Canonical Paths for MCMC: from Art to Science

Lingxiao Huang *

Abstract

Markov Chain Monte Carlo (MCMC) method is a
widely used algorithm design scheme with many
applications. To make efficient use of this method,
the key step is to prove that the Markov chain
is rapid mixing. Canonical paths is one of the
two main tools to prove rapid mixing. However,
there are much fewer success examples comparing
to coupling, the other main tool. The main reason
is that there is no systematic approach or general
recipe to design canonical paths. Building up on a
previous exploration by McQuillan [IR], we develop a
general theory to design canonical paths for MCMC:
We reduce the task of designing canonical paths
to solving a set of linear equations, which can be
automatically done even by a machine.

Making use of this general approach, we ob-
tain fully polynomial-time randomized approxima-
tion schemes (FPRAS) for counting the number of
b-matching with b < 7 and b-edge-cover with b < 2.
They are natural generalizations of matchings and
edge covers for graphs. No polynomial time approxi-
mation was previously known for these problems.

1 Introduction

In statistics and computer science, Markov Chain
Monte Carlo (MCMC) methods are a class of algo-
rithms for sampling from a probability distribution
based on constructing a Markov chain that has the
desired distribution as its stationary (equilibrium)
distribution. The state of the chain after a num-
ber of (random) steps is then used as a sample of
the desired distribution. MCMC methods are pri-
marily used for calculating approximations of multi-
dimensional integrals, number of combinational ob-
jects, number of solutions for constraint satisfaction
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problems, partition function for statistic physics sys-
tems and so on [@, B, 8, [4, ©, [0, 2, I3, 14, 19, 20, 21).
Typically, the support set of the distribution is expo-
nentially large but we need the sampling algorithm
to run in polynomial time. This requires that the
Markov chain is rapidly mixing, namely, it is very
close to the stationary distribution after polynomial
number of steps.

Canonical path is one of the two main tools (the
other one is coupling) to prove rapid mixing of the
Markov chain. To make use of this tool, one need
to design paths between each pair of states for the
Markov chain and prove that the overall congestion
at each link of the Markov chain is low. However,
it is typically a very difficult task to come up with a
low congestion routing especially for an exponentially
large state graph of a Markov chain. Thus, the design
of canonical paths for a given Markov chain remains a
highly non-trivial artwork for masters. For the other
main tool coupling, there are quite a few nice theories
developed. One most important general approach is
path coupling [3] which enables one to only analysis
the local configuration of a single constraint rather
than the global configuration. This is typically much
easier to handle.

Due to the lack of general theory and approach,
there are only very few notably successful examples
of canonical path. One important example is the
MCMC for sampling and counting matchings of a
graph [[D]. The states of the Markov chain is all
matchings for a given input graph. The symmetric
difference of two matchings of a graph is a disjoint
union of paths and cycles. Then, the natural and
success canonical path for matchings is “winding”
the edges one by one just follow the natural order of
these paths and cycles. Another important success
example is the so called “sub-graph world” problem
transformed from ferromagnetic Ising model [IZ].
For this problem, the symmetric difference of two
configurations can be any graphs. But any graph has
path-cycle decompositions, and their canonical paths
simply do an arbitrary path-cycle decomposition and
wind the edges following these paths and cycles.
Since the constraint in each vertex for that problem is
the simple parity function, they can prove that these
canonical paths indeed have low congestion.
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In an unpublished manuscript [I8], McQuillan
proposed a beautiful generalization of this path-cycle
decomposition idea called winding. In a high-level,
one do not use a single fixed path-cycle decomposi-
tion but use a convex combination of exponentially
many path-cycle decompositions and distribute the
flow among these canonical paths. This idea itself
alone is not new, such fractional canonical paths were
used before, see for example [9]. The main contri-
bution of [I¥] is a method to design such a convex
combination by a local property for each constraint
called windable. As long as each local constraint is
windable, they can design the global path-cycle de-
compositions and thus canonical paths automatically.
Therefore, this winding approach gives a systematic
approach to design canonical paths for MCMC. This
is similar to path coupling technique for coupling
which enables us to only analysis the local constraint
and configurations. However, to show that this wind-
able property for the local constraints still require a
construction for some mathematical objects. In their
paper, they showed that the Not-All-Equal functions
satisfies the properties by an explicit construction of
these mathematical objects. It was not clear how to
show whether a new constraint function satisfies this
windable property or not.

In this paper, we give a characterization for the
property of windable by a set of linear equations,
which works both for unweighed and weighted con-
straints. Having that, the whole process of designing
canonical paths becomes a routine of solving linear
equations which can be automatically done by a ma-
chine. We also refine some definitions and presenta-
tion for the winding approach so that it is easier to
understand and apply. We extend this approach to
instances with edge weights as well.

It is very easy to verify that the matching con-
straint [I1] and parity function [IZ] are indeed wind-
able by our characterization. Moreover, with this
powerful approach and characterization in hand, we
design a number of new fully polynomial-time ran-
domized approximation schemes (FPRAS) for ap-
proximate counting by simply verifying that the local
constraint functions are windable by our new char-
acterization theorem. Our first example is count-
ing b-matchings, which is a natural generalization of
matchings. A subset of edges for a graph is called
a b-matching if every vertex is incident to at most
b edges in the set. 1-matching is the conventional
definition of matching for a graph. In particular, we
obtain FPRAS for counting b-matchings with b < 7
for any graphs. Previously, FPRAS was only known
for counting 1-matchings.

Another problem we resolve is a generalization
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of the edge cover problem. A subset of edges for a
graph is called an edge cover if every vertex is in-
cident to at least one edge in the set. Previously,
MCMC based approximation algorithm for counting
edge covers was only known for 3-regular graphs [2].
In fact, they also used canonical path to get rapid
mixing and used path-cycle decomposition to con-
struct canonical paths. Since they do not have a
systematic approach but some ad-hoc construction
and case-by-case analysis, they only succeeded for the
very special 3-regular graphs. By our approach and
characterization, we can show that there exist a con-
vex combination of path-cycle decompositions which
works for general graphs. Moreover, we generalize it
to b-edge-cover by requiring that every vertex is inci-
dent to at least b edges in the set. We obtain FPRAS
for counting b-edge-cover for b < 2. We note that FP-
TAS based on correlation decay technique for count-
ing edge covers for general graphs was known [[6, 7).
However, it seems that their technique have intrinsic
difficulty for 2-edge-cover.

Interestingly, we can show that the constraint
function of 8-matchings and 3-edge-cover are not
windable by our characterization theorem. We do not
know whether these transitions really corresponds to
the boundaries of approximability or not. We leave
these as interesting open questions.

The most interesting future direction is to de-
sign canonical paths for other Markov chains by this
approach and thus get polynomial time approxima-
tion algorithms. Of course, we are not claiming that
winding is the only way to design canonical paths.
To develop other systematic approach for designing
and analyzing canonical paths for MCMC is very in-
teresting. We hope that our work can stimulate such
kind research.

2 Preliminaries

Holant Problem. Let G(V, E) be a graph. In
this paper, we consider each edge e = (u,v) €
E as two “half edges” e, and e,%. Let & £
{eu,;ey | € = (u,v) € E} denote the set of all half
edges. For every vertex v € V, we use £(v) to de-
note the set of half edges incident to v.

An instance of a Holant problem is a tuple
A = (G(V,E),(fs)yey), where for every v € V,
£o 0 {0,13°™) 5 R+ is a function, where R¥ is the set
of non-negative real numbers. For every assignment

THere we consider ”half edges” instead of ’edges’ as usual,

since our Markov chains work on these ”half edges”.
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o € {0,1}%, we define the weight of o as

wp (o) = H Jo (U ! 5(1}))'

veV

For every o € {0,1}5, we use d(o) to
denote the number of edges e = (u,v) such
that o(e,) and o(e,) disagree, ie., d(o) =
H{e = (u,v) € E|o(ey) #o(ey)}|. For every k >
0, we denote Q) = {U € {0,1}° ‘ d(o) = k:}

ZuA) 2 Y, o, wa0):

The set ¢ contains exactly all the assignments
which are consistent at each edge. These are the
ordinary assignments we usually studied and we call
Z(A) = Zy(A) the partition function of A.

Symmetric Functions. A function
f i {0,1} — Rt is symmetric, if the value of
the function only depends on the Hamming weight
of its input. We use |z| = > ,_;x; to denote the
Hamming weight of . Thus, for a symmetric
function f : {0,1}7 — R* where |J| = d, we can
write it as f = [fo, f1,..., f4], where f; is the value
of f on inputs with Hamming weight i.

We define some special symmetric functions
which will be used in this paper:

and

e 0(1): f(z)=0(f(x)=1) for all z € {0,1}”.

e Even (Odd): f(x) =
Otherwise, f(z) = 0.

1 if |z| is even (odd).

o =Fk: f(z)=1Iif |x| = k. Otherwise, f(z) =0.

> k(< k) flx) =
Otherwise, f(z) = 0.

o [a,b]: f(x) =
f(z)=0.

When needed, we use a sub index to indicate the
arity of a function. For example, Even,; and (= k)q4
is the Even and = k function with arity d. If every
function f, is the function (< 1)4,, then the Holant
problem A = (G(V,E),(fu),ey) is the matching
problem. Functions < b are for b-matching problem
and functions > b are for b-edge-cover problem.

We introduce a few operations for functions. For
two functions f and g with same arity, we use f-g to
denote the entry wise product of the two functions.
For example:

Lif fo| > k (o] < k).

1if a < |z|] < b Otherwise,

e [a,b]g-Eveng: f(z) =11ifa < |z| < b and |z| is
even. Otherwise, f(z) = 0.

For a function f : {0, 1}'] — R* and an assignment
m € {0, l}I where I C J, we define the pinning of f
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by 7 as a function G : {0, 1}‘]\1 — R* such that for

every o € {0, 1}‘]\1, G(o) = f(oom) where oo is the
concatenation of ¢ and 7. For symmetric functions
in symmetric notation [fo, f1,..., fq], & pinning gets
a consecutive sub-sequence of {fo, f1,..., fa}. The
complement of a function F takes a complement for
each input entry before evaluation of the function.
For symmetric function, it simple reverses the order
as [fa, fa—1,- .-, fol-

Windable Functions. In [I8], a special family
of functions called windable functions has been intro-
duced:

Definition 1. For any finite set J and any configura-
tion z € {0, 1}‘], define M, to be the set of partitions
of {i | x; = 1} into pairs and at most one singleton.
A function F : {0,1} — R* is windable if there
exist values B(xz,y, M) > 0 for all z,y € {0,1}’ and
all M € Myg, satisfying:

1. F(x)F(y) = ZMeMw@y B(x,y, M) for all x,y €
{0,1}7, and

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

Here © & S denotes the vector obtained by changing
x; to 1 —x; for the one or two elements i in S. 2

Observation 2. 1f |z| is even, each M € M, contains
no singleton. Otherwise, if |z| is odd, each M € M,
contains exactly one singleton.

The following nice theorem was implicitly proved
in [IX].

Theorem 3. There exists an FPRAS to com-
pute the partition function Z(A) for instances A =
(G(V,E), (fu)vev) with |V| = n, if it holds that (1)
the instance is self-reducible in the sense of [Ti]; (2)
for every v € V| the function f, is windable; and (3)
Z(0) _ o),
Zo(A

The FPRAS is obtained by the MCMC method.
The states of the Markov chain are all the assign-
ments in Qg U Qs, which contains all the consistent
assignments () and nearly consistent assignments
(Q2). The second condition ensures that the size of
Qo and Q¢ Uy are polynomial related. To prove the
rapid mixing of the Markov chain, the windable con-
dition is used to construct canonical paths. Roughly

?Note that our definition seems different from [I¥], which

defines M; to be the set of partitions of {i|z; =1} into
pairs and singletons. While by the proof of Lemma 15 in [L¥],
both two definitions are equivalent to Figy being even-windable.
Thus, our definition is equivalent to [I¥] in fact.
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speaking, by the pairings and singletons in the defini-
tion of windable, the graph is naturally decomposed
into disjoint union of paths and cycles. Then the
canonical path just winds the edges follow these paths
and cycles. The formal definition and detail can be
found in [I8]. For the convenience of the readers, we
also include a formal description for the Markov chain
and canonical paths in appendix. To logically follow
the results of this paper, all these are not needed ex-
cept the statement of the above theorem.

3 Windability for Symmetric Functions

In this section, we obtain a characterization for
all symmetric windable functions. Before that, we
introduce one more definition which is also adapted
from [IF].

Definition 4. A function H : {0,1}Y — R* has
a 2-decomposition if there are values D(x, M) >
0, where x ranges over {0,1}’ and M ranges over
partitions of J into pairs and at most one singleton,
such that:

1. H(z) =>_,; D(x, M) for all x, where the sum is
over partitions of J into pairs and at most one
singleton, and

2. D(x,M) = D(z & S,M) for all x, M and all
SeM.

Our definition for 2-decomposition is a general-
ization of [IX], since we allow the length of J to be
odd. By the new definition, we have the following
lemma.

Lemma 5. A function F is windable, if and only
if for all pinnings G of F, the function G - G has a
2-decomposition.

Proof. If F' is windable, for each I C J and each
p € {0,1}!, define Dy(z, M) = B((x,p), (T, p), M)
for all 2 € {0,1}’\. By definition @ and @, we have
that Dy, is a 2-decomposition of G - G, where G is the
pinning of F' by p.

For the backwards direction, for all z,y € {0, 1}‘] ,
let I ={i e J|xz =uy;} be the position where x and
y agrees. Let p € {0,1}! be the restriction of = to I,
which is the same as the restriction of y to I. Let 2’
be the restriction of z to J \ I. Define B(z,y, M) =
Dy (2, M). Then by the definitions, it can be verified
that B witnesses that F' is windable. O

We introduce matrices A,, for every integer m >
1, which will be used in our characterization theorem.

e If m = 2n is even, then A,, = (a;j)o<i<n €
0<j<n

517

Qnt)x(n+1) where

()= - @2n—i—j— 1)
a;; = ifi=7 (mod 2);

0 otherwise.

o If m =2n+1is odd, then A,, = (a;j)o<i<n €
0<5<n
Q(n+1)><(n+1) where

(Y400 — j — D@+ 1 — i — j)!

ifi=j (mod 2);
A5 = ; N . . .
! () 50 = )N(E2n — i = )
otherwise.

The notation n!! is the double factorial of n.
For even n, n!! = n - (n —2)---2; and for odd n
nl=n-(n—2)---1. fn =0o0rn = —1, then
n!l = 1 by convention. We note that A,, is a lower
triangular matrix (which follows from the convention
that (;) = 0 for ¢ < j). The entry a;; of A, has
following combinatorial interpretation: Consider we
have m balls consisting of i different red balls and
m — ¢ different blue balls. If m = 2n is even, then
a;; is the number of ways to divide 2n balls into n
pairs, such that the number of pairs with different
colors is j. If m = 2n + 1 is odd, then a;; is the
number of ways to divide 2n 4+ 1 balls into n pairs
and a singleton, such that the number of pairs with
different colors is j.

Lemma 6. Let m > 1 be an integer, n = |%2]

and H = [hg,h1,...,hy] be a symmetric functz?on
with hy = hpy—; for alli = 0,1,--- . n. Let h =
[ho, i, ..., hy] be a vector. Then H is 2-decomposible
if and only if there exists an x € R"T! > 0 such that

A,,x=h.

We note that we abuse the notation h =
[ho, P1, .- ., hy] both as a symmetric function with ar-
ity » and a vector in R™*! in the whole paper when
meaning is clear from the context.

Proof. we first consider the case that m = 2n is even.
Let M denote the set of all partitions of [m] into
pairs. We define an equivalent relation ~ between
pairs (z, M) where z € {0,1}" and M € M. Given a
pair (z, M), let k(z, M) 2 |{(x;,x;) € M | 2; # x;}],
i.e., the number of pairs in M with different value.
Then two pairs (x,M) ~ (2/,M’') if k(z,M) =
k(z', M'"), namely M and M’ contain the same num-
ber of pairs with different value. This relation in-
duces equivalent classes {Ay |k =0,...,n} where
each Ay = {(x, M) | k(z, M) = k}.
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We claim that the function H is 2-decomposible
if and only if for every 0 < k < n, there exists

Dy > 0 such that for every x € {0,1}", H(z) =
Z]VIEM Dk:(w,M)'
“If” direction is easy. Let D(x, M) = Dy ),

then the first requirement is satisfied naturally. The
second requirement is satisfied by the fact that
k(x,M) =k(z® S, M) for any x, M and S € M.

Thus we now assume H is 2-decomposible, i.e,
for every z € {0,1}™ and M € M, there exists
D(x, M) > 0 such that

1. H(z) = D(z, M), and

ZMEM

2. D(x,M)=D(z® S, M) for every S € M.

We need to show that there exists Dy > 0 such that
for every z € {0,1}", H(z) = 3 17e pt Dt 1)

Let o € S;, be a permutation on [m]. For every
z € {0,1}", we use z, to denote (Zy(1);---,To(m))
and for every M € M, we use M, to denote the par-
tition on [m] that (z;,7;) € M <= (Z,(:), To(j)) €
M,. It is easy to see that for every 0 < k < n and
S Sm, ({E,M) €A, — (ZL’U,MU) e Ay.

For every k > 0, we fix some (z(®) M®*) ¢
Ay and define Dy = 53 o D(x,(,k),Mék)). An
important fact is that the value of Dy is an invariant
for different choice of (z*),M®*) € Ay. To see
this, consider two pairs (x, M), (2, M') € Ay where
x = (x1,T9,...,%y) and o' = (2),2,,...,2))), we
aim to show that

Z D(z,, M,

gES,

(3.1)

pr M.

cESm

We can assume without lost of generality that
no pair S = (x;,z;) € M with 2; = z; = 1 and
no pair S = (v},2}) € M' with z} = 2} = 1.
This is because for every S € M, the mapping
9g((xe, M;)) = ((x ® S)s, M) is a bijection between
{(x,My) | 0 €S} and {((z® S)o, M,) | 0 € S},
and moreover D(z,, My) = D((z @ S)y, M,). Thus
for every S = (x;,2;) € M with z; = z; = 1, the
identity (BO) is equivalent if we replace « by z & S.
The same argument holds for z’.

Under this assumption, we have Y .  z; =
i, @i and both pairs belong to Ag. This im-
plies for some permutation m € S,,, it holds that
(Xr, My) = (2/, M') and justify (B).

It remains to verify that for every z € {0,1}"
H(x) = > yjeaq Dia,ary. Since H(-) is symmetric,
we have
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H(z) = % H(z,) = % > Y Dla,, M)

0ESm " 0€Sm MeM
1
= 7' D(mg, Mg)
m!
MeMaoeS,,
1 n
=52 2. 2 DM
" k=0 MeM:(z,M)EA, 0ESm

It then follows from our discussion in the last para-
graph that

DYDY

k=0 MeM:(x,M)eAy

Dy, = Z Di(,n)-
MeM

Therefore, the function H is 2-decomposible if
and only if there exist Dy, > O forevery k =0,1,...,n
such that for every x = (x1,22,...,2,) € {0,1}™

T) = Z Dy e,y = Z Z

MeM k=0 MeM:k(z,M)=k

Dy,

=D {M € M| k(z, M) = k}| Dy
k=0

(3.2)

Since H(-) is a symmetric function, for every
x, 2’ € {0,1}"" with same Hamming weight, identity
(BX) are the same. Moreover, the identity (82) for
x with Hamming weight ¢ is the same as the identity
(82) for z with Hamming weight m — . For i = |z|,
the identity (872) becomes

= Z |{M eM | k(l‘,M) = k’}'Dk = Zaika,
k=0

k=0

where the second equality uses the (combinatorial)
definition of a;;. Therefore, these D > 0 are the
solution of the linear system A,,x = h defined in the
statement of the lemma. This completes the proof
for the case that m is even.

Then we consider the case that m = 2n + 1 is
odd. Let M denote the set of all partitions of [m]
into pairs and a singleton. The proof is similar to the
case that m is even, with some slight difference on
verifying (Bl), as we have to deal with the singleton
in each M € M. We define an equivalent relation
~ as that (x, M) ~ («/, M') if k(z, M) = k(z', M").
This definition is the same as the m = 2n case as the
singleton plays no role. For every k& = 0,...,n, we
also define A, = {(x, M) | k(z, M) = k} and claim
the the function H is 2-decomposible if and only if
for every 0 < k < n, there exists Dy > 0 such that
for every z € {0,1}™, H(x) = > y;e pmq D(a,m)- The

Copyright © by SIAM.
Unauthorized reproduction of this article is prohibited.



proof for the claim is almost identical as the even
case. When verifying (BIl), we can assume no pair
(x;, ;) € M with z; = x; = 1 and that the singleton
(x;) € M satisfies z; = 0 (and the same assumption
for (2/, M')), then the remaining argument can go
through. O

Our characterization of the windability of sym-
metric functions is summarized by following theorem:

Theorem 7. Given a symmetric function F

{0, 1}d — RT, F is windable if and only if for every
pinning G of F with arity m, the function H(x) =
[ho,h1,... hm] = G(2)G(Z) satisfies the following
condition: The linear equations A,,x = h has a non-
negative solution x > 0, where h = [ho, hq,. .. hL%J]'

We note that there exists an unique solution for
A, x=h as A,, is a lower triangular matrix. So we
only need to check that this solution is nonnegative
or not.

3.1 Properties of A,, In this subsection, we
obtain some properties of the matrix A,, which are
useful to verify that the linear equations A,, -x=h
has a nonnegative solution or not.

First of all, for all i = 0,1,---,[ %3] we have

m—1
Y ay = @l=5—]+ D= ago.
0<j<i

This has a simple combinatorial explanation since the
sum is the total number of partitions of m different
objects into pairs and at most one singleton. This
implies the following lemma.

Lemma 8. Let m>1andc>0, A,,x=c-1 has a

nonnegative solution x = ﬁ -1

In the case that m = 2n is even, the matrix A,,
has non-zero entries a;; only if ¢ = j (mod 2). Thus
the existence of nonnegative solution for the linear
equations A,,x = h is equivalent to the existence
of nonnegative solutions for the two linear equations
A, x = hg and A,,x = hy, where hy (resp. hy) is
obtained from h by setting h; = 0 for all odd (resp.
even) ¢. This fact implies the following corollary:

Corollary 9. Let H(x) = G(z)G(Z) be a symmetric
function with arity m = 2n. Define functions Hy, Hy
as Hy = H - Even and Hy = H - Odd. Then H is
2-decomposible if and only if both Hy and Hy are 2-
decomposible.

Combined with Lemma B, we directly have the
following lemma.
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Lemma 10. If m = 2n is even, A,,x = h has a
nonnegative solution if h = Even or Odd.

The following lemma reveals an relation between
AQn and A2n—1-

Lemma 11. Assume n > 1. Let Ay, = (a;;) €
RFDXMH) and Ay, g = (aj;) € R™" If0<i <

n and i = j (mod 2), we have the following equality:

(3.3) @

o r_ /
Qij = @y j_q + Q5 = Qg j_1 T Qi j-
Moreover, given two vectors h € R(HDx(n+1) g g

h' = R™"*" we have the following two properties:

1. If h is odd (all even entries of h are 0), and

hi = hbirq = hoiy1 satisfies for 0 <i < |n/2]®

Then Ao, _1-x' =h’ has a nonnegative solution

if and only if Ag, - x = h has a nonnegative
solution.

2. If h is even (all odd entries of h are 0), and
hi_1 = hb;, = ho; satisfies for 0 < i < n/2.8
Then As,,_1-x' =h’ has a nonnegative solution
if and only if As, - x = h has a nonnegative
solution.

Proof. We first prove Equality BZ3. In fact, it is
not hard to verify it by definition. Here we give
a combinatorial explanation. Recall that a;; is the
number of matchings in A; when } 2k = i
(0<i<mn) Ifi=j(mod2) and i < n, there
must exist an entry of value 0. Assume that x5, =0
without loss of generality. Then the matching among
the remaining entries should be in either Aj;_; or
Aj, and ZkE[Qn—l] xzp = t. Thus, we have a;; =
aj j_y + aj;. Similarly, if ¢ = j (mod 2) and i > 0,
there must exist an entry of value 1. We let x5, =1
without loss of generality. Then the matching among
the remaining entries should be in either A;_; or A,
and } 4 cp,—1) Tk =@ — 1. In this case, we have that
aij = aj_q ;_1+a;_; ;. Combine these two equalities,
we prove Equality B=3.

If h is odd, suppose x is the solution for the linear
equations As, - x = h. Observe that x is also odd
by the definition of Ag,. Let x5; = x5, | = x2;41 for
0 <i < |n/2|. We show that this x" is exactly the
solution of Ay, _1-x" = h’. Then by the construction
of x’, we know that x is nonnegative if and only if x’
is nonnegative, which completes the proof. Consider
the (2i)th row (0 < i < |[%5*]) and (2i + 1)th row
"~ 3If 4 = 0, the equality is agp = agg- If i = n, the equality is
Anj = a‘ln—l,j—l +a;

n—1,5°
4Since h/, | does not exist, if n is even and i = |n/2], the

condition is h], = hpy1.
5If i = 0, the condition is hy = ho.
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of Agp1 (0 <7 < L%JL we have the following
equalities which shows that A,,_1 -x’ = h'.

/ /I
Z 42;,5%5 =

0<j<2i

/ / / /
E (24 2%2; + A9 254 1T25 41
0<;<i

Vi !
§ (9; 9;T2j+1 T A9; 054 1T25+1
0<j<i

/ !
E (ab; 05 + A 9j41)T2j+1
0<j<i

i
E a2i+1,2j+1%2j+1 = haji1 = hyj,
0<y<i

! !
Z A2441,5T;5
0<j<2i+1

_ / / / /
= E (2i11,2jT25 + Q251125 11T2511
0<j<i

li /
E A911,2§T2j+1 + Qi1 254 1T25+1
0<5<i

! !
E (a2i+1,2j + a2i+1,2j+1)x2j+1
0<j<i

D asit125+1T2541 = hajer = hijp.
0<j<i

If h is even, suppose x is the solution for the
linear equations As, - x = h. Observe that x is also
even. Let zf, | = ab, = x9; for 0 < i < [n/2]. By
the same argument as above, this x’ is exactly the
solution of As,_1 -x’ = h’. So we prove the whole
lemma. O

4 Counting b-Edge-Covers

In this section, we obtain FPRAS for counting
b-edge-cover for b < 2 as an application of our
characterization. By Theorem B, we need to prove
that the function > b is windable for b < 2, and
bound the ratio of Z5/Z.

Lemma 12. If b < 2, the weight functions > b are
windable.

Lemma 13. For any counting b-edge-cover instance,
we have that Zs/Zy < 4n?, where n is the number of
edges.

We first prove Lemma 2. Consider the pinning
function G of > b. Since b < 2, G might be 1,,,
(> 1)y or (> 2);n. Let H(z) = [ho, h1y- .., hm] =
G(2)G(7), and let h = [hg,hy,...hm]. By the
definition, we know that h can only be 1=y, (>
1)jmj or (> 2)|m|. Then by Theorem @, we need
to show that A,,x = h always has a nonnegative
solution. Thus, we only need to prove the following
lemma.
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Lemma 14. Ifm > 1 and b < 2, A,,x = (> b) has
a nonnegative solution.

Proof. If b =0, h = 1,, has been proved in Lemma B.
We assume b = 1,2 in the following. We consider two
different cases: m is even and m is odd.

The first case is that m = 2n is even. If b = 1,
h = (> 1),. By Corollary B, we only need to
prove that both A,,x = hg and A,,x = h; have
nonnegative solutions. Observe that h; = Odd,,. By
Lemma M, we only need to consider hg = (> 2), -

Even,,. Let x9; = (1 —(=1) Hfﬂ;?ﬁﬁ» (27;1)” if

0 <j <[5 and z; = 0 if otherwise. Note that
x9g=1— # = 0. If j > 0, the numerator (25 — 1)!!
is no larger than the denominator [[/_,(2n — 2i)
because we have 2j —1 <n—1<2n—2. Soxy; >0
always holds. Thus, we prove that x is a nonnegative
vector.

The remaining task is to show x is the solution.
We note that £y = 0 and thus the first equation
is satisfied. For ¢ is odd, it is easy to see that
> o<j<i@ijzjy = 0 since we have a;; = 0 for even j
and z; = 0 for odd j. In the following, we only need
to verify that > ; aijz; =1 for even i = 2k > 2.
For these, we have

E Q21,25 T2;

0<ji<k
D Y G U
= 2k,2j — 25 — —
o5k (2n — 1N (2n — )N
@ 1
=14 Z a2k,2j($2j*m)
0<j<k -
2k\ (2n — 2k
=1 29012k — 27 — 1!
= 3 (o) (e -2
0<ji<k

(2n — 2k — 25 — 1) (zzj — M)

B ;i (2K)(2n = 2k)!(n — j — 1)!
=1- 2 (1 2k — j)(n—k — 7)1j!(2n — 1)!

0<j<k
(2K)!(2n — 28)! L (m—j—1)
2(2n — 1! Og;k( V=i s =
© . (2K)(2n — 2k)! =17 () (")
BTy R Ve
—1-0=1,

where (©) is because the sum of entries in each
row of A,, is (2n — 1)!l, which equals to the total
number of partitions. The equality (¢) uses the fact

=07 (5 (7
Zogjgk 7sj—)j( )
technical Lemma.

= 0, which is by the following
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Lemma 15. 377" % =0.

Proof. Consider f(x)
not hard to see that

. Itis

m (_1)j m ";LJ' 27
s CEI)

where 2 F (a,b;¢;2) = 37,5
i—1 )
Hj:o(@ +34)-
By Equality 15.3.3 in [0], oFy(—m,m — n;1 —
nyx)=(1—x) 2Fi(1+m—n,1—m;1—n;x). Let
x = 1, we prove the lemma. O

T . L Here

7

(a)i

Ifb=2 h=(>2), Westill consider the
linear equations A,,x = hg and A,,x = h;. Note
that hy = (> 2), - Even,, which has been proved in
the last case. So we focus on h; which equals to (>

; i+1)N
3”’Odd"'Letz%*4::(1*(’1yrﬂggéilzn)wninu

0<j< "T_l) Otherwise let z; = 0. Then we show
the correctness.

If 5 = 0, note that z;1 = 0. If j = 1, it is not
hard to see that x3 > 0. If 5 > 1, we have n > 5.
Observe that the numerator (2j + 1)!! is no larger
than the denominator Hz;l (2n — 2i) since we have
27 +1<2n—4. So z9;41 > 0 always holds. Thus,
we prove that x is a non-negative vector.

The remaining task is to show that x is exactly
the solution. We note that 7 = 0 and thus the
second equation is satisfied. For i is even, it is easy to
see that Zogjgi a;;x; = 0 since we have a;; = 0 for
odd j and xz; = 0 for even j. In the following, we only
need to consider the (2k+1)th rows (0 < k < | 251]).
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In fact, we have the following equalities.

Z A2k+1,254+1T2541

0<j<k
3 e (G e~
= 2k4+1,2+1 \ 75y HH T op — I
0<j<k (2n — 1N (Zn— 1N
©) !
=1+ Z A2k+1,2j+1 ($2j+1 - (271—1)”)
0<j<k )
2k +1\ (2n -2k -1
=1+ ZI<2-1)< 2j +1 >
0<j<k 7+ /

S(2) + D12k — 25 — DIN(2n — 2k — 25 — 3)1!

(2k + 1)1(2n — 2k — 1)l(n — 1)

o (2n —1)!
' —1y (n—j—2)!
OsJZ‘Sk( Y k=il
o (2n —1)!
() ()
Ogjz‘;k n—1—7
=1-0=1

where (©) is because the sum of entries in each row
of A,, is (2n — 1)!! which equals to the total number
of partitions, and (<)) uses Lemma [3.

If m = 2n — 1 is odd. We want to show that
As,—1-x = (>b),_1 has a nonnegative solution for
b <2 Ifb=1, by Lemma [, we only need to
show that Ay, -x = (> 1), - Even,, = (> 2),, - Even,
has a non-negative solution, which has been proved
in the first case. Finally, if b = 2, by Lemma [, we
only need to prove that A, - x = (> 2), - Odd has
a nonnegative solution. Note that (> 2),, - Odd = (>
3)n - Odd,,. By the first case, we finish the proof.

Thus, we prove that A,,x = (> b) always has a
nonnegative solution if b < 2. O

The second part is to prove Lemma I3.

Proof. We construct a mapping from Qs to Qg to
bound Z5/Zy. For any satisfying assignment z €
{0,1}2™ in Qy, assume that 4, j are the two half edges
which violates the equality constraint on edges, and
x; = x; = 0 (the corresponding other two half edges
are assigned 1). Let y be the assignment obtained by
x flipping on ith and jth entries. Note that y € Qg
is also a satisfying assignment by the definition of
b-edge-cover.

)
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On the other hand, from a satisfying assignment
y € o, we can construct at most 4n? satisfying
assignments x € ()5 by flipping on two half edges. So
we map at most 4n? satisfying assignments z € 0 to
y. Thus, we have Zy/Zy < 4n? by this mapping. [

Combining Lemma [ and I3, we have the fol-
lowing theorem.

Theorem 16. There is an FPRAS for counting b-
edge-cover problems if b < 2.

5 Counting b-Matchings

In this section, we provide another application for
counting b-matchings.

Theorem 17. There is an FPRAS for counting b-
matching problems if b < 7.

Similarly, by Theorem B, we only need to prove
the following two lemmas.

Lemma 18. If b < 7, the weight functions < b are
windable.

Lemma 19. For any counting b-matching instance,
we have that Zs/Zy < 4n?, where n is the number of
edges.

For preparation, we show the following lemma
first.

Lemma 20. Letn = |%]. Then Apx = (=n),
a nonnegative solution.

has

Proof. Since the RHS only has one non- zero entry at
the last row, it is easy to see that x,, = — and z; = 0
fori=0,1,--- ,n—1is a non—negatlve “solution. O

Now we are ready to prove Lemma [S.

Proof. (Lemma IR) Consider the pinning function G
of < b. We have that G = (< k), where k < 7.
Recall that we define H(x) = [ho,h1,...,hm] =
G(z)G(z). Then we have H = [m — k,k|,. To
make H non-trivial, we need & < m < 2k. Let
h = [h07h17~-~h|_%J]7 then h = (Z m — k)L%J If
m < k+2, then h = (> 1) with { < 2 which has been
proved by Lemma Id. By Lemma BP0, the cases that
m = 2k and m = 2k — 1 are also correct. So we only
need to consider the cases that k +3 < n < 2k — 2
and k < 7. We enumerate all of them in the following
Case k = 5,m = 8. x = (0,0,0, &, L) is the non-
negative solution.

Case k=6,m=9. x=(0,0,0
negative solution.

Case k = 6,m = 10. x = (0,0,0,0

non-negative solution.

) 607 24

, 360, 360) is the non-

) 3607 120) is the
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Case k = 7,m = 10. x = (0,0,0, = 530 360, 25120) is
the non-negative solution.

Case k=7,m =11. x=(0,0,0,0
non-negative solution.

Case k = 7,m = 12. x = (0,0,0,0,0, 5555, 75) is
the non-negative solution.

’ 25207 2520) is the

O
The remaining task is to prove Lemma I9.

Proof. (Lemma @) The argument is almost the same
as Lemma [3 except that from a satisfying assign-
ment x € (y, we map it to a satisfying assignment
y € Qq by deleting two half edges, instead of adding
two half edges. Again, we construct a mapping from
Qs to Qo, and show that Zy/Zy < 4n?. O

Remark: Our FPRAS for both b-matchings and b-
edge-covers can be extended to instances with edge
weights. On the other hand, the results cannot be
extended to counting 8-matchings or 3-edge-covers
since these constraint functions are not windable.
These facts are also showed by our characterization
theorem and we present them in the following two
sections.

6 Edge Weighted and

b-Matchings

In this section, we consider the version that each edge
e € E has a nonnegative weight w.. We want to
show that both counting weighted b-edge-cover and
b-matching problems have an FPRAS.

Given a graph G = (V, E). The trick is to add a
constraint on each edge. For each edge e, we separate
it into two edges e and e'. Between e¢° and e!, we
add a new constraint (1,0,w.). Now we construct
a new graph G' = (VU E,E° U E'). Tt is easy to
see that the partition function for this new Holant
instance is exactly the partition function for the edge
weighted counting problem.

We first prove the constraint for each edge is
windable.

b-Edge-Covers

Lemma 21. If a > 0,
windable.

the function (1,0,a) is

Proof. For all pinnings G of this function, we can
observe that GG is either 0 or c- 1, where ¢ is some
nonnegative constant. By Lemma B and B, we prove
the lemma . O

Compared to the unweighted version, we have | E|
more constraints on edges. Note that the half edges
are between vertex constraints and edge constraints.
In other words, each edge e € FE is partitioned into
four half edges. It only needs to show that Zs/Zj is
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still bounded. We first consider the weighted b-edge-
cover problems.

Lemma 22. For any counting b-edge-cover instance
2
where b < 2, we have that Z3/Zy < _L6n"_

Sn__ B Here, n
min ’er
is the number of edges.

Proof. Similar to Lemma [[3, we construct a mapping
from Q9 to Q. Since the half edges are different, the
rules for the mapping are also different.

Consider a satisfying assignment x € {0,1}?" in
Qo exactly two pair of half edges disagree with each
other. We call them ’bad’ pairs. For an edge e, we
partition it into four different half edges. If there
exists a 'bad’ pair of half edges on e, there might be
exactly one, two or three half edges of value 1. We
call this edge a 'bad’ edge. Note that there are at
most two such ’bad’ edges. Assume they are e; and
es. Let y be the assignment obtained by z fixing all
half edges to be 1 on e; and e;. Note that y € Qg
is also a satisfying assignment by the definition of
b-edge-cover. Moreover, F(x)/F(y) < minle —.

On the other hand, from a satisfying asscignment
y € Qy, we can construct at most 16n? satisfying
configurations = € ) by flipping on two random
half edges. Note that for each such x, we also have
F(z)/F(y) < L Moreover, we map at most

mine w?°
16n? satisfying configurations z € Q to y. Thus, by
2
this mapping, we have that Z5/Z, < mi?"wz. O

Theorem 23. There is an FPRAS for counting
weighted b-edge-cover problems if b < 2.

For counting b-matching problems, we have sim-
ilar results.

Lemma 24. For any counting weighted b-matching
instance where b < 7, we have that Zs/Zy <
16n2 max, w?. @ Here, n is the number of edges.

Proof. The proof is very similar to Lemma [3, except
that from a satisfying assignment x € €5, we map «
to an assignment y € g by fixing all half edges to be
1 instead of 0 on “bad” edges. Another difference is
that we have F(z)/F(y) < max, w? O

e-

Combined with Theorem B, we have the following

theorem.

6We assume mine we is a constant. This assumption is
reasonable. Since if min, we is exponentially small, counting
weighted b-edge-cover problem can be as hard as minimal edge-
cover problem.

7In this paper, we assume max. we is a constant. This
assumption is reasonable. Since if max. we is exponentially
large, counting weighted b-matching problem can be as hard
as counting perfect matching.
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Theorem 25. There is an FPRAS for counting
weighted b-matching problems if b < 7.

Remark: Observe the weight function H =
(1,0,we). Note that the even entries of H is a ge-
ometric sequence. In general, we have the following
lemma.

Lemma 26. For a symmetric function H : {0,1}/ —
R*, if both the even and the odd subsequences are
geometric sequences, then H is a windable function.

Proof. We still focus on showing that for each pinning
G :{0,1}™ — R* of H, A,;,x = h has a nonnegative
solution by Theorem [, where h is the prefix of G- G.

If m is odd, by the property of geometric se-
quences, we observe that h = c¢-1 (¢ > 0). If m = 2n
is even, by Corollary B, we only need to show that
both A,,x = hy and A,,x = h; have a nonnegative
solution. By the property of geometric sequences, it is
not hard to see that hg = c¢;-Even,, and hy = c3-0dd,,
(c1,¢2 > 0). By Lemma B and [0, we prove that H
is windable. O

By Lemma P8, we can show that FPRAS exists
for this class of symmetric functions similar to B-
matching. Note that [1, u, 1, 4,...] is a special case,
which has a well-known FPRAS in [2]. So we give an
FPRAS for a more general class of counting problems.

7 Unwindable Functions

In this section, we give some examples of unwindable
functions, which shows that our approach cannot
be directly extended to 3-edge-cover and 8-matching
problems.

Lemma 27. Ifb > 3 and |J| > b+ 8, the weight
functions (> b); are not windable.

Proof. If b > 3 and |J| > b+ 8, there must be a
pinning G by p, where G = (> 3)11. By Theorem [,
we only need to show that Aj; - x = (> 3)¢ has
nonpositive solution. In fact, we know that x =

(0,0,0, ==, =1 L) by calculation. O

» 5040° 5040° 10080

Lemma P shows that why our technique can not
work for arbitrary b-edge-covers. By this lemma, we
can conclude the following corollary which shows that
why winding technique does not work for arbitrary b-
matchings.

Corollary 28. Ifb > 8 and |J| > b+ 3, the weight
functions (< b); are not windable.

Proof. For a weight function F' = (< b)y, let F' =
(> |J] = b)s. Consider a pinning G of F by p. We
construct another pinning G’ of F’ by p. Note that
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for any z, we have that G(z) = G'(Z) = G'(x). Then
G - G is exactly the same as G’'G’. So F is windable
if and only if F” is windable.

Note that |J| —b > 3 and |J| > |J| — b+ 8. By
Lemma 24, we prove the corollary. O
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Appendix

To be self-contained and for the convenience of read-
ers, we include a formal proof for Theorem B in
this appendix. These proofs are essentially adapted
from [IR].

We first construct a Markov chain to sample from
Qo U Qs.

Let A = (G(V, E), (fv)vev) be an instance with
|[V| = n and every f, is windable. Let £ be the set
of half edges in G. The state space of the chain is
Q = QpUQs. For every two configuration o, 7 € €,
the transition probability P’(o, ) is defined as

2 min (1,22

if d(o,7) = 2;
' _ 2 (1 wa(p)
P'(o,m) -5 Zp:d(g_’p)ﬂ min (17 wi(g)) ,
if o =m;

0, otherwise,

where d(o,7) denote the Hamming distance between
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o and 7.
Our Markov chain is the lazy version of above,
i.e., for every two configurations o,7 € (), define

P(o,m) = B2 if o = 1 and P(o,m) = & if
o # e,
For every o € €2, we denote up (o) 2 TZUUAT(UZ)Z) and

for every set S C ©, we denote pua (S) £ 3, g (o).

The following rapid mixing result for above chain
was established in [I®]. For self-reducible instances,
it is standard to obtain FPRAS from this rapidly
mixing Markov chain [IH].

Lemma 29. For all 0 € Q and all non-negative
integers t, we have

Flow from Q5 to Q. Let 0 € € and

m € €y be two configurations and z = o @

w. Consider a tuple (Mv EMZIW,)) V, define
ve

T as the set of singletons in |J, oy My, ie., T =

{§€M,|veV and S is a singleton}. We fix a par-
tition of T into pairs (note that |T| is even by the
definition of Qy and Qs) and denote the partition as
M'. Define M 2 | M,UM' € M, we call M

the partition induced by (Mv € /\/lz|£<v>) .
veV

Then for every tuple (Mv eM ,
veV

define a canonical path 7, as follows, where
M € M, is the partition induced by the tuple: We
first construct a graph Gy, = (V3, Ep) where

veV

z|e(v) we

1P'(0,) = mally < 5 (aal0))F exp (=t ua(2)2/n).

The remaining part of this section is devoted to
prove Lemma P49.

A Congestion and Canonical Paths

Let G(£2,€) be the transition graph of our Markov
chain where for every pair of configurations o, 7 € €,
(o,m) € € if and only if P(o,7) > 0.

A flow-path ~ is a directed path in G equipped
with a weight wt (). Canonical paths I' from X C 2
to Y C Q is a set of flow-paths satisfying

>

paths yeI'
from z to y

wt (7) = m(2)m(y)

The congestion of I is defined as

p(T) & max wt ().

1
(o,m)e€ w(o)P(o,7) Z

vl s.t. (o,m)€Ey

The following lemma was established in [5] and
[2):
Lemma 30. For every canonical paths I' from Q to
Q, every o € Q and every nonegative t, it holds that

; 1 “Fexp (-t
1P ) = na () gy < 5 (a(0)) eXp( np(r))'

Thus it remains to construct a flow-path I" such
3
B The Construction of Canonical Paths

In this section, we describe the construction of canon-
ical paths.

8Note that the chain defined here is slightly different with
the one used in [I¥]
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forallz € X andy €Y.

o V. ={e, €& 2(ey) = 1};
e Fyy=MU {{eu,ev} cV?2 | {u,v} € E}

Since both o,m € €, which implies Gy, is a
graph consisting of disjoint cycles and a path. We

recursively choose an order of edges {e1,ea,...,emn}
in F)s as follows:
e If there is a unique path P = (e, eq,...,ek),

then start from e; and choose edges along the
path in the same order. After this is done,
remove P.

e If there is no path, choose a cycle C =
(e1,€2,...,er,e1) such that {ej,es} € M. Then
start from e; and choose edges along the cycle.
After this is done, remove C.

This order induces an order of pairs in M. We denote
it by {S1,52,...,St} where each S € M is a pair of
half edges.

Forevery k = 0,1,2,....t,let B, £ Ule Sk. We
then construct a flow-path v, > ar in € as

c=0dFy—>0bFE - -—0cPFE =m,

and equip the path with weight

wt (’70,#,]%) = H Bv(0|$(v)7 7T|S(v)a Mv)/(ZO + Z2)2;
veV

where for every v € V| B,(-,-,-) is the set of values
witnessing f, is windable.
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Then for every o € €y and 7 € €2, it holds that

Z wt (’YO',TK‘,M)

MeM.,

1
- (Zo + Z2)? Z

{M,eM.nee) }

JIEDY

veV
veEV

U(U|5(U)7 ﬂ-‘f)(v)v Mv)

ZO + 22 vEV MyEM g (v)
(@) 1
(ZO +22 H fv 0|5 (v) fv(ﬂ|£(y))
=pa(o)pa (),

where (©) is due to the definition of windability. We
denote I'g the canonical paths constructed above.

Flow from () to Q. For every o,7 € €, for
every p € g, every My € Myg,, every My €
Mgr, we construct a path e p a0, which is
the concatenation of v, ar, and 7, x a, (since the
transition graph of our Markov chain is undirected,
we can safely reverse paths in T'y). The weight of

Wt("/d,p‘]vll )Wt('yp,ﬂ',JWQ)
pa(p)ua(S20)

Vo,m,0,M1,Ms 1S . The flow is legal

since

)N IENDS

pEQy M1EMogp, MaEMpgn

2 2 2

pEQY M1EM g, MzEMpeB
_ Z NA /~LA ( )
PEQ0
= pa(o)pa(m).

Wt (Yo,m,p, 1,05 )

wt ('Yo,p,M1) wt ('Yer,Mfz)
pa(p)ra(Q0)

C Analysis

In this section, we bound the congestion of the
canonical paths constructed in the previous section.

Lemma 31. Let A = (G(V,E),(fy)vev) be an
instance with V]| =n and every f, is windable, then

ZoZ4 < ZoZo.
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H B?;(U|S(v)a 7T|5v , M.

Proof. Note that

ZoZi= Y walo)wa(n)
0€Qo
TEQY
— Z H fo(olew)) fo(mlew))
U) o€ veV

TEQy

IO IEDY

c€QoveV My,eM

Bv(0|5(v)7 7T|S(v)a M'u)

TEQ, Flew)
=D > 1 Bo(oleqw mlew), M),
Q VeV
Teas {MeeMag, } L E
where in the last two lines z = o ® 7 and B,(+,-, ") is

the family of values witnessing the windability of f,.
Fix (o,m) € Q¢ x Q4 and {MU € M., .
veE

where z = 0 ® m. Let M be the set of pairs in
Upev My. Define a graph Gy . = (Vz, Ep) where

o V., ={e, €& z2(e,) =1}

e Exyy=MU {{eu, e} € V2| {u,v} € E}.

Since (o, 7) € Qg x Q4, Gar,, consists of two disjoint
paths and many disjoint cycles. Let P be one of
the path, then by the definition of the windability,
it holds that

H By(0le(wy, Tle () My)

veV

= ] Bo((0 @ P)lew), (7 @ P)|ew), M),
veV

where we use 0 @ P to denote the configurations
obtained from o by flipping the value on vertices in
P.

This finishes the proof by noting that
(coPmr®dP) € Qs x Qs and the mapping
(o,m) — (0 ® P,w @ P) is injective. O

Lemma 32. Let I'y be the canonical paths from €
3

to Q constructed above, then p(Ty) < —L5—.

k(o)

Proof. The congestion of I'y is

1
—max ———
(o,m) pa(o)P(o,7) 2

v€lg with (o,m)€y

p(Lo) wt (7).

By the definition of the Markov chain, it holds that
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1 (0)P(0,7) = s min (ja (0), s (). thus

> wt(y)

v€ly with ey

2

Ty) <
AT < R

n2
S NI VDY

01€Q
A (M,,,eM

wt ('701,0271\/[)

Z‘sm)vev
with TEYoq,00,M

(M is induced by (My),cy ,2 =01 D 02)

n2
=maxX ————= = Z Z
TeN U/A(T‘—)(ZO + ZQ) 01E€8Q0 (M eM )
fhare) v zle@) ) pev
with T€Y0y 09, M

H By(o1lgw)s 02le(v)> M)
veV

p(I') = max ——————

of the event A, we have

o 22

z,z€Q My EMle;y ]\/IQEMZEBy
Z/EQO

(o.7) pa(o

1 (o) . wt (PY:c,y,Ml)Wt ('VZ,yyMQ:)
) EVa,y,
V(o-o-‘j:r)ery’yzflyﬁ;2 /"LA (y)/’LA (QO)

1
= (om pa(0)P(o, ) 2 2

I,ZEQ MleMzG}y
y€Q0  with (0,7)EVa,y, M,

Z Wt (Vay,01y) WE (V2 y,0,)

MMy 1a(y)pa (o)

1
Ly Y
o)P(o,m
(o) ’LLA( ) ( ’ )I,ZGQ MieEMzgy
y€Qo with (0,7) EYar,y, My

2
n
—max ——————— Wt (Ya,y,01) pa(2)
7eQ wp(m)(Zy + Z2) JIZGS:)O Z ,UA(QO)
02€Q) (M'UEMZ|5(17>)ueV
with T€Y0y 09, M — max
L1 Bo(mle), (v @ 01 @ 02)leuy, Ms) i with (2.m)€ 7oy,
veV z,y, My
wt (’Yx,y,M1)
< max —wA( 7 2 2 > 114 ()
o1 E€Q0 wENEUN2 (M”EMZ‘E(“))vev _ p(FO)
with TE€EYoqy,00,M MA(QO)
H Bv(ﬂ|£(v)v(7®w)|£(v)7Mv) < n?
vev ONO
where (w L2010 02) O
n3
<max ——m o———
T oweN U}A(TF)(ZO + Zg)
ST £ lew) fo((r ® w)lew))
weNoUN2 veEV
< 2 Zo + Z2 + Z4
- Zo+ 23
< n3
= 1a(Q0)
where the last inequality is due to Lemma E1. O

Lemma 33. Let I' be the canonical paths from ) to
Q constructed above, then p(T') < #;0)2

Proof. The congestion of I is

P
o(T) = max pa(o)P(o, ) .
(o,m) Eryel" with (o,m€%) wt (7)

By the definition of I, each v € I is the concatenation
of two paths in I'y. Denote 14 the indicator function
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