1 weight-functions S there is a finite set W C ngx
Q>0 such that

#CSP(TFBUS) <ap #CSPY,(F).
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Proof. We can always insert (0,1) and (1,0) into W, so by Lemma we can assume
that F is closed under taking pinningsﬂ

Choose a weight-function F© € F that is pinning-minimal subject to not being
IM-terraced. Permuting variables if necessary, F' has the form given by Lemma [5.38
So F(1,0,y3,...,yx) = 0 for all ys,...,yr € {0,1}, and there exists T' € Q2>X02 and
23,...,2r € {0,1} and B > 1 such that for all z,ys,...,yx € {0,1} we have B

Typy, ifye€{zz}

0 otherwise.

F($7$7y37-~-7yk): (53)

If k > 5 there are 3 < i < j < k with y; = y;. Define F': {0,1}¥=2 — Qx¢ by

/
Flx1,22,y3, s Yie1, Yitls > Yjm1s Yjtls > Yk) =
1

> F(r1,w, 43, ¥ 1y bYist Y1 b Yt Uk)

t=0
Let y’ denote y with the #’th and j’th components deleted, and let z’ denote z with
the 7’th and j'th components deleted. Equation holds with F),y,z replaced by
F'.y' 7', which implies that F” is not IM-terraced. F’ is defined by a (= 2)-formula over
F, so by substitution (Lemma [5.21)), #CSPY,(F U {F'}) <ap #CSPY,(F) whenever
(1,1) e W € Qx>0 x Q>p. Repeating this we can assume k < 4. Set B =k — 2.

If B =2 and 23 # 24, define F’ by

1

F,(x17x27y37y4) = Z F(gjl)x2ay3)y4/1)F(t7t7y£17y4)

t,y,=0

Then F'(1,0,ys,y4) = 0 for all y3,y4 € {0,1}. Also, for all z,ys,ys € {0,1},

Z%:O F(ta t7 1—- Y3, y3)Tw,y3 if Ys = Ya

otherwise.

F'(z,2,y3,y4) =

By substitution (Lemma we can use F’ instead of F. Therefore we can assume
that z is either (0) or (0,0).

Furthermore by taking a simple weighting of F' and invoking Lemma [5.26] we can
assume that there exist 4,5 € {0,1} such that Tjp > T and Tjo < Tji. Indeed let
U(0) = To1 +T11 and U(1) = Too + Tho- Replacing F by the simple weighting F” defined
by

Fl(z1,22,y3,y4) = U(ys) F (21, 22, Y3, Ya)

2This is not literally true, since our convention is that constraint languages consist of standard weight-
functions. The more precise statement is that we can assume that for every pinning F' of a function in
F, some copy of F'is in F.
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has the effect of replacing Ty by U(y)Tyy. If TooT11 > To1T10 then U(0)Too > U(1)Tos
and U(0)Tho < U(1)Ty1. Otherwise TooTh1 < Ti0To1 so U(0)Toy < U(1)Tp; and
U(0)Tho > U(1)T1;.

Let S be the set {U € S | U(0),U(1) > 0} U{Up, U1} where Up(0) = 2,Up(1) =1
and U;(0) = 1,U;(1) = 2. By Lemma there is a finite set G of simple weight-
ings of F' (note |supp(F)| > 1) such that each U € S’ can be expressed by a N-
formula over {T®G?}. By substitution (Lemma, Lemma and simple weighting

(Lemma [5.26)), we have
#CSP(TFP U S') <ap #CSP(TFP UTGP) <ap #CSP_y(F UG) <ap #CSPY,(F)
for some finite set W. Using Uy and U; as variable weights we have:
#CSPLE 2abeZl T rB (| §') <,p #CSP(TFB U S)

But PINg = (U1)p—max with A(1) = —1, and similarly PIN; = (Up)p—max with h(1) =1,
so by h-maximisation (Lemma [5.23|) we have

#CSP(TFB U S' U {PINy, PIN; }) <ap #CSP{2"2abell(mrB o)

The weight-functions in S\ S’ are just constant multiples of PINy and PIN; so we have
established that #CSP(TFB U S) <ap #CSPY,(F). O

Lemma 5.41. Let F: {0,1}* — Qx¢ be indecomposable. F € WNEQ if and only if
| supp(F)| < 2.

(In [27], this property is used to define the complex-valued analogue £ of WNEQ.
But we have defined WNEQ in a different way.)

Proof. If FF € WNEQ then F is a simple weighting of a NEQconj relation: there are
numbers X, U1 (0), Ui (1),...,Uk(0),Ux(1) € Q>0 and sets A, B C {1,...,k} x {1,....k}
such that

k
F(xl,...,mk):)\<HUi(xi)> II EQu(=i,=)) I NEQ(x: )

(i,7)€A (i,7)€B

=\ H (H UZ($1)> H EQQ(‘Ti; «Tj) H NEQ(.%, xj)
(4.4)

P ieP cANP? (4,j)€BNP?

where P runs over equivalence classes of the equivalence relation generated by i ~ j if
(i,j) € AU B. This expresses F' as a tensor product. But F is indecomposable, so there
must only be one equivalence class. Consider two tuples x,y € supp(F). If i ~ j then
either z; = x; and y; = y;, or x; # x; and y; # y;; in either case z; = y; if and only if
xj = y;. Thus xAy is a union of equivalence classes. Since there is only one equivalence

class, x =y or x =y. We have shown that |supp(F)| < 2.
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Conversely, if |supp(F')| < 2 then either the arity of F' is zero, in which case F
is certainly in WNEQ, or the support R of F' is a subset of {y,z} for distinct vectors
y,z € {0,1}*. Pick t with y; # z;. Then for all x € {0,1}* we have

F(x)=Ux) | [J] PINo(z:) I PmNi(z)
0

LY =2 = 1y =z;=1

H NEQ(z¢, z;) H EQq (2, i)

LY EYt=2; LY =Yt F£2;
so F' € WNEQ. O

Lemma 5.42. Let F be a finite weighted constraint language. Assume that F contains
a weight-function that is not in WNEQ and a weight-function that is not IM-terraced.
There is a finite set W C Q>0 x Q>¢ such that #BIS <ap #CSPLVQ(}") and if F € LSM
then #SAT <ap #CSPY,(F).

Proof. As in Lemma [5.40, we can assume F is closed under pinnings. Let B,T be as
given by Lemma applied to F. We first show that TF? has the same properties
as JF for the purposes of Proposition firstly that TF2 ¢ WNEQ, and secondly that
F ¢ LSM implies TFB ¢ LSM.

For any function F: {0,1}V — Qx>0 and any p € {%, 1,2}, define F?: {0,1}V — Rxg
by FP(x) = F(x)P.

To show TFB ¢ WNEQ, let G: {0,1}* — Qx¢ be a pinning-minimal weight-function
subject to G € F \ WNEQ. Since WNEQ is closed under taking tensor products,
this implies that G is indecomposable. By Lemma [5.41] the support of G has order
at most two. Either TyoT1; > 0 and supp(T®*GPB) D supp(G), or Tp1To > 0 and
supp(T®*GB) D {x | x € supp(G)}. In either case |supp(T®*GP)| > |supp(G)| > 2. If
T®kEGB = G4 ® G then G = (S®V1G1)1/B ® (S®V2G2)1/B where S is the matrix inverse
of T, and Vi and V5 are the variable sets of G; and G respectively. But G is indecom-
posable, so G or G2 has arity zeroﬁ We have shown that T®*G? is an indecomposable
weight-function whose support has order greater then two, which by Lemma [5.41]implies
that T®*G® is not in WNEQ.

Assume F ¢ LSM; we will now argue that TF? ¢ LSM. Let H be a weight-function
in F that is pinning-minimal subject to not being log-supermodular. In particular by

Lemma supp(H) C {0,x,X,1} for some vector x with a zeros and b ones for some

3 We defined a function F' to be indecomposable if F = G ® H implies that G or H has arity zero,
for all rational-valued G and H. But we are using the property that an indecomposable function cannot
be a tensor product of real-valued functions of positive arity. To justify this, note that if F' is rational-
valued and F' = G ® H for some real-valued G and H then, as long as F' is not identically zero, we have
F =G ® H' where G'(y) = 3, F(y,z) and H'(z) = > F(y,z)/>_, , F(y,z). Here y ranges over
configurations of the variable set of G, and z ranges over configurations of the variable set of H.
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a,b> 1. Hence

(T®(a+b)HB)(f) (T®(a+b)HB
_ [Too T4
A\ T
Denote the latter expression by M;MsMs. Since H(0)H (1) < H(x)H(X), the middle

matrix My has a negative determinant. The determinants of the neighbouring matrices

((T®(a+b)HB)(O) (T®(a+b)HB)(X)>
)(1)

M and M3 have the same sign: if TooT11 > To1T10 they both have a positive determinant,
otherwise they both have a negative determinant. Therefore the matrix on the left-hand-
side has a negative determinant, and hence T®@t0) B ¢ TFB is not log-supermodular.

Let B,T be as given by Lemma [5.40] applied to F. By Proposition [5.§] there is a
finite set of arity 1 weight-functions S such that #BIS <xp #CSP(TFB U S), and if
TFB ¢ LSM then #SAT <ap #CSP(TFB U S). By the choice of B and T we have
#CSP(TFB U S) <ap #CSPY,(F) for some finite set W. O

5.4.4 Proof of Theorem [5.10]

Lemmal5.43extends the #PM-hardness result of Lemma to certain weight-functions.

Lemma 5.43. Let F' be a terraced weight-function whose support is not basically binary.
Then #PM <ap #CSPZ)(F).

Proof. By Lemma supp(F’) is a delta-matroid. As in the proof of Lemma there
is an arity 3 copy G of a pinning of F, integers h(1),h(2), h(3), and a vector x € {0,1}3
such that supp(Gp_max) is the relation PM* = {x ¢ (1,0,0),x @ (0,1,0),x & (0,0,1)}.
Let Ui(x1) = 1/G(1,0,0), Ua(x2) = 1/G(0,1,0), and Us(zs) = 1/G(0,0,1). Let
Ui(1 — 1) = Uz(1 — x2) = Us(1 — a3) = 1. Then G(y1,y2,y3)U1(y1)U2(y2)Us(y3) =
PM*(y1,y2,ys3) for all y1,y2,y3 € {0,1}. Thus PM* is a simple weighting of G},_max-
In the proof of Lemma we showed #PM <ap #CSPEg(PMx,PINO,PINl) (equa-
tion ) Using this, pinning (Lemma , simple weighting (Lemma , h-
maximisation (Lemma , and pinning again,

#PM <xp #CSPZS(PM*, PINg, PIN;) <ap #CSPZJ(PMX)
<ap #CSPZY(Ghmax) <ap #CSPZY(G) <ap #CSPZY(F). O

Lemma [5.44] uses h-maximisation to simulate non-IM-terraced weight-functions from

non-terraced weight-functions.

Lemma 5.44. Let F be a finite weighted constraint language, containing a weight-
function whose support is not in IMconj, and a weight-function that is not terraced. Then
#CSPZg(}"U {F}) <ap #CSPE(Q)(}") for some weight-function F' that is not IM-terraced.
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Proof. Let G € F satisty supp(G) ¢ IMconj. By Lemma applied to supp(G), there
exists p such that, if we let H = G(p,-), then {z,z} C supp(H) & {0,2,%, 1} for some
z not equal to 0 or 1. Permuting variables if necessary, there exist a,b > 1 such that
z € {0,1}9"° with z; =0for 1 <i<aand z;=1fora+1<i<a-+b.

Define R = {z,z}. Then R is a simple weighting of an h-maximisation of H. Specif-
ically, define h € Z*® as follows. If H(1) # 0, let h(1) = h(a +1) = 1, and h(i) = 0
elsewhere. If H(0) # 0, let h(1) = h(a + 1) = —1, and h(i) = 0 otherwise. Define
W(0) =1/H(z) and W (1) = 1/H(z). Then R(x) = Hp—max(x)W (z1) for all x. By h-
maximisation (Lemma, pinning (Lemma and simple weighting (Lemma,

#CSPZY(F U {R}) <ap #CSPZY(F).

If the arity of R is two, then R = NEQ. Let F’ € F be a weight-function that is not
terraced, so there exist p, 7, j such that F’(p,-) is identically zero, but F'(p & {i},-) and
F'(p®{j},-) are not parallel. If p; # p; then F’ is not IM-terraced, so the conclusion
follows by setting F' = F’. Let n be the arity of F’ and define F': {0,1}" — Q>¢ by

F(x) = ZNEQ(H%Z/)F/(CUM T Y Ty, -, Tn)  (x € {0,117).
y

Note that this implicitly defines F as [¢] for a (= 2)-formula ¢ over { F/, NEQ}. Further-
more F' is not IM-terraced, because F(p® S,-) = F/'((p @ {i}) ® S,-) for all S C {i,j}.
By substitution (Lemma , #CSPEg(]—' U{F}) <ap #CSPEg(]—' U{R}), so we are
done.

If the arity of R is greater than two then note that

EQy,(x,x') = Z F(x,y)F(X,y) for all x,x" € {0,1}%, and

ye{0,1}°
EQu(y,y)= Y FxyFxy) foralyy e{01}"
xe{0,1}e
Here commas just denote concatenation: (x,x’) = (z1,...,2q,2},...,2,) and so on.

By substitution (Lemma [5.21)) we have #CSP=9(F U {EQy,, EQgy}) <ap #CSPZ)(F U
{R}), but EQ,, is not IM-terraced unless a = 1, in which case b > 1 and EQq, is not
IM-terraced. O

Theorem Let F be a finite weighted constraint language.

(i.) If F € WNEQ or every weight-function in F is basically binary, then #CSP%g(]: )
is in FP.

(ii.) Otherwise, if there is a non-terraced weight-function in F, then we have a similar
classification to Proposition #BIS <ap #CSPEg(]—") and if F € LSM then
#SAT =ap #CSPZ3(F).
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(iii.) Otherwise (when neither of the two conditions above hold), if there is a weight-
function in F whose support is not basically binary, then #PM <ap #CSPE(Q] (F).

Proof. (i.) Lemma [5.24[(i.)|

(ii.) There is a weight-function F': {0,1}¥ — Qs in F that is not terraced. By
definition there is a pinning F(p,-) and there are variables i, j € dom p such that F'(p,-)
is identically zero but F(p @ {i},-) and F(p @ {j},) are not parallel.

If p; # pj, so F is not IM-terraced, set F' = F. Otherwise p; = p;. There are
x,y € {0, 1}{LFRdomP gych that F(p @ {i},x), F(p ® {j},y) > 0. But if p; = p; = 0
then F((p & {i},x) A(p® {j},¥)) = F(p,xAy) =0, and if p; = p; = 1 then F((p &
{i},x)V(p®{j},y)) = F(p,xVy) = 0. Hence supp(F) is not in IMconj. By Lemma5.44]
there is a non-IM-terraced F’ such that #CSPZ5(F U {F'}) <ap #CSPZ)(F).

By Lemma [5.42 #BIS <ap #CSPZ3(F U {F'}), and #SAT <ap #CSPZS(F U {F'})
if F contains a weight-function that is not log-supermodular. Also, #CSPEg(]f ) <ap
#SAT by Lemma [5.24((iii. )|

(iii.) There is a weight-function F' in F that does not have basically binary support.
By Lemma we have #PM <ap #CSPE(Q)(F). O]

5.4.5 Proof of Theorem [5.13|

Lemma 5.45. For every weight-function G that is pinning-minimal subject to not being
terraced, there is a copy F': {0, 1}k — Q>0 of G and values p1,p2 € {0,1} such that

e forallys,...,yr € {0,1} we have F(p1,p2,ys3,...,yx) =0, and

o there exists a configuration z € {0, 11138} and a non-singular matriz T € Q<2
such that for all x1,x9,y3, - ,yx € {0,1} satisfying (x1,x2) € {(p1,1 — p2), (1 —
p1,p2)} we have

Tiiys, fy=zory=z
F(I1,$2a?/3,"' 7yk): s
0 otherwise.

Proof. (This can be argued as in the proof of Lemma but we will derive it from the
statement of Lemma [5.38])

Given a weight-function G': {0,1}"V — Qx¢ that is pinning-minimal subject to not
being terraced, there exists q,i,j such that G(q,-) is identically zero, but G(q @ {i}, -)
and G(q @ {j},-) are not parallel. Let S be the set containing: i if ¢; = 0, and j if ¢; = 1.
Define G°: {0,1}V — Q>0 by G®(x) = G(x® S). Then G*(q @ S, ) is identically zero
but G%(q@® S @ {i},-) = G(q@® {i},-) and G(q® S @ {j},") = G(q® {j},-) are not
parallel. Therefore G° is not IM-terraced. Every pinning of G' by a non-empty partial
configuration is terraced, so every pinning of G° by a non-empty partial configuration
is terraced, and hence IM-terraced. So G° is pinning-minimal subject to not being

IM-terraced. (We can now forget about ¢ and j.)
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Applying Lemmamm G we get a bijection m: V — {1,...,k}, values 25,... ,z;j
and a matrix T such that the weight-function F%: {0,1}* — Qs defined by F*°(x) =
G®(x o ) satisfies the two bullet points of Lemma m For each 3 < i < k, define
2z = 20 if i ¢ ©(S), and 2z = 1 — 27 if i € 7(S). Define pi,p2 € {0,1} by setting
p1 = 1 if and only if 1 & 7(S5), and setting po = 0 if and only if 2 € 7(S). Then the
weight-function F': {0,1}* — Qs defined by F(x) = G(x o ) satisfies the two bullet

points which were to be shown. O

Theorem Let F be a finite weighted constraint language. Assume F ¢ WNEQ,
and that not every weight-function in F is basically binary, and that not every weight-
function in F is terraced. (This is the same setting as the #BIS and #SAT reductions
in Theorem [5.10})

Unless all the following conditions hold, there is a finite set W C Q>0 x Q>¢ such that
#BIS <ap #CSPY,(F), and if furthermore F Z LSM then #SAT =xp #CSPY,(F).

(i.) Every weight-function F' € F is IM-terraced.

(ii.) Either the support of every weight-function F' in F is closed under meets —
F(x),F(y) #0 = F(xAy) # 0 — or the support of every weight-function
F in F is closed under joins — F(x),F(y) #0 = F(xVy) #0.

(iii.) No pinning of the support of a weight-function F' € F is a copy of EQ,, that is,
there are no x, 1, j satisfying z; = z; and F(x), F(x® {i,j}) # 0 and F(x® {i}) =
F(x@ {j}) =0,

Proof. By Lemma [5.35] we can assume F is closed under pinnings. We will consider each

condition in turn.

(i.) Assume that F is not IM-terraced. The conclusion follows from Lemma [5.42]

(ii.) Assume that condition (ii.) does not hold but condition (i.) holds.

There is a weight-function G’ € F such that supp(G’) is not closed under joins; let
G be a pinning of G’ that is pinning-minimal subject to supp(G) not being closed
under joins. By Lemma there exists x ¢ {0, 1} such that supp(G) = {0, x, X}
or supp(G) = {x,X}. Taking a copy of G if necessary we can assume that G is a
weight-function of arity a+band 21 =--- =2, =0and 2441 = - - = 244y = 1, for
some a,b > 1. Suppose for contradiction that a > 2. Letting p = {1 +— 0,2 +— 1}
we find that G(p,-) is identically zero but G(p @ {1}, ) and G(p @ {2},-) are
not parallel, contradicting the fact that G is IM-terraced. Similarly, suppose for
contradiction that b > 2. Letting p = {a+1 — 0,a+2 +— 1} we find that G(p, -) is
identically zero but G(p @ {a + 1},-) and G(p ® {a + 2}, -) are non-parallel, which
again contradicts the fact that G is IM-terraced.

Pick a non-terraced weight-function F/ € F. By Lemma there is a copy
F:{0,1}* — Qs of F’ such that: there exist p1,p2, 23, 24, ..., 2x € {0,1} and a
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(iil.)

non-singular two-by-two matrix 7" such that F'(p,-) is identically zero and for all

x € {(1 = p1,p2), (p1,1 —p2)} and all ys,...,yx € {0,1} we have

Tiy, fy=zory=12
F($1,$27y3a"' 7yk): o
0 otherwise

We have assumed that condition (i.) holds, so F’ is IM-terraced, so p1 = pa.
Permuting the domain {0, 1} if necessary we can assume p; = pa = 0 without loss

of generality.

So supp(G) is either NEQ or NAND. Define H: {0,1}* — Qx¢ by

H($17$27y37~ 7yk) = Z G(]Il,t)F(t, L2,Y3,. - 7yl€)
t=0,1

Denote F'({1 — 4,2+ j},-) by Fj;, and similarly define H;;. We have:

Hyp = G(1,0)Fyo + G(1,1)Fyo which is identically zero
Hoo = G(0,0)Foo + G(0,1)F1p = G(0,1) F1o
Hyy = G(1,0)Fp; + G(1,1)Fy; = G(1,0)Fy;

Hence H is not IM-terraced. (A related trick, expressing a function with support
IMP using OR and NAND, is used in [51].)

We showed (case (i.)) that there is a finite set W such that #BIS <xp #CSPY,(FU
{H}), and if F € LSM we can replace #BIS by #SAT. By substitution (Lemma,
#CSPYW(F U {H}) <ap #CSPY,(F U {F,G}), and by pinning (Lemma |5.35),
#CSPY,(F U {F,G}) <ap #CSPY,(F) where W' = W U {(0,1), (1,0)}.

Assume that condition (iii.) does not hold but conditions (i.) and (ii.) do hold. By
permuting the domain {0, 1} if necessary we can assume without loss of generality

that the support of every weight-function in F is closed under meets.

Pick a non-terraced weight-function H € F. We will argue that supp(H) is not
closed under joins. By definition there exist p, i, j such that H(p,-) is identically
zero but H(p & {i}, ) and H(p & {j},-) are not parallel. Since H is IM-terraced,
pi = pj. There exist y € supp(H(p @ {i},-)) and y’ € supp(H(p @ {j},-)). In
other words, H(p@®{i},y), H(p®{j},y’) > 0. Since supp(H) is closed under joins,
H((pe{i})A(p®{j}),yAy'). Hence p; = p; = 1, and H((p&{i})V(p&{j}),yVy').
So supp(H) is not closed under joins.

By the same argument used in the second paragraph of condition (ii.), the fact
that H is IM-terraced and not closed under joins implies that there is a pinning
G of H of arity 2 not closed under joins, and taking a copy of necessary we can
assume supp(G) = NAND. Let h(1) = h(2) = 1 so supp(Gh-—max) = NEQ. Since
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F U {Gp—_max} fails condition (ii.), there is a finite set W such that #BIS <sp
#CSPY (FU{Gh_max}), and if F Z LSM we can replace #BIS by #SAT.

We will want to use variable weights that are arbitrary powers of two, so it is
convenient to hide W at this point. By Lemma there is a set of simple
weightings G of weight-functions in F, and a set of simple weightings G’ of Gj,_max,
such that #CSPY,(F U {Gh_max}) <ap #CSP_o(GUG). Let

P ={(2",2") [ po,p1 € Z}

Let G” be the set of simple weightings G’ of G satisfying G},_ € G'. In other
words, for all arity 1 weight-functions U, W, if the weight-function defined by
Gh—max(z,y)U ()W (y) is in G, then the weight-function defined by G(z, y)U ()W (y)
is in G”. Note that |G”| = |G’| is finite. By Lemma

#CSP_,(GUG') <ap #CSPLL(GUG")

We will show that

#CSPPL(GUG") <ap #CSPITD DU G L g" U {EQ,)) (5.4)

We are given an instance (V,C,w) of #CSPZ,(G UG") and error parameter . For
each v € V there exists an integer p, such that w(v);/w(v)p = 2P*. Let V' be the
set with one variable v; for each v € V and each 0 <1i < |p,|. Define w’: V' — W
by w'(vg) = (1,1) and for all ¢ > 0,

(1,2) ifp, <0
(2,1)  if p, > 0.

Modify C as follows to obtain a new list of constraints C’: for each v € V, insert
constraints ((vo,v1), EQa), - -+ ((V}p,|=1, Vjp,|)> EQ2) and replace the two occurrences
of v by vo and wv),,|. Note that configurations x" of V' satisfy wty o (X') =
0 unless there exists x € {0,1}" such that 2, = z, for all v,4, and in this
case wty,cw(x') = wty,cw(x)/K where K = [], oy min(w(v)o, w(v)1). Hence
Zyvicrw = LvowK. And Zyr cr,y can be approximated by the oracle, passing
through €. Multiplying the result by K gives the AP-reduction .

To finish, let F' be a pinning of a weight-function in F such that supp(F’) is a copy
of EQy. Then F(z,y) = EQy(z,y)F(z,x) for all x,y € {0,1} so F is a simple
weighting of EQ,. By Lemma there is a finite set W’ (which we can assume
contains (0,1) and (1,0)) such that

#csplQ2EDY G U G" U{EQ,}) <ap #CSPY, (FU{F})
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and #CSPY, (F U {F}) <ap #CSPY, (F) by pinning (Lemma [5.35)). O

5.5 Expressive power of terraced functions

Recall that F is terraced if for all partial configurations p such that the pinning F'(p, -) is
identically zero, for all 4, j € dom p the pinnings F(p @ {i},-) and F(p ® {j},) are par-
allel. In this section we show that we cannot hope to extend Theorem [5.10] by expressing

non-terraced functions starting with terraced functions.

Theorem No non-terraced function can be defined by a (< 2)-formula that only

uses terraced functions.

Proof. Given a (< 2)-formula ¢, we can add useless constraints ((z),U) where U(0) =
U(1) =1 to bring the degree of every variable to two without affecting [¢]. Because U
is terraced, this means we can assume that ¢ is in fact a (= 2)-formula.

© consists of a vertex set V, a constraint list C, and distinct external variables
V1, ,Um. We can split up the definition of [¢] in the following way. Define V' =
{(c,i) | e={(s1,...,58), F) € C,1 <i <k} and define P: {0,1}"" — Qs¢ by

P(x) = 11 F(x(c,1),...,x(c,k))  (xe{0,1}").

c={((81,--,8k),F)eC

Recall that in a (= 2)-formula the external variables are used exactly once; for each 1 <
J < mlet ¢; denote the constraint using v;, and let 7; denote the position of v; in the scope
of ¢j (soif ¢; = ((s1,...,5%), F) € C then s;; = v;). For all x € {0, 1 e enin)} ye
have

el (x(er,in); - x(ensin) = 3 P(x)

where > denotes the sum over all extensions of x to V' such that x(c,i) = x(c, )
whenever an internal variable v appears in the ¢’th position in the constraint ¢ and in
the j’th position in the constraint ¢.

P is a tensor product of terraced functions. To show that P is terraced, it suffices
to show that for all terraced functions F': {0,1}VF — Qs and G: {0,1}Y¢ — Qs
the tensor product F' ® G is terraced (Ur and Ug are assumed disjoint). Consider a
partial configuration p of Ur U Ug such that (F @ G)(p,-) is identically zero, and let
1,7 € dom p. The comma notation may be misleading here: if we let pr be the restriction
of p to Ur Ndom p, and let pg be the restriction of p to Ug N dom p, the hypothesis is
that F(pr, xr)G(pa,Xq) is zero for all xp € {0, 1}V7\OmP and all xg € {0, 1}Ve\domp,

Note that this implies that F(pp,-) is identically zero or G(pg, -) is identically zero.
We deduce that (F ® G)(p @ {i},-) is parallel to (F @ G)(p @ {j},"):

e When (7,j) € Ur x Up, note that if F((pp, -) is identically zero then F(pr & {i}, )
is parallel to F(pr @ {j},), which implies that (F ® G)(p @ {i},-) is parallel to
(FeG)(pe{j}, ). And if G(pg,-) is identically zero then (F ® G)(p & {i},")
and (F® G)(p @ {j},-) are identically zero.
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e When (7, j) € Ug x Ug, note that if G(pg, -) is identically zero then G(pg @ {i},-)
is parallel to G(pg @ {j},), which implies that (F ® G)(p @ {i},-) is parallel to
(FoG) (pe{j}t,-). And if F(pp,-) is identically zero then (F ® G)(p @ {i},-)
and (F® G)(p @ {j},-) are identically zero.

e When (i,j) € Urp x Ug or (i,j) € Ug x Up, since either F(pr,-) or G(pg,-)
is identically zero, either (F® G)(p @ {i},-) or (F® G)(p® {j},-) is identically

Zero.

We have shown that any tensor product of terraced functions is terraced, and hence
that P is terraced. To show that [p] is terraced, it suffices to show that the property
of being terraced is preserved under summing two variables. This comes down to the
following claim. We are given a function F': {0,1} x{0,1}x{0,1}V x{0,1}V" = Qs and
a configuration p € {0, 1}U. We are given that F' is terraced (when considered as an arity
2+ |U| + |U'| function), and that G(p, ) is identically zero where G: {0,1}V“Y" — Qs
is the function defined by

1

G(p,x) = ZF(t,t,p,X) (pe{0,1}V,xe{0,1}V")
=0

We wish to show that G(p @ {i},-) is parallel to G(p @ {j},). There are two cases.
o F(s,t,p,x) =0 forall s,t € {0,1} and all x € {0,1}V". In this case, because F is
terraced there are numbers A, i not both zero satisfying

AF(s,t,p @ {i},x) = uF(s,t,p ® {j},x) for all x € {0,1}V" and all s,¢ € {0,1}.

Therefore AG(p @ {i},x) = uG(p ® {j},x) for all x € {0,1}V".

e F(s,t,p,x) > 0 for some s,t € {0,1} and some x € {0,1}V". Since G(p,x) = 0
we have s # t. Let H: {0,1}Y" — Qx¢ be the pinning F(s,t,p,-). Since F is
terraced and F'(0,0, p, -) is identically zero, F'(0,0,p®{i},-) and F(0,0,p&{j},")
are constant multiples of H. Since F' is terraced and F(1,1,p,-) is identically
zero, F(1,1,p® {i},) and F(1,1,p @ {j},-) are also constant multiples of H. So
G(p @ {i},:) and G(p @ {j},-) are constant multiples of H, which implies that
G(p @ {i},) is parallel to G(p ® {j},).

We have shown that the class of terraced functions is closed under summing two variables,

which implies that [¢] is terraced. O

5.6 Degree three and higher

In this section we will study #CSP%V,C(}') for k > 2.

Lemma 5.46. For all A > 4, there is no FPRAS for #CSP{:g’)‘)}(NAND) or #CSP{:(;’I)}(OR)
unless RP=NP.
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Proof. #CSP{:(;’)‘)}(NAND) has an FPRAS if and only if #CSP{:(;’I)}(OR) has an FPRAS,
because the two problems just reverse the roles of 0 and 1 in the domain. Lemma [5.6
says that there is no FPRAS for #CSP{:%’)‘)}(NAND) unless RP = NP. O

Lemma 5.47. Let R C {0,1}V be a relation that is pinning-minimal subject to not being
degenerate. Then R has arity 2 or R = {x,X} for some x € {0,1}V.

Proof. Pick v € V. For any H C {0,1}" we will denote the pinnings of H by {v + 0}
and {v — 1} respectively by Hy and Hj.

For any product G of relations G’ C {0,1}{"} and G” C {0,1}V'\{¥} the pinnings
Go and G; are equal if G’ = {0, 1}{”}, and otherwise one of them is empty; in other
words, Gy and G are parallel. So for all partial configurations p such that Ry(p,-) and
R1(p,-) are not parallel, R(p, ) is non-degenerate and hence dom p = () by minimality
of R. Since Ry and R; are products of arity 1 relations but R is not, R cannot be
Ro x {0, 13"} or Ry x {0}{¥} or Ry x {1}{¥}; this implies that Ry and R; are not parallel.
Hence the weight-function pair (Rg, R;) is pinning-minimal subject to not being parallel.
By Lemma , Ry U R; = {y,¥y} for some y, which can be chosen to be in Ry.

Let x =y U{v + 0} be the extension of y to V with x, = 0. If Ry and R; are {y}
and {y} respectively then R = {x,X}, so we are done. Otherwise Ry or R; is {y,y},
but Ry and R; are degenerate by minimality of R. So {y,y} is a copy of a product of
arity 1 relations, {0,1}% x {0}® x {1}¢ for some a, b, ¢ > 0. Taking cardinalities we have
2=2%soa=1, and b = ¢ = 0 because y,, # 1 —y, for all w € V' \ {v}. Hence R has
arity 2. O

Theorem Let F be a finite weighted constraint language and assume that not
every weight-function in F has degenerate support. There exists a finite set of variable
weights W such that #CSP=°(F) has an FPRAS if and only if #CSP;VP)(]:) has an
FPRAS.

Proof. Let F be a weight-function in F whose support is non-degenerate. Let G: {0,1}F —
Q>0 be a minimal non-degenerate pinning of F'. Define H (z1, x2) = sz 2 G, xy)
and R = supp(H). By Lemma either the arity of G is 2, or supp(G) equals {x,X}
for some configuration x. In either case the relation R is non-degenerate. Permuting the

variables of R if necessary,
R € {NAND, OR, EQ,,NEQ, IMP}.

Observe that there exists (X,Y) € {0,1}2\ R with (X ®1,Y),(X,Y @ 1) € R. For
all z,y € {0,1},

H(z,y)/Hz,Y@zxzd X dl) if (Xd1l,YP1l) &R, and

H(zy)H(z®1,Y 1) H(XS1y®1 .
H()((xeayl),Ygl)H(X,Y)eal()H(Xgal,))/) if(X®lYal)eR

R(l‘,y) =
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Thus R is a simple weighting of H. For any finite set W C Q>¢ x Q>0, by using both
parts of Lemma [5.26] there is a finite set W'’ such that

#CSPY(F U{R}) <ap #CSPY(FU{H})

By substitution (Lemma and pinning (Lemma [5.25),
#CSPYS(F U {H}) <ap #CSPY;(F U{G}) <ap #CSPY(F)

Therefore it suffices to show that there is a finite set W C Q>0 x Q> such that
#CSP=C(F) has an FPRAS if and only if #CSPY5(F U {R}) has an FPRAS.

If R = NEQ then EQy(z,2) = >_, R(z,y)R(y, z) for all z, 2 € {0, 1}. By substitution
(Lemma we have #CSP%VP,(]:U {EQy}) <ap #CSP?@(}") for all sets W containing
(1,1). So we can ignore the case R = NEQ. If R = NAND or R = OR then by
Lemma for some finite set W there is no FPRAS for #CSP%V:))(R) unless RP = NP.
The remaining cases are R = EQ, and R = IMP. We will “3-simulate equality” as in
[51].

By Lemma we may assume that F is not contained in WNEQ. It follows from
[22, Theorem 14, Proposition 25| that there is a finite set S of arity 1 weight-functions
such that #CSP(F U S) =ap #CSP(F U {IMP}) =ap #CSP=(F). Let

W ={(U(0),U(1)) [ U e S}U{(1,1)}

We will show that #CSP(F U S) <ap #CSP‘%(}'). Given an instance (V,C) of
#CSP(F U S), construct an instance (V/,C") of #CSP_3(F U S U {R}) by, for each
variable v of degree d = degy(v), replacing the d occurrences of v in C' by distinct vari-
ables vy, ..., v4, then inserting new constraints ((vi,v2), R), ((ve, v3), R),- -, {(v4,v1), R)
if d > 1. Note that Zy,c = Zy» ¢+, because for all d > 1 and all z1,...,24 € {0,1},

R(z1,x2)R(x2,23) - - - R(zg4,x1) = EQq(x1,...,zq).

Finally, construct an instance (V/,C” w) of #CSP%VP,(}" U {R}) from (V',C") by
replacing each constraint ((v;), U) € C such that U € S by a variable weight on v;; that
is, C" is the list of constraints in C’ not using weight-functions in S, and w : V' — W is
defined by

(U(0),U(1)) if there is a constraint ((v;),U) € C' with U € S, and
(1,1) otherwise.

w(v;) =

This is well-defined because each v; is in at most one constraint in C’ that does not use
R. Moving these factors of U(0),U(1) into variable weights does not affect the weight
of any configuration, so Zy' cn, = Zyrcr = Zy,c. Therefore a correct AP-reduction
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is to query the #CSP%‘%(]—" U {R}) oracle with (V',C”,w), passing through the error

parameter, and returning the result. O

5.7 A tractable region

In this section we will argue that there is a large tractable region for #CSP;S. The
existence of these FPRASes contrasts with the unbounded problem #CSP=%. Assuming
that #BIS does not have an FPRAS, #CSP=Y(F) has an FPRAS if and only if it is in
FP (see Proposition . But #CSP%S(}') can have an FPRAS even when #CSP%S(]—‘)
is #P-hard.

Proposition 5.48. [26, Theorem 5.3] If F is not a subset of WNEQ then #CSP%S(}")
18 #P-hard to evaluate exactly.

Proof. Define U by U(0) = 1 and U(1) = 2. Using variable weights instead of U, we have
#CSP_3(FU{U}) <ap #CSPEg(}"). Now we can appeal to [26, Theorem 5.3]. Their
set “A” does not contain U, and WN EQ is contained in their “P”. Hence #CSP_3(F,U)
is #P-hard. O

This following argument is inspired by [105]. In particular we use the same quantity

J.

Theorem Let d,k > 2. Let F' be an arity k weight-function with values in the

range [1, Zg:j;i) Then #CSP;S(F) has an FPRAS.

Proof. We will use a path coupling argument on a Markov chain with heat bath dynamics.
We will proceed by giving a FPAUS, by which we mean a randomised algorithm that,
given an instance (V,C,w) and error parameter € > 0, outputs a random configuration
e such that the total variation distance of p from 7y, ¢, is at most € where 1y c (o) =
wtyv.cw(0)/Zy.cw, and the algorithm runs in time polynomial in the size of the input
and log(1/e).

The FPAUS is to simulate a Markov chain of configurations (x;);—o,1,... and output xp
for some T to be determined later. For configurations x € {0,1}" and variables v we will
use the notation x[v — j| to mean x[v — j](u) = x(u) for u # v and x[v — j](v) = j.
Let xo € {0,1}" be any configuration. For each t > 1 let v; € V be distributed uniformly
at random and let x; be distributed according to heat bath dynamics, that is, distributed

according to my ¢, conditioned on x¢ € {x;—1[v¢ — 0], x4—1[vy — 1]}. Thus

Wy, cw(Xe-1[v = 1))

P 1) = 1] x4 =
r[x¢(7) | Xi-1, vi] Wty cw(Xe—1[v = 0]) + Wty o (xe—1[v = 1])

This probability is easy to compute exactly, so each step of the Markov chain can be

simulated efficiently.
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Consider another Markov chain (y;);>o distributed in the same way as (x¢)¢>0, with

the optimal coupling given that both chains choose the same variables v;. So

Prlx;(ve) # yi(ve)|xe—1,ye-1,v¢] = | Pr[xe(ve) = 1x¢-1, ye—1, ve] =Prlys(ve) = 1|x¢—1,ye-1,v4]]

Define 8 = B(V,C,w) = maxy, yi:|xoAyo|=1 Eld(X1,¥1)]. Let M be the maximum value
taken by F'. We will establish the bound

B<1—clV|? (5.5)

for some ¢ > 0 depending only on the parameters d, k, M. Then by the General Path
Coupling Theorem of [I6] the total variation distance from the stationary distribution
is at most ¢ as long as T > log(|V]e™!)/log 5~! = poly(|V|,loge™"). This gives the
required FPAUS. Given the FPAUS, there is an FPRAS by [73, Theorem 6.4| in the
same way as we discussed earlier in Theorem — the self-reducibility is given by pinning
(Lemma [5.25)).

We will now bound 8. Fix configurations x¢ and yg that only differ on a single

variable u. For all v1 € V define

E(x0,y0,v1) = | Pr[x1(v1) = 1|0, y0, v1] — Prlyi(vi) = 1|x0,y0, v1]]|

Define W;; = W;;(x0, Y0, v1) = Wty,c.w(Xo[w — i][v1 — j]) for all 4, j € {0,1}. Then

E(x0,y0,v1) = | Pr[x1(v1) = 1|x0, y0, v1] — Prly1(v1) = 1|x0, yo, v1]|
_ Wor Wy
C | Woo+Wor  Wio+ Wiy
B [WooWi1 — Wo1 Wi
— WooWi1 + Wor Wig + WooWio + Wor Wi
|WooW11 — Wo1 Wio|
~ WooWi1 + Wor Wi + 2v/WooWioWo1 W1
IV WooWir — vVWor Who|
— VWooWhi + VW01 Who

Let v1i € V \ {u}. Denote by C' = C’(u,v1) C C the list of constraints with u
and v in their scope. For all 4,5 € {0,1} let x¥ = x[u + i][v; — j], and for all
c={((u1,...,ug), F) € C'(u,v1) define

Fl(i,7) = F(x"(uy),...,x" (uy)).

Define W' = W'(u,v1) by Wj; = [[.ccr Fe(j, k). The other weights depend on u or vy
alone, so W\ W1, /W{, W1, equals WooWi1/Wo1Wip and

E(XQ Yo Ul) < ’\/W(;OW{I _ \/W(;lWIIO‘
T WG+ VW W
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GooGi11
Go1G1o”

Note that the functions F/ take values in the range [1, M] so |J(EF])| < %log M; also
recall that tanh is non-decreasing and subadditive for positive reals, that is, tanh(z+y) =

tanh z+tanh
% < tanh(x) + tanh(y). Hence

For all 2-by-2 matrices G with strictly positive entries, define J(G) = 1 7 log

[V We W11 — VW Wiyl
VWooWii + VW5 Wi
= tanh |J(W)]

= tanh Z J(F;

1€C’(u,v1)

E(x0,y0,v1) <

< |C'(u, 0 \tanh( logM>
1

!
= 1€, en)

The variable u appears in at most d constraints, each of which contributes at most
k—1to ), |C'(u,v1)| Rearranging M < d(k_l)ﬂ we get d(k —1)M=L < 1, s0

d(k—1) M1
1 1
Eld(x1,y1)] =1 - iG] + Il Z E(x0,y0,v1)
vieV\{u}

gl—(l—d(k—l)%:ri)/\v

giving the required bound ([5.5]). O

5.8 Infinite sets of variable weights are sometimes necessary

Theorem gives some circumstances in which the set of variable weights in Theo-
rem can be taken to be finite. We will show that, assuming that #PM does not
have an FPRAS, the set of variable weights cannot always be taken to be finite in The-
orem the constraint language {AtMostOnes} falls into case (iii) of Theorem
but there is no finite set W such that #PM <xp #CSPY,(AtMostOnes).

Consider a graph G and a function ¢: E(G) — Q>0 assigning an edge-weight c(e) to
each edge e. Recall that a matching in G is a subset M of the edge set of G such that

no two edges in M share a vertex. Define the monomer-dimer partition function

Zmd(G,c) = Z H c(e

matchings M ecM

[70, Corollary 4.4] states that there exists an FPRAS for the monomer-dimer partition
function of arbitrary weighted graphs with edge weights presented in unary. The unary
representation is just used is to bound max.ec () c(e) in the proof of [70, Corollary 4.3].

Thus we have:
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Lemma 5.49. [70] There exists a randomised approximation scheme for the monomer-
dimer partition function of arbitrary weighted graphs with edge weights presented as frac-
tions of binary integers, with runtime polynomial in |V (G)|, max.cp(q) c(e), and the

inverse error parameter e 1.

Theorem Let AtMostOnes = {x € {0,1}3 | 21 + 22 + 23 < 1}. Let W be a finite
subset of Q>¢ x Q>¢. Then #CSP%VQ(AtMostOneg) has an FPRAS.

Proof. We will show something slightly stronger: there is a randomised approximation
scheme for #CSP%g(AtMostOneg) whose runtime is bounded by a polynomial in the size

1

of the input (V, C,w), the inverse error parameter €=, and in

d = max{w(v)1/w(v)o | v € V such that w(v)y > 0}.

Let (V,C,w) be an instance of #CSPEg(AtMostOneg) and let € > 0. To deal with
variables used less than twice, let AtMo;tOnel be the arity-1 constraint {0,1}, and
for each v € V add 2 — deg(c) constraints ((v), AtMostOne;) to C. Note that these
constraints do not affect whether an assignment is satisfying.

Let G be the multigraph whose vertex set is (a set of labels for) the constraint set C,
and whose edge set is V', where for each variable v € V| the edge v joins the two vertices
corresponding to the constraints in which v appears. If a variable is used twice in the
same constraint then we get a vertex with a loop. Let Vj = {v € V | w(v)g = 0}. Let G’
be the graph obtained from G by deleting the edge v and its endpoints, for each v € V4.
Define ¢: V' \ Vo — Qx> by ¢(v) = w(v)1/w(v)o.

The map x — VopU{v € V\ Vj | w(v)1} is a bijection from the set of configurations
x: V — {0,1} with wty,c,(x) > 0 to the set of matchings M of G with [], ., c(v) > 0.
Letting K = (TT,ey, w(v)1) (HueV\Vo w(v)o), we have wty,c,w(x) = K[[,epw'(v).
This implies that Zy.c, = K - Zmd(G, ¢).

By Lemma [5.49 there is a randomised approximation scheme that approximates
Zmd(G',w') in time bounded by a polynomial in [V] and max,cy\y, w'(v) < ¢ and
e~1. Multiplying the result by K gives the required approximation to 2v.Cow- O



Chapter 6

The complexity of approximating

conservative counting CSPs

(This chapter is a revised version of [34] with a modified introduction.)

We study the complexity of approximately solving the weighted counting constraint
satisfaction problem #CSP(F). In the conservative case, where F contains all unary
functions, there is a classification known for the case in which the domain of functions
in F is Boolean. In this chapter, we give a classification for the more general problem
where functions in F have an arbitrary finite domain. We define the notions of weak
log-modularity and weak log-supermodularity. We show that if F is weakly log-modular,
then #CSP(F) is in FP. Otherwise, it is at least as difficult to approximate as #BIS,
the problem of counting independent sets in bipartite graphs. #BIS is complete with
respect to approximation-preserving reductions for a logically defined complexity class
#RHII;, and is believed to be intractable. We further sub-divide the #BIS-hard case. If
F is weakly log-supermodular, then we show that #CSP(F) is as easy as a Boolean log-
supermodular weighted #CSP. Otherwise, we show that it is NP-hard to approximate.
Finally, we give a full trichotomy for the arity-2 case, where #CSP(F) is in FP, or is
#BIS-equivalent, or is equivalent in difficulty to #SAT, the problem of approximately
counting the satisfying assignments of a Boolean formula in conjunctive normal form.

We also discuss the algorithmic aspects of our classification.

6.1 Introduction

There has been a lot of work on classifying the computational difficulty of exactly solving
#CSP(F). For some weighted constraint languages F, this is a computationally easy
task, while for others, it is intractable. We will give a brief summary of what is known.
For more details, see the surveys of Chen [33] and Lu [81].

First, suppose that the domain D is Boolean (that is, suppose that D = {0,1}). For
this case, Creignou and Hermann [40] gave a dichotomy for the case in which weights are
also in {0,1}. In this case, they showed that #CSP(F) is in FP (the set of polynomial-

time computable function problems) if all of the functions in F are affine, and that
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otherwise, it is #P-complete. Dyer, Goldberg, and Jerrum [47] extended this to the case
in which weights are non-negative rationals. For this case, they showed that the problem
is solvable in polynomial time if (1) every function in F is expressible as a product of
unary functions, equalities and disequalities, or (2) every function in F is a constant
multiple of an affine function. Otherwise, they showed the problem is complete in the
complexity class FP#Y. We will not deal with negative weights in this chapter. However,
it is worth mentioning that these results have been extended to the case in which weights
can be negative [21], to the case in which they can be complex [26], and to the related
class of Holant* problems [27]. Other dichotomies are also known for Holant problems
(see [81]).

Next, consider an arbitrary finite domain D. For the case in which weights are in
{0, 1}, Bulatov’s breakthrough result [19] showed that #CSP(F) is always either in FP or
#P-hard. A simplified version was given by Dyer and Richerby [49] [50] who introduced
a new criterion called “strong balance”. The dichotomy was extended to include non-
negative rational weights by Bulatov et al. [20] and then to include all non-negative
algebraic weights by Cai, Chen and Lu [24, 25]. Cai, Chen and Lu gave a generalised
notion of balance that we will use in this work. Finally, Cai and Chen [23] extended the
dichotomy to include all algebraic complex weights. The criterion for the unweighted
#CSP dichotomy is known to be decidable [50] and this carries through to non-negative
rational weights and non-negative algebraic weights [24]. Decidability is currently open
for the complex case.

Much less is known about the complexity of approximately solving #CSP(F). Prior
to this work, there were no known complexity classifications for approximately solving
#CSP(F) for the case in which the domain D is not Boolean. Thus, this is the problem
that we address in this chapter. Our main result (Theorem below) is a complexity
classification for the conservative case (where all unary weights are contained in F). Here

is an informal description of the result.

o If F is “weakly log-modular” (a concept we define below) then, for any finite G C F,
#CSP(G) is in FP.

e Otherwise, there is a finite G C F such that #CSP(G) is at least as hard to

approximate as #BIS. Furthermore,

— if F is “weakly log-supermodular” (again, defined below) then, for any finite
G C F, there is a finite set G’ of log-supermodular functions on the Boolean
domain such that #CSP(G) is as easy to approximate as #CSP(G’);

— otherwise, there is a finite G C F such that #CSP(G) is as hard to approximate
as #SAT.

Informally, F is weakly log-supermodular if, for every binary function F' that can
be expressed using functions in F, every projection of F' onto two domain elements is

log-supermodular (see Definition [6.3). Thus, in some sense, our result shows that all
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the difficulty of approximating conservative weighted constraint satisfaction problems
arises in the Boolean case. Even when the domain D is larger, approximations which are
#SAT-equivalent are #SAT-equivalent precisely because of intractable Boolean problems
which arise as sub-problems.

In addition to the complexity classifications described above (FP versus #BIS-hard
and “as easy as a Boolean log-supermodular problem” versus #SAT-equivalent) we also

give a full trichotomy for the binary case (i.e., where all functions in F have arity 1 or 2).
e If F is weakly log-modular then, for any finite G C F, #CSP(G) is in FP.
e Otherwise, if F is weakly log-supermodular, then

— for every finite G C F, #CSP(G) is as easy to approximate as #BIS and
— there is a finite G C F such that #CSP(G) is as hard to approximate as #BIS.

e Otherwise, there is a finite G C F such that #CSP(G) is as hard to approximate
as #SAT.

The final section of this chapter discusses the algorithmic aspects of our classification
for the case in which F is the union of a finite, weighted constraint language H and the
set of all unary functions. In particular, we give an algorithm that takes H as input and

correctly makes one of the following deductions:
1. #CSP(G) is in FP for every finite G C F;
2. #CSP(G) is LSM-easy for every finite G C F and #BIS-hard for some such G;
3. #CSP(G) is #BIS-easy for every finite G C F and #BIS-equivalent for some such G;
4. #CSP(G) is #SAT-easy for all finite G C F and #SAT-equivalent for some such G.

Further, if every function in #H has arity at most 2, the output is not deduction [2]

6.1.1 Previous work

The first contribution of this chapter is to show that, if F is weakly log-modular then,
for any finite G C F, #CSP(G) is in FP. Otherwise, there is a finite G C F for which
#CSP(G) is at least as hard to approximate as #BIS. We also show that, if F is not
weakly log-supermodular, then there is a finite G C F, such that #CSP(G) is #SAT-
hard. This work is presented in Sections [6.2] and [6.3] below and builds on two strands of

previous work.

e The hardness results build on the approximation classification in the Boolean

case [22] and, in particular, on the key role played by log-supermodular functions.

e The easiness results build on the classification of the exact evaluation of #CSP(F)

in the general case [24], and in particular on the key role played by “balance”.
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The second contribution of this chapter is to show that, if F is weakly log-supermodular,
then, for any finite G C F, there is a finite set G’ of log-supermodular functions on the
Boolean domain such that #CSP(G) is as easy to approximate as #CSP(G’). This builds
on three key studies of the complexity of optimisation CSPs by Takhanov [94], 05], Cohen,
Cooper and Jeavons [35] and Kolmogorov and Zivny [77, [78]. In all three cases, we use
their arguments and ideas, and not merely their results. Thus, we delve into these three
papers in some detail.

Our final contribution is the trichotomy for the binary case. This relies additionally on

work of Rudolf and Woeginger [88] on decomposing matrices known as Monge matrices.

6.1.2 Proof outline

The previous section described each part of the classification, and where we use previous
results. Here is an outline of how the these previous results are used.

The hardness results follow quickly from the Boolean case; weak log-modularity and
weak log-supermodularity are conditions about Boolean subdomains, and we can pick
out these problems using unary functions. If a conservative constraint language F is
not weakly log-modular the classification in [22] easily gives a reduction from #BIS to
#CSP(G) for some finite G C F; and if F instead fails to be weakly log-supermodular,
we get a reduction from #SAT (Theorem [6.7)).

For the polynomial-time tractability result we show that if F is weakly log-modular
then it satisfies the balance condition in [24], giving a polynomial-time algorithm for
#CSP(G) for each finite subset G C F. Indeed if F is not balanced, by definition of
balance there is a pps-formula witnessing that F is not balanced; we show that this
witness can be modified using unary functions to produce a witness that F is not weakly
log-modular. (Theorem [6.12])

For the second contribution we need to show that if F is weakly log-supermodular
then we can reduce #CSP(G) to #CSP(G’) for some finite set F' of log-supermodular
functions on the Boolean domain. Here we use a connection to optimisation. We show
that if a (translated version of) a constraint language F does not satisfy the tractability
condition of Kolmogorov and Zivny’s result, then F is not weakly log-supermodular
(Lemma [6.27). The proof of this uses the following trick. By repeating constraints k
times for large k£, most of the contribution to the partition function comes from the

highest weight configurations:

m 1/k .
(ZHFi(Y)k> - m;}XHFi(Y) as k — oo.

y =1 =1

The expression on the right can then be translated into an instance of the optimisation
problems studied by Kolmogorov and Zivny.
Next, where Kolmogorov and Zivny reduce to submodular function minimisation

problems, we argue that essentially the same transformation reduces #CSPs to a problem
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of the form #CSP(G’) where G’ are log-supermodular functions on the Boolean domain,
as required. (See Lemma [6.41] )

The Monge matrix decomposition then allows us to transform the #CSP(G) into an
even more special form, using only Boolean log-supermodular functions of arity 2. This
gives a reduction to #BIS. (See Lemma [6.42])

We get an algorithmic classification carefully applying the decidability results from
the classifications we use. One complication here is that conservative constraint languages
are infinite. We prove that it suffices to check a certain finite subset. (See Lemma

6.1.3 Preliminaries and statement of results

Let D be a finite domain with |D| > 2. It will be convenient to refer to the set
Funcg (D, R) of all functions D¥ — R for some codomain R, and the set Func(D, R) =
Ure o Funcg (D, R). Let EQ be the binary equality function defined by EQ(z,z) = 1 and
EQ(z,y) = 0 for x # y. When D = {0, 1}, we called this EQ, in Section Recall
that we also defined NEQ = {(0,1), (1,0)}; this can be considered as a weight-function
in Funcy({0,1},{0,1}).

This chapter uses a slightly different definition of #CSP(F) from Section in
terms of atomic formulas and pps-formulas. The following definitions are from [22]. Let
F be a subset of Func(D, R). Let V = {v1,...,v,} be a set of variables. An atomic
formula has the form ¢ = G(vj,,...,v;,) where G € F, a = a(G) is the arity of G,

and (vj,, iy, ..., v;,) € V®is called a “scope”. Note that repeated variables are allowed.
The function F,: D™ — R represented by the atomic formula ¢ = G(v;,...,v;,) is
just Fo(x) = G(x(vi,), - .,%x(vs,)), where x: {vy,...,v,} = D is an assignment to the

variables. To simplify the notation, we write z; = x(v;) so
Fo(x) = G(xiy, .-, x4, )-

A pps-formula (“primitive product summation formula”) is a finite summation of a fi-

nite product of atomic formulas. A pps-formula ¢ over F in variables V' = {v1, ..., vpyk}

Y= Z ﬁ@j,

Un+15--3Un+k ]:1

has the form

where ¢; are all atomic formulas over F in the variables V. (The variables V are free,
and the others, V/\ V, are bound.) The formula v specifies a function Fy,: D" — R in
the following way:
m
F¢(X) = Z H Fng(va)a

yeDk j=1
where x and y are assignments x: {v1,...,v,} = D and y: {vyt1,...,054%} — D. The
functional clone (F)y generated by F is the set of all functions that can be represented
by a pps-formula over F U {EQ}. Crucially, ((F)4x)x = (F)% [22, Lemma 1]; we will
rely on this transitivity property implicitly.
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Definition 6.1. A weighted constraint language F is conservative if Up C F, where
Z/fD = Funcl(D, on).

Definition 6.2. A weighted constraint language F is weakly log-modular if, for all binary
functions F' € (F)4 and elements a,b € D,

) = F(a,b)F(b,a), or
b,b) =0, or
F(a,b) = F(b,a) = 0. (6.1)

F(a,a)F(b,b
(

Definition 6.3. F is weakly log-supermodular if, for all binary functions F' € (F)y and

elements a,b € D,
F(a,a)F(b,b) > F(a,b)F(b,a) or F(a,a)= F(bb)=0. (6.2)

Recall the definitions of log-supermodular functions and LSM from Section [1.5.5] It
is known [22, Lemma 7] that (LSM), = LSM.
The definition of #CSP(F) used in this chapter is as follows.

Name. #CSP(F).

Instance. A pps-formula 1 consisting of a product of m atomic F-formulas over n free
variables x. (Thus, ¥ has no bound variables.)

Output. The value ) _p. Fyy(x) where Fy, is the function defined by ).

As in [22] (and other works) we take the size of a #CSP(F) instance to be n + m,
where n is the number of (free) variables and m is the number of weighted constraints
(atomic formulas). In unweighted versions of CSP and #CSP, we can just use n as the
size of an instance, since the number of constraints can be bounded by a polynomial
in the number of variables. However, in weighted cases, the multiplicity of constraints
matters so we cannot bound m in terms of n. In this chapter, we typically denote an
instance of #CSP(F) by I and the output by Z(I).

The notion of pps-definability described earlier is closely related to AP-reductions.
In particular, [22 Lemma 17| shows that G € (F)4 implies that #CSP(F,G) <ap
#CSP(F). We will use this fact without comment.

We say that a counting problem #X is #Y-easy if #X <ap #Y and that it is #Y-
hard if #Y <ap #X. A problem #X is LSM-easy if there is a finite, weighted constraint
language F C LSM such that #X <ap #CSP(F).

We now state our main theorem. Note that we have only defined the problem

#CSP(F) for finite languages whereas conservative languages are, by definition, infinite.

Theorem 6.4. Let F be a conservative weighted constraint language taking values in

Q>o0.

1. If F is weakly log-modular then #CSP(G) is in FP for every finite G C F.
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2. If F is weakly log-supermodular but not weakly log-modular, then #CSP(G) is LSM-
easy for every finite G C F and #BIS-hard for some such G.

8. If F is weakly log-supermodular but not weakly log-modular and consists of functions
of arity at most two, then #CSP(G) is #BIS-easy for every finite G C F and #BIS-

equivalent for some such G.

4. If F is not weakly log-supermodular, then #CSP(G) is #SAT-easy for every finite
G C F and #SAT -equivalent for some such G.

In particular, among conservative #CSPs, there are no new complexity classes be-
low #BIS or above LSM; furthermore there is a trichotomy for conservative weighted
constraint languages with no functions of arity greater than two.

The #BIS-hardness and #SAT-equivalence are proved in Section where they are
restated as Theorem The membership in FP is established as Theorem at the
end of Section LSM-easiness and #BIS-easiness are established by Theorem [6.43] at
the end of Section Algorithmic aspects are discussed in Section

6.2 Hardness results

Our hardness results use the following result from [22], which we stated before as Propo-

sition 5.8 but which we can now state in terms of functional clones:

Lemma 6.5. [22, Theorem 18] Let F be a finite, weighted constraint language with
D ={0,1}.

o If F C (NEQ,Ujp1y)4 then, for any finite S C U1y, #CSP(F U S) has an
FPRAS.

o If F ¢ (NEQ,Uso1y)#, then there is a finite S C Uyg 1y such that #CSP(F U S) is
#BIS-hard.

o If F ¢ (NEQ,Usp1y)4 and F ¢ LSM, then there is a finite S C Uyg 1y such that
#CSP(F U S) is #SAT-hard.

(As in Proposition we restrict to rationals for simplicity. This is justified because
the relevant constructions in [22] only use field operations.)

In fact we will only use the following special case of Lemma [6.5]
Lemma 6.6. [22, Theorem 18] Let F' be a function in Funca({0,1}, Q>o).

o If ¢ (NEQ,Uso1y)4 then {F} Ul 1y is #BIS-hard.

o If ¢ (NEQ,Uo,1y)4 ULSM then {F'} Ul 1y is #SAT-hard.

Our hardness results now follow from Lemma
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Theorem 6.7. Let F be a conservative weighted constraint language taking values in
Q>0.

o If F is not weakly log-modular, there is a finite G C F such that #CSP(G) is
#BIS-hard.

o [f F is not weakly log-supermodular, there is a finite G C F such that #CSP(G) is
#SAT -hard.

e For all finite G C F, #CSP(G) is #SAT -easy.

Proof. First, we establish the hardness results.

Suppose that F is not weakly log-modular. Let H € (F)4 be a function violating
and let a and b be the relevant domain elements, which must be distinct. Let
¢: {0,1} = D be a unary function with ¢(0) = a and ¢(1) = b. Define H,: {0,1}* —
Q>0 by Hy(z,y) = H(p(x), ¢(y)). The following three equations must all fail to hold:

Hsﬂ(ov O)Htp(l? 1) = Hw(ov l)HSD(lv 0)
H,(0,0) = Hy(1,1) = 0
H,(0,1) = Hy(1,0) = 0.

By [22, Remark 14], every binary function in (NEQ,Uj 1y)# has one of three forms:
Ui(z)Us(y), U(z)EQ(z,y) or U(z)NEQ(z,y). Therefore, H, ¢ (NEQ,Ujo1y)%- By
Lemmathere is a finite set S C Uyg 1y such that #BIS <xp #CSP(H,, S).

For each U € Uy 1y, define U,-1 € Up by

U©) ifx=a,
Up-1(r) =< U(1) ifx=0,

0 otherwise.

Let E(0) = E(1) = 1 so that E,-1 is the characteristic function of {a,b} C D. Let
S§'={U,-1 |U € SU{E}}. Note that {H} US" C (F,Up)4 is finite.

We describe a reduction from #CSP(H,, S) to #CSP(H, S’). Given an instance I of
#CSP(H,, S), replace each use of H, by H, and each use of U € S by U,-1 € 5, and
introduce an atomic formula E,-1(v) for each variable v, to obtain a new instance I’ of
#CSP(H, S") with Z(I) = Z(I'). Thus #CSP(H, S’) is #BIS-hard.

A similar argument shows that F is #SAT-hard if it is not weakly log-supermodular.
In this case, we start with a function H € (F)4 violating on the elements a,b € D.
Defining ¢ and H, as above, we find that H, ¢ LSM. Since H also violates on a,b,
the argument above establishes H, ¢ (NEQ,Uo 1})%. By Lemma there is a finite
set S C Uyo,1y such that #SAT <ap #CSP(H,, S). We then proceed as before.

#SAT-casiness follows from the construction in Section 3 of [46], which shows that
any problem in #P is #SAT-easy. The weighted counting CSPs that we deal with here
are equivalent, by [20], to unweighted ones, which are in #P. O
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6.3 Balance and weak log-modularity

In this section we show that weak log-modularity implies tractability, by showing that
every weakly log-modular weighted constraint language is balanced in the following sense.

We may associate a matrix M with an undirected bipartite graph Gng whose vertex
partition consists of the set of rows R and columns C of M. A pair (r,c) € R x C is
an edge of G if, and only if, M,.. # 0. A block of M is a submatrix whose rows and
columns form a connected component in Gng. M has block-rank 1 if all its blocks have
rank 1.

We say that a weighted constraint language F is balanced |24] if, for every function
F(z1,...,7,) € (F)y with arity n > 2, and every k with 0 < k < n, the |D[*¥ x |D|*~*
matrix F((x1,...,2k), (Tk41,...,Tyn)) has block-rank 1. (This notion reduces to Dyer
and Richerby’s notion of “strong balance”[50] in the unweighted case.)

A function F': {0,1}" — R has rank 1 if it has the form F(x1,...,zx) = Ur(z1) - - - Ug ().

We associate with any function F': {0,1}? — R, the matrix My € R%*2 defined by
(Mp)ij = F(i, j).

Lemma 6.8. Let M € R¥*. Let F: {0,1}F > R. Let T € Réff be non-singular.

1. A 2 x 2 matriz M has block-rank 1 if and only if it has rank 1 or it has at most
two non-zero entries. F: {0,1}2 — R has rank 1 if and only if det Mp = 0.

2. M has block-rank 1 if and only if the matrix
NM,u,u’,v,v’ = (

has block-rank 1 for every u,u’,v,v'.

3. (Topkis’s theorem) If F is strictly positive and not of rank 1, there is a function
F': {0,1}2 = R of the following form that is not of rank 1.

F'(xs,25) = F(C1,. -, Ci1, Tiy Cigdy - -5 Gl Ty Gy - - - 5 Ck)-
Here 1 <1< j <k, and each c; is a fived element of {0,1}.

4. F has rank 1 if and only if T®*F has rank 1.

Proof. 1. A 2 x 2 matrix that has block-rank 1 either has rank 1 or is diagonal or anti-
diagonal so has two zeroes. Conversely, a matrix that has rank 1 has no submatrix
whose rank exceeds 1, so has block-rank 1. A matrix with two or more zeroes has

no 2 x 2 block so can only have blocks of rank 1.

For the second statement, if F' has rank 1 then there are unary functions Uy and
Ui so that F(z,y) = Up(x)Ui(y), which implies that det Mp = 0. Going the other
way, if F' is identically 0 then it has rank 1. Otherwise, suppose F(i,j) # O.
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Let Up(z) = F(x,j) and Ui(y) = F(i,y)/F(i,7). If det Mp = 0 then F(z,y) =
Uo(2)Ui(y), so F has rank 1.

2. |50, Lemma 38|.

3. Say that a strictly positive function F' is log-modular if f =log F' is modular: that
is, F(x Vy)F(x ANy) = F(x)F(y) for all x,y € {0,1}*. A modular function is an
affine map (see for example [I1, Proposition 24]), so a strictly positive log-modular
function is a product of unary functions, so it has rank 1. The result is then
Topkis’s theorem [96] in the form stated in |22, Lemma §].

4. If F is of the form Uj(x1) - - - Up(xy) then
(T®"F)(x1, ..., 2,) = (T®'U) (1) - - (T®'U,) (2n)

The reverse implication follows from (T 1)®"T®"F = F where T~! is the matrix

inverse of T'.

O

A function F': D™ — Qx> is essentially pseudo-Boolean if its support is contained in
aset Dy x --- x D, with |Dq|,...,|Dy| < 2. The projection of a relation R C D™ onto
indices 1 < 4 < j < n is the set of pairs (a,b) € D? such that there exists x € R with
z; = a and x; = b. A generalised NEQ is a relation of the form {(z;,x;), (yi,y;)} C D?

for some x; # y; and x; # y;.

Lemma 6.9. Let F': D™ — Qx>¢ be an essentially pseudo-Boolean function which is not
of rank 1, and assume that no binary projection of the support of F is a generalised NEQ.
Then {F} UUp is not weakly log-modular.

Proof. Let the support of F' be contained in Dy X --- x D,, where |D;| = 2 for all i.
Choose bijections p;: {0,1} = D; for each 1 <1 < n. Define F,: {0,1}" — Qx¢ by

Fy(x1,...,2n) = F(p1(21),. .., pn(zn))

for all z1,...,2, € {0,1}. Let T = (2 1) and note that T®"F), is strictly positive. Since
F'is not of rank 1, F), is not of rank 1, so by Lemma part , T*"F, is not of rank 1.
By Lemma part , there is a function B: {0,1}? — Qx¢ of the following form that

is not of rank 1.
— (T®n
B(:Ei,.%'j) = (T Fp)(cl, B ¢ R 2 PR AN PIIRIPY 67 i PR 7 PR &7 B PRI ,Cn).

For all indices k € {1,...,n}\ {¢,7}, define Uy € Up by Uk(pr(zk)) = Tepa, for all
zj, € {0,1}, and U(2) = 0if z ¢ Dy. Define G, H: D* = Qg and Gy, ;. Hp, - {0,1}* —
Q>0 as follows. Note in these definitions that 7 and j are fixed, but p; and p; are used as

subscripts in the name of some of the functions as a reminder of the bijections that are
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being applied to the inputs. Thus, in H), ,,, the bijection p; is applied to both arguments,
even though the function depends on both ¢ and j.

ki,
G pip;(Tis ) = Z H Tepwn | Folz1,... zp) for all x;,x; € {0,1}
k#i,j
H(y ") =) G y)Gy"y) for all y,y" € D
yeD
H,, (2 2") = Z Gy, (2 2)Gy, (2, 1) for all 2/, 2" € {0,1}
z€{0,1}
where the first sum is over all y1,..., %1, %i+1,---,Yj—1,Yj+1,- - -, Yn € D and the second
sum is over all x1,...,Zi—1, Tit1,. .., Tj—1,Tjs1,. .., Tn € {0,1}.

Note that My, , = Mg,, ,. MtG%pj =T IMp(T=)'T=1ML(T1)t where t denotes
transpose. Taking determinants and applying Lemmapart this implies that H,, ,,
is not of rank 1. Also, since T' is strictly positive, the support of Gy, ,; is the binary
projection of the support of F, onto i and j which, by assumption, is not NEQ or EQ.
Hence H), ,, is strictly positive but not of rank 1. Again using Lemma part we
see that H is a witness that {F'} UUp is not weakly log-modular. O

Lemma 6.10. Every conservative weakly log-modular weighted constraint language is

balanced.

Proof. Let F be a conservative weighted constraint language that is not balanced. We
will show that F is not weakly log-modular.
By the definition of balance, there is a function F' € (F

~

4 of arity n and a partition
x = (u,Vv) of its n variables, such that the matrix F'(u,v) is not of block-rank 1. By
Lemma, part there is a two-by-two submatrix N = Npy uvv that is not of
block-rank 1.

Construct an essentially pseudo-Boolean function G from F as follows. For all 1 <
i <nlet U € Up)y C (F)u be the indicator function of D1 x D; x D"~% where
D; = {u;,u}} for all 1 <4 < k and D; = {v;,v}} for all k < ¢ <n. Let G = F[[;_, U;.
Then Ng uw,v,v = N is not of block-rank 1, and G is essentially pseudo-Boolean.

~—

If the binary projection of the support of G onto two indices i, j is a generalised NEQ
{(xi,xj), (yi,y;)}, construct (G, p(u), p(v’), p(v), p(v')) from (G, u,u’,v,v’) as follows.
Let p: D™ — D™~ ! be the projection operator sending X to 1, ..., Zi_1, Tit1,- ., T, and
let G'(x) = > ,(x)=x G(X') for all x € D"~ L Note that, for all x € D", G(x) # G'(p(x))
implies that G(x) = 0 because G(x) = 0 unless ; # z;. Note that N has at least
three non-zero entries by Lemma part . So the corresponding three pairs out of
(0, v)i, (0, v);), ((0,v);, (u,v");), (0, v);, (0, v);), and ((u,v');, (u,v");) must each

be either (z;,z;) or (y;,y;). But then the fourth pair must also be (x;,2;) or (ys,y;),
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which implies that Ngi ) pu),p(v),p(v) = N- Also, G’ is essentially pseudo-Boolean,
and G’ is obtained by summing the i’th variable, so G’ € (G) 4.

Repeating this process if necessary, we obtain (G, x, %', y,y’) such that G’ is an essen-
tially pseudo-Boolean function in (F,Up)x = (F)4 and none of the binary projections
of the support of G’ is a generalised NEQ, and Ng/x xy y is not of block-rank 1. So, in
particular, G’ is not of rank 1. By Lemma {G'} UlUp is not weakly log-modular, so
(F)4 is not weakly log-modular. O

We now return to Theorem [6.4] and prove the tractable case. The proof relies on an

important theorem of Cai, Chen and Lu about the complexity of exact evaluation.

Lemma 6.11. [2]] Let F be a finite, weighted constraint language taking non-negative
algebraic real values. If F is balanced, then #CSP(F) is in FP, and otherwise #CSP(F)
18 #P-hard.

Theorem 6.12. Let F be a conservative weighted constraint language taking values in
Q>0. If F is weakly log-modular then, for any finite G C F, #CSP(G) € FP.

Proof. By Lemma F is balanced. Hence, every finite G C F is balanced, which
implies that #CSP(G) is in FP by Lemma O

6.4 Valued clones, valued CSPs and relational clones

To define valued clones, we use the same set-up as Section [6.1.3] except that summation
is replaced by minimisation and product is replaced by sum. Let D be a finite domain
with |D| > 2 and let R be a codomain with {0, 00} C R, where co obeys the following
rules for all z € R: x + 00 = 00, x < oo and min{z,00} = x. Let ® be a subset of
Func(D, R) and let V' = {vi,...,v,} be a set of variables. For each atomic formula
¢ = G(vj,,...,v;,) we use the notation f, to denote the function represented by ¢, so

fo(x) =Gz, ..., z;,).

A psm-formula (“primitive sum minimisation formula”) is a minimisation of a sum of

atomic formulas. A psm-formula ¢ over ® in variables V' = {vy,...,v,1x} has the form
m
= min ngj, (6.3)

where ¢; are all atomic formulas over @ in the variables V. The formula ¢ specifies a

function fy,: D™ — R in the following way:

= min Zf% X,y), (6.4)

yED’“

where x and y are assignments x: {v1,...,v,} = D and y: {vp41,..., Uk} — D.
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The valued clone (®)y generated by ® is the set of all functions that can be represented
by a psm-formula over ® U {eq}, where eq is the binary equality function on D given by
eq(z,z) =0 and eq(z,y) = oo for z # y.

We next introduce valued constraint satisfaction problems (VCSPs), which are op-
timisation problems. In the work of Kolmogorov and Zivny [77], the codomain is
R = Q>0 U {oo}. For reasons which will be clear below, it is useful for us to extend
the codomain to include irrational numbers. This will not cause problems because, with
the exception of Theorem [6.33] we use only formal calculations from their papers, not
complexity results. For Theorem [6.33] we avoid irrational numbers and, in fact, restrict
to cost functions taking values in {0, 00} C R. Furthermore, all the real numbers we use
are either rationals or their logarithms so are efficiently computable.

Let R>op = R>o U {00} be the set of non-negative real numbers together with oo.

Definition 6.13. A cost function is a function DF — R>¢. A wvalued constraint language

is a set of cost functions ® C Func(D, Rx).

Given a valued constraint language ®, VCSP(®) is the problem of taking an instance
1, a psm-formula consisting of a sum of m atomic ®-formulas over n free variables x and
computing the value

minCost(v) = min fu(x),

where fy, is the function defined by ).

We typically use the notation of Kolmogorov and Zivny. An instance is usually
denoted by the letter I. In this case, we use f; to denote the function specified by
the psm-formula corresponding to instance I, so the value of the instance is denoted
by minCost(I). The psm-formula corresponding to I is a sum of atomic formulas (since
all of the variables are free variables). We refer to each of these atomic formulas as a
valued constraint and we represent these by the multiset T of all valued constraints in the
instance I. For each valued constraint ¢ € T' we use k; to denote its arity, f; to denote the
function represented by the corresponding atomic formula, and oy to denote its scope,
which is given as a tuple (i(t,1),...,4(t, k¢)) € {1,...,n}* containing the indices of the

variables in the scope. Thus,

fI(X) = Z ft(ﬂfi(t,l)y e 7xi(t,kt)) . (6-5)
teT
For convenience, we use x[oy| as an abbreviation for the tuple (z;¢ 1), .-, Tigk,)). In

this abbreviated notation, the function defined by instance I may be written fr(x) =

2ter fi(X[ot]).
Now, let [0,1]g = [0,1] N Q. For reasons which will be clear below, it will be useful

to work with weight functions in Func(D, [0, 1]g). For such a weight function F', let the
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cost function ¢(F) € Func(D,R>g) be the function defined by

(U(F)) () = —In F(x) %f F(x)>0
00 if F(x)=0.

For example, /(EQ) = eq. For a weighted constraint language F C Func(D, [0,1]g), let
¢(F) be the valued constraint language defined by ¢(F) = {{(F) | F € F}.

There is a natural bijection between instances of #CSP(F) and VCSP(¢(F)), ob-
tained by replacing each function F; in the former by the function f; = ¢(F};) in the
latter, keeping the scopes unchanged. Note that fr(x) = —In Fr(x), for any assign-

ment x, with the convention —In0 = oo.

Definition 6.14. A valued constraint language is conservative if it contains all arity-1

cost functions D — Rxg.

The mapping F + ¢(F) from Func(D, [0,1]g) to Func(D, Rx¢) is not surjective be-
cause there are real numbers that are not the logarithm of any rational. For the same rea-
son, the valued constraint language ¢(F) is not conservative (for any weighted constraint
language F). Finally, note that we have only defined ¢(F') for F' € Func(D, [0,1]g). The
obvious extension to F' € Func(D,Q>¢) would produce negative-valued cost functions

and we wish to avoid this since Kolmogorov and Zivny [77] do not allow it.
Definition 6.15. A cost function is crisp [36] if f(x) € {0, 00} for all x.

Definition 6.16. For any cost function f, let Feas(f) be the relation defined by Feas(f) =
{x [ f(x) < oo}

Thus, any cost function f can be associated with its underlying relation. Similarly,
we can represent any relation by a crisp cost function f for which f(x) = 0 if and only
if x is in the relation. A crisp constraint language is a set of relations, which we always
represent as crisp cost functions, not as functions with codomain {0,1}. For a valued

constraint language ®, the crisp constraint language Feas(®) is given by Feas(®) =

{Feas(f) | f € ®}.

Definition 6.17. A crisp constraint language is conservative if it includes all arity-1

relations.

A relational clone is simply a crisp constraint language Feas({®)y) for a valued

constraint language .
Lemma 6.18. Suppose ® C Func(D,R>(). Then (Feas(®))y = Feas((®)y).

Proof. The mapping p: R>g — {0,00} defined by p(co) = oo and p(z) = 0, for all

x < 00, is a homomorphism of semirings, from (R>q, min, +) to ({0, 00}, min, +). O
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6.5 STP/MJN multimorphisms and weak log-supermodularity

In [77, Corollary 12|, Kolmogorov and Zivny give a tractability criterion for conservative
VCSPs. In particular, they show that the VCSP associated with a conservative valued
constraint language @ is tractable iff ® has an STP/MJN multimorphism.

We define STP/MJN multimorphisms below. In this section, we show (see Theo-
rem below) that, if a weighted constraint language F € Func(D, [0, 1]g) is weakly
log-supermodular, then the corresponding valued constraint language ¢(F) has an STP/MJN
multimorphism. In Section this will enable us to use such a multimorphism (via the
work of Kolmogorov and Zivny[77] and Cohen, Cooper and Jeavons [35]) to prove #BIS-
easiness and LSM-easiness of the weighted counting CSP.

Our proof of Theoremrelies on work by Kolmogorov and Zivny [77] and Takhanov [94].
We start with some general definitions. Most of these are from [77], but some care is

required since some of the definitions in [77] differ from those in [35].

Definition 6.19. A k-ary operation on D is a function from D* to D. An operation

on D is a k-ary operation, for some k.
We drop the “on D” when the domain D is clear from the context.

Definition 6.20. A k-tuple (p1,..., px) of k-ary operations pi, ..., pi is conservative if,
for every tuple x = (z1,...,xx) € D¥ the multisets {{z1,...,zx}} and {{p1(x),..., pr(x)}}

are equal.

Note that we have now defined conservative operations and conservative constraint
languages (weighted, valued and crisp). There are connections between these notions of

“conservative” but we do not need these here.

Definition 6.21. (p1,..., px) is a multimorphism of an arity-r cost function f if, for all
x% ..., x* € D", we have:
k k
Zf(pl(x%v R 7I’f>7 s 7pi(x71°7 R 7$1’f>) < Zf(xl)
i=1 =1
Definition 6.22. (p1,...,px) is a multimorphism of a valued constraint language ® if

it is a multimorphism of every f € ®.
These definitions imply the following.

Observation 1. If (p1, ..., px) is conservative, then it is a multimorphism of every unary

cost function f.

Definition 6.23. Suppose M C D2 A pair (I,U) of binary operations is a symmetric
tournament pair (STP) on M if it is conservative and both operations are commutative
on M. We say that it is an STP if it is an STP on D2
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Definition 6.24. Suppose M C D2 A triple (Mj1,Mj2,Mn3) of ternary operations is
an MJN on M if it is conservative and, for all triples (a,b,c) € D? with {{a,b,c}} =
{{z,x,y}} where x and y are distinct and (x,y) € M, we have Mj1(a,b,c) = Mj2(a,b,c) =
x and Mn3(a,b,c) = y.

Definition 6.25. An STP/MJN multimorphism of a valued constraint language ® con-
sists of a pair of operations (1,L) and a triple of operations (Mj1,Mj2,Mn3), both of

which are multimorphisms of ®, for which, for some symmetric subset M of D? (I, L)
is an STP on M and (Mj1,Mj2,Mn3) is an MJN on {(a,b) € D*\ M | a # b}.

Definition 6.26. ® C Func(D,R>q) is weakly submodular if, for all binary functions
f € (®)y and elements a,b € D,

fla,a) + f(b,b) < f(a,b) + f(bya) or f(a,a)= f(b,b) = 0. (6.6)

Note that the definition of weak submodularity for cost functions is a restatement of
Kolmogorov and Zivny’s “Assumption 3”. It is not trivial that weak log-supermodularity
for F is related to weak submodularity for ¢(F). Expressibility for VCSP is different
from expressibility for #CSP and, specifically, we cannot expect (((F))y = £((F)4) to

hold in general. However, the following is suitable for our purposes.

Lemma 6.27. Suppose F C Func(D,[0,1]g) and let ® = ((F). If F is weakly log-

supermodular then ® is weakly submodular.

Proof. We prove the contrapositive. Suppose f € (®)y is a binary function that witnesses
the fact that ® is not weakly submodular according to Definition specifically,

fla,a) + f(b,b) > f(a,b) + f(b,a) and min{f(a,a), f(b,b)} < oo.
Since f € (®)y, we may express f in the form
f(x) =ming(x,y) = min} _gi(x,y),
i=1
where the g; € ® are atomic. For k € N, define

FO ) =Y T[Gix )",
y =1
where each G; is such that g; = £(G;). Note that F(*) € (F), and

F®) (x)/k maXHGi(x,y), as k — oo.
Y 1=1
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Now
g [ Gix.9) = e (- > o )
= exp < —min Y _ gi(x, y)>
Y =1
= exp(—f(x))
and

exp(—f(a, CL)) exp(—f(b, b)) < exp(—f(a, b)) exp(—f(b, a))
Thus F(a,a)F(b,b) < F(a,b)F(b,a) where F = F®*) for some sufficiently large k. Also,
min{ f(a,a), f(b,b)} < oo implies that max{F(a,a), F(b,b)} > 0. These properties of F’
imply that F is not weakly log-supermodular, according to Definition [6.3] O

Let ' be a crisp constraint language. A majority polymorphism of I' is a ternary
operation p such that p(a,a,b) = p(a,b,a) = p(b,a,a) = a for all a,b € D and for all

arity-k relations R € I" we have

X,y,z € R = (p(x17y1721>7 R 7p(xk7yk7zk)) € R.

Let N(a,b,c,d) be the relation {(a,c), (b,c), (a,d)}. The existence of such a relation
in (I')y indicates that I' is not “strongly balanced” in the terminology of [50]. Note that,
on the Boolean domain, N(0,1,0,1) is NAND.

Theorem 6.28. (Takhanov) Let T be a conservative relational clone with domain D. At

least ome of the following holds.
e There are distinct a,b € D such that N(a,b,a,b) € T.
e There are distinct a,b € D such that {(a,a,a),(a,b,b), (b, a,b), (b,b,a)} €T.

e For some k > 1, there are ag, ..., as,bo,...,bop € D such that, for each 0 < i <
2k, a; # b; and, for each 0 < i <2k —1,

N(ai, b, ait1,biv1) € I and N(agg, bag, ao, bo) € T

e I' has a majority polymorphism.

Proof. This formulation is essentially [94] Theorem 9.1] except for the last bullet point.
As stated in the proof of that theorem, the first two conditions both fail if and only if
the “necessary local conditions” [94), Definition 3.5] hold. Unfortunately for us, Takhanov
uses the term “functional clone” differently to how we use it, so the reader will need to
take this into account to understand the local conditions. However, we do not need the
detail, here. Takhanov’s proof of the NP-hard case of his Theorem 3.7 (at the end of his

Section 4) shows the following: Given the necessary local conditions, the third condition
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fails only if a certain graph TF is bipartite. If Tr is bipartite then [94, Theorem 5.5]

establishes a majority polymorphism. O

Lemma 6.29. If ® C Func(D,R>g) is conservative and weakly submodular, T' = (Feas(®))y

has a magjority polymorphism.

Proof. Since ® is conservative (Definition [6.14)), so is I' (Definition [6.17). We will now
show that the first three bullets of Theorem [6.28 contradict the premise of the lemma,
so the fourth must hold.

The first bullet-point is easily ruled out. Suppose the given relation is in I. By
Lemma[6.18] there is a binary function f € (®)y such that Feas(f) = N(a,b,a,b). This
function has f(b,b) = oo and f(a,a), f(a,b), f(b,a) < co, and hence violates (6.6]).

For the second bullet-point, by Lemma we have a 3-place function g € (®)y
which is finite precisely on {(a, a,a), (a,b,b),(b,a,b), (b,b, a)}. Now let M be a suffi-

ciently large constant and let u be the unary function defined by

M if z =a,
w(z) =40 ifz=0,

oo otherwise.

Let
f(z,y) = min{g(z,y, 2) + u(2)}.
z€D

Then f(a,a) = M + g(a,a,a), f(b,b) = M + g(b,b,a), f(a,b) = g(a,b,b) and f(b,a) =
g(b,a,b). Clearly, f violates for sufficiently large M.

Finally, let us consider the third bullet-point. By Lemma [6.18 we have binary func-
tions go, g1, - - ., g2k € (®)y where the underlying relation of g; is N(a;, b, a;41,b;4+1) for
0 < i < 2k and the underlying relation of gof is N (asg, bok, ag, bp). Define

f(z,y) = min {go(z, 20) + uo(20) + g1(20, 21) + w1 (21) +

o ugk—1(2or—1) + g2k (22k-1,¥) | (20, ..., 220-1) € D%},

where u;(a;) = M, u;(b;) =0, and w;(z) = oo if z ¢ {a;,b;}. Note that f(ag,ao) > kM,
f(bo,bo) > (k+ 1)M and f(ag,bo), f(bo,a0) < kM + (2k + 1)m, where m is the largest
finite value taken by any of gg, ..., gor. So f violates for sufficiently large M.

So we are left with the remaining possibility that ' has a majority polymorphism. [
We can now prove the main result of this section.

Theorem 6.30. Let F be a weighted constraint language such that Funcy (D, [0,1]g) C
F C Func(D,[0,1]g). If F is weakly log-supermodular then ((F) has an STP/MJN

multimorphism.
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Proof. Let ® = £(F) U Funcy (D, R>(). We will show that ® has an STP/MJN multi-
morphism. By Definitions and this is also an STP/MJN multimorphism of the
subset ¢(F).

By Lemmal6.27] £(F) is weakly submodular. Now, ¢(F) contains £(Funci (D, [0,1]g)).
Thus, for every unary function u € Funci(D,Rsq) and every e € (0,1), there is a
unary function u. € ¢(F) such that, for all z € {0,1}, |u(x) — us(z)| < e. From the
definition of valued clones, and continuity, we deduce that, for every binary function
f € (®)y and every € > (0, 1), there is an f. € (¢(F))y such that, for all z,y € {0, 1},
|f(z,y)— f-(z,y)| < e. Since £(F) is weakly submodular, we conclude from the definition
of weak submodularity (Definition that ® is weakly submodular.

In [77, §6.1-6.4|, Kolmogorov and Zivny show how to construct an STP /MJIN multi-
morphism of ® under “Assumptions 1-3”. Assumption 1 is that ® is conservative, which
is true by construction. Assumption 3 is that ® is weakly submodular. This is given as a
premise of our lemma. Assumption 2 is that I' = Feas(®) has a majority polymorphism,
which follows from Assumptions 1 and 3 by Lemma (Assumption 2 states that
® has a majority polymorphism. In our terminology, this means that Feas(®) has a

majority polymorphism.) O

6.6 LSM-easiness and #BIS-easiness

Our aim is to show that if £(F) has an STP/MJN multimorphism then F is LSM-easy.
This will involve using the arguments of [35] and [77], but we try, as much as possible,
to avoid going into the details of their proofs. We start by generalising the notion of an

STP multimorphism.

Definition 6.31. Let f be an arity-k cost function. A generalised STP multimorphism
of f is a pair (M,U), defined as follows. For 1 < i < k, M; and U; are operations on the
set D; ={a € D|3x:z;=aand f(x) < oo}, and (M;,L;) is an STP of {f}.

The operation MM is the binary operation on Dj X --- X D defined by applying
My, ..., N, component-wise. Similarly, LI is defined by applying L, ..., component-
wise. We require that, for all x,y € D¥ f(U(x,y)) + f(N(x,y)) < f(x) + f(y). Equiva-

lently, we require

S, y), - Uk(@e, ye)) + (M@, m1), - D, ye)) < f(x) + f(y)-
Where it is clearer, we use infix notation for operations such as M and LI

Theorem 6.32 (Kolmogorov and Zivnjr). Suppose g is a finite, valued constraint lan-
guage which has an STP/MJN multimorphism. Then there is a polynomial-time algo-
rithm that takes an instance I of VCSP(®q) and returns a generalised STP multimor-
phism (M,U) of fr. The pair (N,U) depends only on the STP/MJN multimorphism of ®g
and on the relation Feas(fr) underlying fr. It does not depend in any other way on I.
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Proof. This theorem is closely related to Theorem 11 in [77]. To prove Theorem [6.32]
we just take the proof of Kolmogorov and Zivny’s Theorem 11 (refer to [77, §7]), but we
stop before the final step. Specifically, we stop when their Lemma 35 has been proved.
At this point, the existence of the pair (1,), as specified above, has been established.
Note that Kolmogorov and Zivny restrict to rationals, whereas we allow real numbers.
This is not a problem because their algorithm does not require access to the functions
in @y themselves. Instead, it only requires access to the relations in Feas(®y) and to
the STP/MJN multimorphism that ®( satisfies. These are both finite amounts of data,
which can be hardwired into the algorithm, whose input is just the instance I, which is

a symbolic expression. O

We will also use the following algorithmic consequence of [77, Theorem 11|. We
restrict to crisp cost functions because this is all that we use and we wish to avoid issues

with number systems.

Theorem 6.33 (Kolmogorov and Zivn}?). Suppose that ®g is a finite, crisp constraint
language that has an STP/MJN multimorphism. Then there is a polynomial-time algo-
rithm for VCSP(®y).

For our eventual construction, we would like (M1,1) to induce a generalised STP
multimorphism of f; for each individual valued constraint ¢ in the instance. We do not
know whether this is true of the generalised STP multimorphism provided by Kolmogorov

and Zivny’s algorithm, but something sufficiently close to this is true.

Definition 6.34. For an instance I, a valued constraint ¢ and a length-k; vector a, define

0, if there exists x with x[o¢] = a and f7(x) < oo;
RI,t(a) =

00, otherwise,

and define f{ = f; + Ry.

Thus, f/ is a “trimmed” version of f; whose domain is precisely the ki-tuples of values
that can actually arise in feasible solutions to instance I. We will see that if the scope

o contains variables with indices i(t,1),...,i(t, k), then

(Mo, Uloe]) = ((Mige1)s - - - Diekn))s Wige1)s - - - Uit k)

is a generalised STP multimorphism of f/, even though it might not necessarily be a
generalised STP multimorphism of f;.
Note that Theorem [6.33] has the following consequence.

Corollary 6.35. Let ®g be a finite, valued constraint language that has an STP/MJN
multimorphism. There is a polynomial-time algorithm that takes an instance I of VCSP(®y),

a valued constraint t and a length-k; vector a and returns a truth table for f].
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The truth table produced by the algorithm of Corollary [6.35] is finite since all valued

constraints in ®g are finite.

Theorem 6.36 (An extension to Theorem . Suppose ®q is a finite, valued con-
straint language which has an STP/MJN multimorphism. Consider the algorithm from
Theorem which takes an instance I of VCSP(®q) (in the form (6.5)) and returns
a generalised STP multimorphism (M,U) of fi. Then, for all t € T, (M[oy],U[o]) is a
generalised STP multimorphism of f}.

Proof. Focus on a particular valued constraint ¢ of I. Let k = k; be the arity of f;, and
for brevity denote M[o¢] and U[oy] by M’ and L/, respectively. Without loss of generality

assume oy = (1,2,...,k). We wish to show that
fi(a’b) + fi(al'b) < fi(a) + fi(b) (6.7)

for all a,b € D; x --- x Dg. If either f/(a) = oo or f/(b) = oo, then we are done.
Otherwise, by construction of f/, there exist x and y such that a = x[oy], b = y[oy],
and fr(x), f1(y) < co. Notice that f{(a) = fi(a) < co and f/(b) = fi(b) < o0, also by
construction of f{. Now consider the augmented instance Iy of I with N extra copies of

the valued constraint ¢t. We have

fiy(x) = f1(x) + N fi(a)

fiy (y) = fi(y) + N fe(b) (6.8)
fiy(xMy) = fr(xNy) + Nfi(ar'b)
fiy(xUy) = fr(xUy) + Nfi(als' b)

Since Feas(f7, ) = Feas(f7), from Theorem [6.32} (1,U) is also a generalised STP multi-

morphism of fr,, i.e.,
fiy&Ny) + fiy(xUy) < fry(x) + f1y (¥)-
Combining this with , we obtain
fi(@ar'b) + fi(al/ b) + O(N 1) < fi(a) + fi(b) + O(N ). (6.9)
Since remains true as N — oo but f; is independent of N, we conclude that
fi(am’b) + fi(al'b) < fi(a) + fi(b).

Since a’ b and a L/ b extend to feasible solutions x My and x Ll y, it follows that
fi(ar’b) = fi(am™ b) and f/(allb) = fi(all'b). The required inequality (6.7) follows
immediately. O

To make use of Theorem [6.36] we will use the following definitions.
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Definition 6.37. Given a finite, valued constraint language ®y C Func(D,R>q), let
@ be the set of functions of the form f + R, for f € ®; N Funck(D,R>g), R €
Funcy (D, {0,00}) and k € N.

Note that ®{ is finite because Funcy (D, {0, 00}) is finite for any finite k.

Definition 6.38. Two n-variable instances I and I’ of VCSP(®) are equivalent if f1(x) =
fr(x) for all x € D™

Definition 6.39. [35] A function f: Dy x - -+ x D, = R>q is domain-reduced if, for each
i€ {1,...,r}, and for each a € D;, there is an x € D™ such that x; = a and f(x) < oc.

Lemma 6.40. Suppose @ is a finite, valued constraint language which has an STP/MJN
multimorphism. Consider an instance I of VCSP(®g). There is an equivalent instance
I' of VCSP(®() and a generalised STP multimorphism (M,U) of fr which induces a
generalised STP multimorphism of fi for each valued constraint t of I Both I' and
(M,U) are polynomial-time computable (given I). Moreover, each operation M; and L;

mduces a total order.

Proof. We first show how to construct an equivalent instance I’ and a generalised STP
multimorphism of fp which induces generalised STP multimorphisms on the valued
constraints. To obtain I’, start from the instance I and use Corollary to replace
each valued constraint f;(x[oy]) with f/(x[o¢]). This operation clearly preserves the set
of feasible solutions and their costs. Then use the algorithm from Theorem to
construct the generalised STP multimorphism (M, LJ).

In the remainder of the proof, we construct a new generalised STP multimorphism
by modifying (1, L)) to ensure that it is composed of total orders, as required. Consider
the following claim.

Claim: Suppose that D is a domain. Given a set of functions ® C Func(D, Rx),
let P be an instance of VCSP(®) with variable set {v1,...,v,}. Let D; = {a € D |
dx : z; = a and fp(x) < co}. Suppose that (M,U) is a generalised STP multimorphism
of P. Then there is a generalised STP multimorphism (I7,}') of P in which each I, is a
total order on D; (hence LI, is the reversal of this total order). Furthermore, for any set
J ={i1,...,i;} C{1,...,n} and any domain-reduced function f: D; x---x D;, — R>o
for which (Mj,Uy) is a multimorphism, (7;,1);) is also a multimorphism of f. The
multimorphism (I, /') is polynomial-time computable.

This claim is proved (but not explicitly stated) in the proof of [35, Theorem 8.2]. The
basic method is as follows. P is augmented with extra (redundant) valued constraints
using unary and binary crisp cost functions. The binary crisp cost functions are used to
enforce consistency so that when M; is modified to form a total order on D;, a compatible
modification is made to each other M;. Once M and L are constructed, it is proved by
induction that every relevant function f has the property specified in the claim. The
induction is on the arity of f.

To prove the lemma, we use the claim with ® = ®(,, P = I’ and, for each valued
constraint ¢ of I, f = f]. O
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Lemma 6.41. If F C Func(D, [0, 1]g) and ¢(F) has an STP/MJN multimorphism, then
#CSP(G) is LSM-easy for every finite G C F.

Proof. Let G be a finite subset of F. To any instance I of #CSP(G) there corresponds
an instance I = ¢(Iy) of VCSP(®g), where &g = ¢(G): for each weighted constraint ¢,
the function F; is mapped to f; = ¢(F;) while the scope oy remains unchanged. Using
Lemma we may construct an equivalent instance I’ of VCSP(®()) on the domain
Dy x --- x D, and a generalised STP multimorphism (M,L)) of that instance, where
each M; is a total order. (M,U) induces a generalised STP multimorphism of each f;.

We now construct an instance I” over the Boolean domain that is equivalent to I’
and hence to I. For each ¢, 1 < ¢ < n, introduce a set of |D;| + 1 Boolean variables
Vi = {zia | @ € D}, where DY = D; U {L}. Extend the total order on D; by
placing | below all elements of D;. Define a nested sequence of subsets of DZ-+ by
Uia={b€ D} | b<a}. The idea is that each domain element a € D; is represented by
the truth assignment that assigns 1 to all variables in U; 4, and 0 to the others. Consider
the constraint asserting that only these |D;| particular assignments to V; are allowed.
This constraint can be represented by the crisp cost function f that assigns f(x) = 0
to these assignments and f(x) = oo to all others. Note that F'(z) = exp(—f(x)) is
log-supermodular.

Note that we can use the same relation for any pair of sets D; and D; with |D;| =
|Dj| — if D; and D; have different total orders then the relation is applied to the
variables in Df in a different order than to the variables in D;-r. If we add these crisp
valued constraints then there is a natural bijection between Dy X --- x D,, and feasible
assignments to Boolean variables V3 U ---UV,,. The variable z; , where a is the smallest
(respectively largest) element of D always takes on the value 1 (respectively 0), and so
these variables are redundant. However, their introduction simplifies the description of
some constructions later in the proof.

Consider a valued constraint in I’ of arity k that imposes the function f’ € ®{, and,
without loss of generality, assume that its scope is the first k variables x1,...,z;. Add
a corresponding valued constraint f” to I" with f”: 219Uk — R+ defined as follows,
where for convenience we are viewing f” as a function on subsets of V4 U --- UV}, rather

than as a function of |Vi| + - -+ 4 |V| Boolean variables:

(4) = flar,...,ag), if A=Uiq U---UUky,, for some (ai,...,ax);
00, otherwise.

We claim f” is submodular, i.e., f"(AN B) + f"(AUB) < f"(A) + f"(B). If either

f"(A) = oo or f"(B) = oo there is nothing to prove. So A = Uy g, U--- U Uyg, and
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B:Ul,ln U"'UUk,bk for some (al,...,ak),(bl,...,bk) € Dy x -+ x Dy. Then

f"(AnB) + f"(AU B)
= " ((Ur,a; NU1p, ) U+ U (Ukay N Ukp,))
+ " (Ur,a, UU1p ) U+ U (Ukay, UUkp,))
= f"(Urasmpy U+ U Uk aprity)
+ f (U106 U+ - U Uk a0,
= fla1 My by, ... a, Mg b)) + f'(ar Uy by, ... ag Uk by)
< f'(ar,...,ag) + f'(b1,...,bx)
f"(A) + f(B).

Now take stock. We have an instance I” of Boolean VCSP, which is equivalent to I’
and hence to I. It has at most n(]D| + 1) Boolean variables and it has n more valued
constraints than I. The number of distinct valued constraints in ®f is |®] < |®|+ |D;
note that these come from a fixed set of cost functions independent of the instance I and
hence of I itself.

Now map the VCSP instance I” back to #CSP to yield an instance Iy over the
Boolean domain in which every valued constraint comes from a certain fixed set of cost
functions F C LSM. Specifically, I” = ¢(I;) and &g = ¢(Fy). Since I” is equivalent
to I, there is a bijection between the non-zero terms of Z(Ix) and Z(I};) that preserves
weights, and hence Z(Iy) = Z(I},). O

Lemma [6.41] shows that, if £(F) has an STP/MJN multimorphism, then #CSP(G) is
LSM-easy for every finite G C F. Lemma below strengthens the result by showing
that #CSP(G) is #BIS-easy. The strengthening applies when the weight functions in F
have arity at most two.

In order to do the strengthening, we need to generalise the notion of a binary sub-
modular function to cover binary functions over larger domains. A matrix M has the

Monge property if, for every pair of rows r and 7/, and every pair of columns s and s/,
Mr/\r/ sns T Mr\/r’ svs! < Mr/\r/ svs T Mr\/r’ sAs’y

where the A and V operators are the minimum and maximum operators, respectively. To
apply this concept here, suppose that f is a function with domain D; x D;. Given orders
on D; and D, let D;(¢) and D;(¢) denote the £’th element of D; and Dj, respectively. We
say that a function f with domain D; x Dj; is Monge (with respect to the given orders) if
the | D;| x| D;| matrix My is Monge), where, as in Section[6.3} (Mp)re = F(D;(k), D;(£)).
We say that a function F': D; x D; — [0, 1]q is log-anti-Monge (with respect to the given
orders) if the function ¢(F') is Monge (with respect to the same orders). The “anti” in the
term “log-anti-Monge” comes from the fact that ({(F))(x) = —In F(x), and the minus

sign reverses the inequality in the definition of Monge. Thus, the relationship between
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Monge and log-anti-Monge is analogous to the relationship between submodular and
log-supermodular. The Monge property generalises submodularity and the property of

being log-anti-Monge generalises the notion of log-supermodularity.

Lemma 6.42. If 7 C Func(D, [0,1]g) is a weighted constraint language whose weight
functions have arity at most two and €(F) has an STP/MJN multimorphism, then
#CSP(G) is #BIS-easy for every finite G C F.

Proof. Let G be a finite subset of 7. We use exactly the same construction as in the previ-
ous lemma, but go further and show that every weight function F” appearing in instance
1 %’k is expressible in terms of unary weight functions in Ujg 1}, and the binary weight
function IMP defined by IMP(0,0) = IMP(0,1) = IMP(1,1) = 1 and IMP(1,0) = 0.
Moreover, unary weight functions in Ujg 1y (even those taking irrational values) can
be approximated sufficiently closely by polynomial-sized pps-formulas using IMP [22]
Lemma 36|. This will complete the proof, since #CSP(IMP) <ap #BIS by [47, Theo-
rem 5.

The task then, is to show that every weight function F” in instance I %’e is expressible
in terms of unary weight functions in Uyg 1y and IMP. We do this by considering, in
turn, the different types of weight functions arising in I ;; The n relations (crisp cost
functions) that were introduced in I” to impose a total order on the variables in the sets
V; are clearly implementable in terms of imp = ¢(IMP).

Every other weight function F” is associated with a cost function f” in I” that is an
implementation over the Boolean domain of a cost function f’ from I’ Since f’ € ®,
it has arity at most 2. Our goal is to show that the function F’'(x) = ¢~1(f'(x)) =
exp(—f'(x)) is expressible in terms of unary weight functions in Uy 1y and IMP. If f’ is
unary, this is immediate, so suppose f’ is binary.

To fix the notation, suppose that f is a function f': D; x D; — R>. We can assume
without loss of generality that D; and D; are disjoint (otherwise, rename some elements).
Also, D; and Dj; are ordered according to the linear order induced by M. Since (M, L)
induces a generalised STP multimorphism of f’ (see Definition [6.31]), the function f is

Monge (with respect to this order). We start by considering two special cases.

e First, suppose that F” is strictly positive. (That is, there is no (z,y) with f/(z,y) =
oo so the range of f’ is contained R>¢). Rudolf and Woeginger [88] have shown that
every nonnegative Monge matrix is expressible as a positive linear combination of
certain simple Monge matrices. Translated to our setting by applying ¢~', this
says that F’ is expressible as a product of certain simple basis functions, namely:
(i) the unary functions

o, if z=a;

By(z) =
1, otherwise,
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for all a € D; (with a similar set of unary functions defined over D;), and (ii) the
binary functions

a, ifzx<aandy>b;
Ba,b(xu y) =
1, otherwise,

for all (a,b) € (D;, D;) (with a similar set of binary function defined by replacing
x<aandy>bby z>aandy <b). In both cases (i) and (ii), « is an arbitrary

constant in the range (0,1).

Using the Boolean variables V; UVj, the basis function B, (2) may be implemented

as Ua(2i,a) U1/a(2iq-), Where

B, ifz=0;
1, ifz=1,

Up(z) =

and a~ is the element immediately below a in the total order on D;. Also,
the basis function B, ;(z,y) may be implemented as IMP(z;q,y) IMP(2;-,y) X

Ua(2i,a) Ui ja—1(y), where y is a new variable.

Second, suppose that the range of F” is {0, 1} (that is, f’ is a crisp cost function).
As in the proof of Lemma let U;q = {b € D | b<a}. Let F* be the set of
subsets of V; U Vj defined as follows.

F*={U;,UUjp | F'(a,b) =1}
F’ is log-anti-Monge so
Fllana',y Ny VF(xv ',y Vy') > Fl(z,y) F'(2),y).

Thus, F* is closed under unions and intersections. Hence by [48 Corollary 18|,
F* is a conjunction of implications and constants, and hence can be implemented

using IMP and unary weights.

To finish the proof, we use a construction from [22] Lemma 23|. Assume without loss

of generality that D; = {1,...,|D;|} and D; = {1,...,|D;|} with the usual total order.
Define H': D; x D; — [0,1]g by putting H'(z,y) = F'(z,y) for all x € D;, y € D;
except that, if F'(1,1) = 0, we put H'(1,1) = 1. Note that H' is log-anti-Monge (by
construction, since F” is log-anti-Monge) and H'(1,1) # 0. Define G: D; x D; — Q>¢

G(x,y) = max{H'(z* y")u*¥=" ¥ | z* <z and y* <y},
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where

p=max{m >0 |H'(z* y*)m®V~="""Y" < H'(z,y)
for all (z,y), (% y*) € D; x D;
with H'(z,y) > 0 and 2* < z and y* < y}.

From the definition of u, we can see that u > 0, so G is strictly positive. We will
show that G is log-anti-Monge. Let z,2’ € D; and y,y’ € D;. There exist 2* < z and
" <2/ and y* <y and y”* < ¢ such that

*

Gz, y)G (2 ) = H'(a*, y* ) H' (a*, y* )=t vte' Ty ="y ==y
< H'(z* N2 y* A y/*)Mx/\x/_m*ml*+yAy’—y*Ay'*

g )
CH'(z* v 2™ y* v yl*)vax,_z*\/f*‘wvy’—y*vy'*

b

<Gndiyny)GxVvaiyVvy).

Now, from the definition of G and p we can see that H'(z,y) = Ry/(x,y)G(z,y), where
Ry is the support of H' (considered as a zero-one valued function). Thus, by the
definition of H', F'(x,y) = Rp(z,y)G(x,y). Then, by the above constructions, F’ can
be implemented in terms of IMP and unary functions. (The first of the cases above shows
how to implement GG, which is strictly positive; the second shows how to implement R,
whose range is {0, 1}). O

To use Lemmas and[6.42] we need to perform some scaling. For any k-ary weight
function in F' € F, let mp = max{f(x) | x € D*}. Let

A(F) F/mp ifmp>1
F otherwise

and let A(F) = {A(F) | F € F}. Note that A(F) always takes values in [0, 1]g and that,
since F is conservative, Func (D, [0,1]g) C A(F).
We return, once more, to the proof of Theorem

Theorem 6.43. Let F be a weakly log-supermodular, conservative weighted constraint

language taking values in Q>.

e For any finite G C F, there is a finite G C LSM such that #CSP(G) <ap
#CSP(G").

o [f F consists of functions of arity at most two, then #CSP(G) is #BIS-easy for any
finite G C F.

Proof. By Theorem L(A(F)) has an STP/MJN multimorphism. The result follows
from Lemmas and and the fact that #CSP(F) <ap #CSP(A(F)). O
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Theorem our classification of the complexity of approximating #CSP(F), now
follows from Theorems [6.7] and [6.43]

6.7 Algorithmic aspects

Finally, we consider the algorithmic aspects of the classification of Theorem [6.4] Intu-
itively, there is an algorithm that determines the complexity of #CSP with constraints
from a finite language H plus unary weights because weak log-modularity is essentially
equivalent to balance and weak log-supermodularity is essentially equivalent to the exis-
tence of a STP/MJN multimorphism. Balance and the existence of STP/MJN multimor-
phisms depend only on certain finite parts of the weighted constraint language so balance
is decidable by [24] and the existence of STP/MJN multimorphisms can be determined
by brute force, or by using more sophisticated methods from [77].

We need to determine whether the infinite language H UUp is balanced. Fortunately,
it suffices to check whether H U U}, is balanced, where U}, = Funcy (D, {1,2}), which
is finite. (Note that it is not enough to test whether A is balanced; also, there is
nothing special about 1 and 2: any pair of distinct, positive rationals would do. In fact,
t})] = 2!Pl and there are sets of size |D| which would suffice, but we do not need this
here.)

Lemma 6.44. Let H be a finite, weighted constraint language taking values in Q>o. The
following are equivalent: (1) H UU}, is balanced; (2) every finite subset of H U Up is
balanced; and (3) H UUp is balanced.

Proof. (2) and (3) are equivalent because any pps-formula contains only a finite number
of atomic formulas. (2) trivially implies (1), since U, is finite. It remains to show that
(1) implies (2) so, towards this goal, suppose that H U}, is balanced. We must show
that every finite subset of H U Up is balanced. Suppose that such a subset contains r
functions in Up \ H.

Let {Fi,...,F;} be unary functions such that Fj(d) = a;4 (i € {1,...,7}, d € D)
and let G = HU{F1,...,F,}. We may consider the a; 4 as formal variables and treat a
function G € (G)x with free variables x as a function of both x and the a; 4. We will
show that, for any function G and any interpretation of the a; 4 (i.e., any instantiation of
the function symbols Fj as concrete functions D — Q>¢), the matrices associated with
G have block-rank 1, thus establishing that G is balanced.

So, consider any G' € (G)4 with arity n > 2 and choose any k with 1 < k < n. We
will show that the D¥ x D" % matrix Mg (x,y) has block-rank 1 for any value of the
a; q. By Lemma part , it suffices to show that every 2 x 2 submatrix induced by
rows x,x’ and columns y,y’ has block-rank 1. By Lemma part , this happens if,
and only if, every such submatrix has rank 1 or at least two zero entries, which happens

if, and only if, the multivariate polynomial

b= G(Xv y,)G(le y)G(X/7 y/) [G(Xv y)G(X/a y/) - G(X/7 y)G(X7 y/)]
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is zero for all values of x, X/, y, y’ and for all values of the a; 4. (Note that, if the submatrix
defined by a pair of rows and columns does not have block-rank 1 but has exactly one
zero, then only one of the four possible choices for x,x/,y,y’ will make p non-zero.)

We now fix x,x’,y,y’ and consider p as a function of just the a; 4. Our goal is to
show that (for every choice of x,x,y,y’), p is identically 0.

Consider first the case where every a; 4 is a power of two. Here, every atomic formula
F;(z) defines the same function as some product Uj(z) - - - Us(2) of atomic formulas from
Up so G is equivalent to some function in (X UUp)x. But H UU is balanced by
assumption, so p = 0 whenever every a;q is a power of two. Therefore, p = 0 over a
space that is a product of infinite sets. It follows from the Schwartz—Zippel lemma or
from [I, Theorem 1.2] that the only polynomial with this property is the zero polynomial,
so p is the zero polynomial and H U {F},..., F,} is balanced for any set {F},..., F,.} of
unary weights. O

Theorem 6.45. There is an algorithm that, given a finite, weighted constraint language
H taking values in Q>q, correctly makes one of the following deductions, where F =

HUUp:
1. #CSP(G) is in FP for every finite G C F;
2. #CSP(G) is LSM-easy for every finite G C F and #BIS-hard for some such G;

3. #CSP(G) is #BIS-easy for every finite G C F and #BIS-equivalent for some
such G;

4. #CSP(G) is #SAT-easy for every finite G C F and #SAT-equivalent for some
such G.

If every function in H has arity at most 2, the output is not deduction [J

Proof. We reduce the problem to determining whether H U U}, is balanced, whether
¢(H) has an STP/MJN multimorphism and whether H contains only functions of arity
at most 2. Balance of finite languages is decidable [24]. An STP/MJN multimorphism
consists of two operations D> — D and three operations D — D, which must have
certain easily checked properties with respect to each of the functions in ¢(#H). Thus,
we can determine the existence of an STP/MJN multimorphism by brute force, checking
each possible collection of five operations, or by using the methods of Kolmogorov and
Zivny [77]. Tt is clearly decidable whether H contains a function of arity greater than 2.

By Lemma if H UUY, is balanced, then so is any finite G C H UUp. Therefore,
by Lemma #CSP(G) can be solved exactly in FP so we output deduction |1} From
this point, we assume that H U U}, is not balanced.

Since H UUJ, is not balanced, nor is HUUp (Lemma. Therefore, HUUp is not
weakly log-modular (Lemma|6.10)) so there is a finite G C H UUp such that #CSP(G) is
#BIS-hard (Theorem [6.7)).
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((A(HUUp)) has an STP-MJN multimorphism if, and only if, £(A(#)) does (Observa-
tion[l]), and ¢(A(H)) is a finite language so we can determine whether it has an STP-MJN
multimorphism by exhaustive search. If /(A(HUUp)) has an STP-MJN multimorphism,
then, for all finite G C A(H UUp), #CSP(G) is LSM-easy (Lemma [6.41). Since any
function in A(H UUp) is a scalar multiple of some function in H UUp, #CSP(G) is also
LSM-easy for all finite G C ‘H UUp. We output deduction [2] unless every function in
‘H has arity at most 2, in which case #CSP(G) is #BIS-easy for all finite G C H UUp
(Lemma and we output deduction [3|

On the other hand, if /(A(HUUp)) has no STP-MJN multimorphism, then A(HUUp)
is not weakly log-supermodular (Theorem . Because A is just a rescaling, H UUp
is also not weakly log-supermodular. Therefore, there is a finite G C ‘H U Up such that
#CSP(G) is #SAT-equivalent (Theorem again). We output deduction O



Chapter 7

LSM is not generated by binary

functions

(This chapter is based on part of [22].)
Recall that a function F': {0,1}" — R>¢ is log-supermodular if

FxVy)F(xAy)> F(x)F(y) for all x,y € {0,1}".

In Section we defined (F)y4 as the set of functions that are “pps-definable” by
F. The important property is that #CSP(F) <ap #CSP(G) if F C (G)4, so we can rule
out a natural class of AP-reductions #CSP(F) <ap #CSP(G) by showing F ¢ (G)4.

We denote the set of log-supermodular functions by LSM, and we denote the set
of log-supermodular functions of arity at most k& by LSMg. In [22] it was shown that
(LSM)4 = LSM and (LSMa)y = (LSM3)x and (LSM3)x & (LSMy)y. This situation
mirrors known results about valued CSPs [106]. In this chapter we present the proof
that (LSM3)4 S (LSMy) 4.

In fact, in [22] it was shown that limits can also give AP-reductions, subject to some
requirements about computational efficiency. Let (F)x, denote the set of functions
F: {0,1}" — R>¢ such that there is a finite set S C F such that there are Fy, Fy,--- €
(S)4 satisfying

max |F(x) — F,(x)| = 0 as n — oo.
xe{0,1}n

A pps,-definable functional clone is a set of the form (F)4 . Equivalently (by [22,
Lemma 2|), it is a set F such that (F)g ., = F.
We show the technically stronger statement (LSM3)x o, G (LSMy) 4 o, which rules out

a class of reductions based on pps-definability and taking limits.

7.1 Notation

We again use the Func notation, denoting the set of functions {0,1}* — R>o by
Funcy({0,1},R>0) and denoting (J;~o Func({0,1},R>0) by Func({0,1},R>0). Recall
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the definitions of @ and F™* from Section [1.7.2]

7.2 Non-negativity of Fourier coefficients

First we consider the clastﬂ P of functions F' € Func({0,1},R>¢) for which the Fourier

tmnsfor F' has nonnegative coefficients, where

Fly) = 5 30 (nmot i pw) e (T

we{0,1}"

Thus F € P if and only if F € Func({0, 1},R>g). See [43] for further information. We
will use (7.1)) and the convolution theorem: for all F,G € Func,({0,1},R>() we have

FGx) = > FyiGxay) (x,y € {0,1}™). (7.2)
ye{0,1}n

See for example [43, Section 2.3| for a proof of the dual statement.
To show that P is closed under pps-formula evaluation, it is useful to restrict to

atomic formulas where variables are not repeated within a scope.

Lemma 7.1. Let F C Func({0,1},R>q). For all pps-formulas 1y over F there is another
pps-formula " over FU{EQ,} such that Fy = Fy and no atomic formula of ¢’ contains

a repeated variable.

Proof. Given v obtain 1)’ as follows. For each variable v; that is used d; > 2 times in

total in ¢, replace the uses of v; by new distinct variables vil, - ,vgli,

multiply by atomic

formulas EQs (v, vf ) for 1 < j < d;, then sum over these new variables vf . O

Lemma 7.2. P is closed under addition, summation, products and limits. Moreover, P

is a pps,-definable functional clone.

Proof. If F,G € P, then F/—l_—\G =F+Gis clearly non-negative, and FG is nonnegative
by the convolution theorem . For summation, by induction we only need to consider
summing over the last variable. So, let H(x) = Y, F((x,t). Then it follows easily from
that fl(y) = Zﬁ(y, 0) > 0 for all y. For limits note that if F,, — F' then E, > F,
and a limit of non-negative functions is non-negative.

Let 1 be a pps-formula over P U {EQ,}. We will argue that that F, € P. By
Lemma there is a pps-formula ¢’ over P U {EQ,} such that F, = Fy and such
that no atomic formula of v contains a repeated variable. The functions F, defined by
atomic formulas ¢ = G(vj,,---,v;,) of ¢/ are therefore “expansions” permutations of
the function G’ € Func, ({0,1},R>¢), n > k, defined by

G'(x,x) = G(x) (x € {0,1}* and x’ € {0,1}"7%). (7.3)

Not to be confused with the class P used in Section
2This is the same as the Hadamard transform mentioned in Section [3.1.1] but we use a different
normalisation here.
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It therefore suffices to check that P is closed under expansions. Let G’ be the expansion
defined by (7-3). Then, for all y € {0,1}* and y’ € {0,1}" ", we have Z}'\’(y,y’) = é(y)
if y' = 0%, and a\’(y,y’) = 0 otherwise, and hence G’ € P. Note that E/\Qz = %EQQ, SO
EQ, € P. Thus P is a functional clone, but it is also closed under limits. O

7.3 A class containing binary log-supermodular functions

Let C be the class of functions F' € Func({0, 1}, R>) such that G* € P for every pinning
G = F(c,-). Note, in particular, that if U € Func;({0,1},R>¢), U*(2) = U(0)U(1), a
nonnegative constant. Therefore we have Func;({0,1},R>¢) C C and, to establish that
F € C, we need only check pinnings of F' of arity at least 2.

Lemma 7.3. C is a pps,,-definable functional clone.

Proof. As in Lemma we will check that C is closed under “expansions”, products,
summations, and limits. But a pinning of an expansion (or product, summation, or
limit) of functions in C is an expansion (or product, summation, or limit) of pinnings
of functions in C, which are necessarily in C because C is closed under pinnings. So it
suffices to check the C condition for trivial pinnings, for example to check closure under
products it suffices to show that F, G € C implies (FG)* € P.

Let G € C have arity k, let n > k, let G’ be the function defined by . Note
that G’G’ is an expansion of GG, so G'G’ € P and ' € C. We have EQ, € C,
since EQ,EQ, = EQ, € P. Closure under product follows from Lemma and the
observation that (FG)* = F*G*. For summation, by induction we may consider only
summing over the last variable. Then, if H(x) = ), F(x,t), where F has arity k + 1,
then

H*(x) =30, F(x,t) 32, F(x, 1) = (Fo)*(x) + (F1)*(x) + X2, F*(x, ).

where Fy and Fj are the pinnings defined by Fj(z1,...,z;) = F(x1,...,2k, 7). We have
(Fp)*, (F1)* € P by the pinning assumption, and the arity k function ), F*(x1, ..., zx,t)
is in P by Lemma [7.2l Thus H* is the sum of three functions in P, and so, using
Lemma again, H* € P. Finally note that C is closed under limits: if F,, — F as
n — oo then F)y — F*, but P is closed under limits. O

Lemma 7.4. (LSMy)y , C C.

Proof. Let F € LSMy. Note that F*(0,0) = (F(0,0)F(1,1) + F(0,1)F(1,0))/2, and
F*(0,1) = F*(1,0) = 0, and F*(1,1) = (F(0,0)F(1,1) — F(0,1)F(1,0))/2 > 0. So
F* € P, and hence F' € C. Thus LSMs C C and, since C is a pps,-definable functional
clone, (LSMa)4 ., C C. O

Lemma 7.5. <LSM2>#,W ; <LSM4>#,W.
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Proof. Since LSMy C C by Lemma [7.4] we need only exhibit a function F' € LSM, which
is not in C. Define F : {0,1}* — Rq by

4, if o1+ a0+ 23+ 74 =4
F(ry,29,23,04) = 2, if o1+ 20+ 23+ 24 = 3;

1, otherwise.

To show F € LSMy, by the symmetry of F' and Lemma [5.36] it suffices to show
that the three arity 2 pinnings F(0,0, z3,2z4), F(0,1,23,24) and F(1,1,x3,x4) are log-
supermodular. This is equivalent to the inequalities 1 x 1 > 1 x 1,2 x 1> 1 x 1, and
4 x 1 > 2 x 2 respectively, which clearly hold.
To show that F' ¢ C, we need only use to calculate
— 4x1—4x246x1—-4x2+4x1 1

F*(1,1,1,1) = 51 =g <o

Indeed F € (LSMy)4,, but F ¢ C. By Lemma [7.4] (LSM3)4 ., € (LSMy)x ., NC S
(LSMy) 4 - O



Chapter 8

Conclusions

We studied the complexity of approximately evaluating various classes of partition func-
tions, by finding FPRASes and AP-reductions, and by studying notions of expressibility.
Apart from the results themselves, we have demonstrated various new techniques and

ideas:

e Contour arguments can be used to analyse a gadget in an NP-hardness proof.
Baker’s approximation techniques for planar graph problems can be applied to
partition functions. (Chapter

e Jerrum and Sinclair’s cycle-unwinding argument can be interpreted as an argument
about Holant problems; perfect matchings constraints generalise to windable func-
tions. The same class of functions puts a limit on which functions can be expressed

in the context of counting perfect matchings. (Chapter [3)

e While #BIS has appeared in previous #CSP classifications, #PM has an important
role in degree-two #CSP classifications. (Chapters [d] and [5).

e Feder’s arguments about degree-two CSPs using non-delta-matroids can be adapted

to degree-two #CSPs using non-terraced functions. (Chapter [3)).

e Arguments coming from the study of VCSPs, as well as arguments coming from the
study of the exact evaluation of #CSPs, can sometimes be adapted to the context

of approximate evaluation of #CSPs. (Chapter @

e The expressibility of #CSPs can be studied using the Fourier transform. (Chap-
ter (7))

8.1 Questions for future research

In Chapter 2] we ruled out FPRASes for evaluating the partition function of the hard-core
model on planar graphs when the fugacity is at least 312. This number seems likely to
be far from optimal. The difficulty here is obtaining the inequality p= > p7 (Lemma
. It seems plausible that we only really need the existence of a phase transition,
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which is known to occur for square lattices for A > 5.3646, and conjectured to occur for
A greater than about 3.79 [6]. A converse result would also be interesting — is there an
FPRAS for the partition function of the hard-core model on (unbounded degree) planar
graphs, at sufficiently low fugacities?

In Chapter [3] we gave FPRASes for Holant problems using windable strictly terraced
functions. Is there an FPRAS for Holant problems using a larger class of functions? We
also initiated the study of expressibility for #PM, and characterised which arity three
functions have matchings circuits. Is there a characterisation of which arity four functions
have matchings circuits? Does every windable function have a matchings circuit?

In Chapter [4] we started to classify unweighted degree-two #CSPs with a single arity
three Boolean relation. Are there more AP-reductions between these problems? We also
looked at the restriction of #Downsets to dags of maximum degree three. What about
other restrictions? Is there an FPRAS for #Downsets restricted to dags that have depth
2 and maximum degree 6, in other words degree-six #BIS (see Remark ? What
about depth 3 and maximum degree 37

In Chapter [5| we classified degree-two Boolean #CSPs with variable weights, for
unweighted constraint languages. As discussed after the statement of Theorem this
classification could be refined. For example, is #CSPEg(R) is NP-hard to approximate,
if R ={(z,y,2) € {0,1} | z+y+ 2 € {0,2,3}}7 We explored various extensions of
this classification: allowing weighted constraint languages, and restricting the weights.
There are many unclassified problems here, even with higher degree bounds.

In Chapter [6] we studied conservative #CSPs, which of course leaves open the study
of non-conservative #CSPs. In Chapter [7| we showed LSMy ¢ (LSMya)y. Is there a
characterisation of which arity four functions are in (LSM2)4? There is an analogous
characterisation for the setting of VCSPs [106]. Other questions concerning the structure
of LSM are asked in [22].



Appendix A

Index of definitions

These lists do not include anything that solely appears within a proof, or within a short

discussion.

A.1 Notation

{0,1}**7 Section [3.2
R (boldface) Section (3.2
[¢] (circuits) Section 3.2.1
[¢] (K-formulas) Section |5.2.1
[G] Section (3.7
(F)# Section|6.1.3
(®)y  Section (6.4
F(p,:) Section|1.7.2
FG Section|1.7.2
TF Section 4.3
TF', TF? Section ﬁ
F x G Section [1.7.1
F®G Section[5.1.6
F®J  Section [1.7.2
x, FF, F* Section [1.7.2
e* Section [2.3.5
@ Section|1.7.2
Fg  Section ﬂ
A (for sets) symmetric difference of sets
A (for configurations) Definition |;|
A Section|1.5.5
V' Section|1.5.5
{i — ¢} Section[5.1.6
x[oy]  Section %
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I[p/F] Definition |5.19
[0,1]g Section|6.4

<aApP, =Ap Section 19
#BIS  Section|1.2.1
#CSP(F) Section [1.3} Section |6.1.3] (with pps-formulas)
#CSP_4(I")  Section [1.7.2
#CSP_,(T") Section |4.1
#CSPEg(F) Section [1.6
R Section m (generalises #CSP_,, #CSP_;, and
#CSPZ))
#Downsets Sectiorz El (poset variant in Example
#FugacityWeightedPM  Section [3.7.2

#P  Section|1.2

#ParityNAE  Section [1.6

#PM  Section [1.2.1

#SAT  Section [1.2.1

A(F) before the statement of Theorem [6.43

m  Section [3.3.5

p(I')  Section [3.3.5

o, Section|2.3.1

O(F) Section|3.5.2

Mk d u%d, MIIM Section [2.3.4

Q, Q. Section [3.3.5

A Section ﬁ

AtMostOnes statement of Theorem [5.17]

B;(o) Section [2.3.7

b(c) Section [2.1

By Section [2.3.1

BPP  see [69, Chapter 7|

C Section|1.7.2

C Section|7.3

c(o)  Section 0.1

C, Section 2_3

Cr,a Section[2.3.4

C}  Section[2.3.5

dego(v)  Section [1.7.2

d(x,y) Section|3.2
DegreeFourPlanarHardCore  Section ﬁ
DegreeFourPlanarTwoSpin(3,v,A) Section 0.9
dom Definition ﬂ

#CSPY (F), #CSPZ5(F), etc
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€;

Edge¥
EQg

EQ

eq

Even;
EvenNAE;
Ext K

Fy

fy

Feas(f)
Feas(®)
FP
Fugacity}
Func(D, R)
Holant(F) (as a #CSP)
Holant(F) (using graphs)
IMconj
IMP

Int K

(o)

UF), L(F)
L(g)
Lg(G)
LSM

M

My

mp

Mp

N

NAE;
NAND
NEQ
NEQconj
NP

Odd;

OR

)

Section
Section
Section
Section
Section
Section
Section
Section
Section
Section
Definiti

after Definition [6.16

Section
Section
Section
Section
Section
Section
Section
Section
Section
Section
Section
Section

Section

Definition (3.2

Section
before t
Section
Section
Section
Section

Section

3.2
3.
1.7.2
6.1.3
6.4
3.2
3.2
2.3.7
6.1.3
6.4
on|(6.16

1.2
3.

6.1.3
1.3
3.2.1
1.7.2
1.7.2
2.3.7
2.1
6.4
2.3.5
3.3.5
1.7.2

3.3.2
he statement of Theorem
=
1.7.2
3.2
1.7.2
1.7.2

Definition M

see [69,

Section
Section
Section
Section

Section

Chapter 2]
%
1.7.2
4.3
7.2
3.3.5

6.43
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="

PIN,, PIN,
PlanarCubiclS
PlanarLogTwoSpin(3,~, \)
PM3

Q, Q>0

R, R

R>

R(g)

RP

supp(F)
Tk,dkal,dyTlg,d
Up

A.2 Terminology

#P-complete
x-adjacent, *-distance, *-path
x-diameter

distance
2-decomposition
adjacent (to a contour)
affine relation

affine signature
AP-reduction
assignment
(k-)assignment
balanced

basically binary

Section
Section
Section
Section
Section
Section
Section
Section

Section

2.3.3

1.7.2

2.4
2.2

1.7.2

1.7.2

1.7.2

6.4

2.3.95

see [69, Chapter 7]

before Theorem

Section

Definition 6.1

Section
Section
Section
Section
Section
Section
Section
Section
Section
Section

Section

Section
Section
Section
Section
Section
Section
Section
Section
Section
Section
Section

Section

Definition ﬂ

5.10

2.3.4

2.3.7

0.7
1.3

5.1.3

3.2.1

3.7

1.7.2

1.3

5.1.3

2.1

3.2.1

=

2.3.7

2.3.7

3.2

3.3

2.3.9

1.7.2

4.3
1.2

3.2.1

3.2.1

6.3
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block-rank-1

(h-)boundary

canonicity of By (o)

circuit

closed

coindependent

(0*-)component

congestion

conservative (weighted constraint
language)

conservative (valued constraint
language)

conservative (crisp constraint
language)

conservative (operation)
constraint, constraint language
constraint (for circuits)
consistent

contour

contour of o

copy

cost function

crisp

crisp constraint language

cross contour

cross subgraph

decomposable

degenerate (symmetric case)
degenerate (relation)
delta-matroid

downset

easy

efficiently approximable

even

even-windable

expressibility reduction (as used in
Chapter

flip

flow

(K-)formula

Section

Definition [2.15

Section
Section
Section
Section
Section

Section

Definition @
Definition [6.14

Definition |6.17

Definition [6.20

Section
Section
Section

Section

Definition [2.6)

Section

Definition [6.13,
Definition [6.15
after Definition [6.16

Section
Section
Section
Section

Section

Definition 5.1

Section
Section
Section
Section

Section

Section

Section
Section

Section

6.3

2.3.7
3.2
3.2.1
3.5.3
2.3.7
3.3.9

1.3
3.2.1
2.3.7
2.3.5

1.7.2

2.3.9

2.3.7

5.1.6

4.3

5.1.5

4.5| (poset variant in Example

6.1.3

2.2
3.2
3.3

E
=

3.3.5

5.2.1
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FPRAS

FPTAS

functional clone

generalised Fibonacci signature
generalised STP multimorphism
graph fragment

hard

indecomposable

(K) intersects (Uy )

join

length (of a contour)

level

local

log-anti-Monge
log-supermodular

majority polymorphism
matchings circuit
(h-)maximisation

meet,

MJN

Monge

multimorphism

operation

outerplanar

orthogonal

parallel

parity relations

parity-0 and parity-1 ones
parity-0 and parity-1 terminals
partial configuration

partition function

phase

pinning

pinning-minimal

POTM

pps-formula

functional clone
pps,,-definable functional clone
PRAS

psm-formula

Section

deterministic FPRAS; mentioned in Section

Section

Section

Definition [6.31

Section
Section
Section
Section
Section
Section
Section
Section
before t
Section
before s

Section

Definition [5.22

Section

Definition [6.24

before t

Definition [6.21] Definition [6.22
Definition [6.19

see [7]

Section

Definition [5.9

Section
Section

Section

Definition [5.9

Section

Definition [2.16)

Section
Section
Section
Section

Section

1.9

6.1.3
4.3

3.2.1
6.1.3
5.1.6
2.3.7]
1.5.5
2.3.5
2.5
2.3.7]
he statement of Theorem

1.5.5

2.1.1

6.42

tatement of Theorem [6.28

57

1.5.5

he statement of Theorem

6.42

E

3.2
2.3.2
2.3.4

1.1

1.7.2
5.1.6
1.2
6.1.3
6.1.3

introduction to Chapter

Section

Section

2.2
6.4
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product type

randomised approximation scheme
rank-1

reaches the lower /upper boundary
relational clone

side edge, side vertex

signature

simple contour

STP

STP/MJN

strictly terraced

substitution (of K-formulas)
terminals

terraced

trail

treewidth

unweighted constraint language
valued clone

valued constraint language
weakly log-modular

weakly log-supermodular
weakly submodular

weight (for a circuit)
weight-function
weight-function pair

weighted constraint language
windable

wraps around

Section
Section
Section

Section

4.3
1.2
6.3

2.3.7

after Section [6.17

Section
Section

Section

Definition [6.23
Definition [6.25
Definition (3.3
Definition [5.19

Section

Definition [5.9

Section

see [7]

Section

Section

Definition [6.13
Definition [6.2
Definition &
Definition [6.26

Section
Section
Section
Section
Section

Section

2.3.5

4.3

2.3.5

2.3.4

2.3.9

1.3
6.4

3.2.1

1.3

5.1.6

1.3

3.3.2

2.3.7
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