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We study the problem of efficiently sampling k-colorings of bipartite graphs. We show that a class of markov chains
cannot be used as efficient samplers. Precisely, we show that, for any k, 6 < k < nt/ 3=¢ ¢ > 0 fixed, almost every
bipartite graph on n 4 n vertices is such that the mixing time of any ergodic markov chain asymptotically uniform
on its k-colorings is exponential in n/k? (if it is allowed to only change the colors of O(n/k) vertices in a single
transition step). This kind of exponential time mixing is called forpid mixing. As a corollary, we show that there are
(for every large n) bipartite graphs on 2n vertices with A(G) = Q(Ilnn) such that forevery k,6 < k < A/(61nA),
each member of a large class of chains mixes torpidly.

We also show that these negative results hold true for H-colorings of bipartite graphs provided H contains a spanning
complete bipartite subgraph. We also present explicit examples of colorings (k-colorings or H-colorings) which
admit 1-cautious chains that are ergodic and are shown to have exponential mixing time.

While, for fixed & or fixed H, such negative results are implied by the work of [2], our results are more general in that
they allow k or H to vary with n.
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1 Introduction

We consider the problem of efficiently sampling uniformly at random the k-colorings of a graph. This
problem is related to the corresponding problem of counting the number of such structures which arise in
statistical physics (see the survey of [9]). The Monte Carlo Markov chain (MCMC) approach has been
very successful in obtaining efficient samplers for this problem under various assumptions about the input
graph. This naturally leads to the question of how far can the MCMC approach take us. In this paper, we
present some negative results on obtaining efficient samplers for colorings based on markov chains.

Several heuristics have been proposed and analyzed for efficiently sampling k-colorings [8, 13, 1, 5, 16].
The currently best known positive result is due to Vigoda [16] who showed that the chains associated with
the so-called (WSK) heuristic and the Glauber dynamics both mix in polynomial time for arbitrary G
provided k£ > (11/6)A(G) where A(G) denotes the maximum degree of G. See [3, 11, 6, 7] for further
improvements on special classes of graphs.

T This research was partially supported by the EU ESPRIT LTR Project No. 20244 (ALCOM-IT), WP 3.3.
1365-8050 (©) 2006 Discrete Mathematics and Theoretical Computer Science (DMTCS), Nancy, France
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For arbitrary G, the focus has been on k£ > A because, for k < A, it is not even guaranteed that G has a
k-coloring and moreover determining if it has such a coloring is N P-complete. But, a bipartite GG always
has a k-coloring for k£ > 2 and a natural question is whether MCMC approach succeeds for £ < A. In
view of the previous successes, it appears to be likely. However, no such positive result has appeared so
far and only some negative results have been obtained.

For example, recently, Luczak and Vigoda [10] showed that WSK heuristic has exponential mixing
time for a family of A-regular (constant A) bipartite graphs G(k,n) when 3 < k < A/20log A. Such
chains with exponential mixing times are said to be torpidly mixing.

Similarly, the negative results of Cooper, Dyer and Frieze [2] on sampling H-colorings imply that for
every fixed k > 3, there exist constants A = A(k), 6 = 6(k) > 0, 7 = 7(k) > 1 and A-regular
bipartite graphs G (on 2n vertices) such that for every dn-cautious ergodic chain M which is uniform on
k-colorings of G, its mixing time is at least 7. Here, by a dn-cautious chain, we mean a chain which
does not change the colors of more than dn vertices in a single transition. But these results are true only
for fixed values of k and the arguments do not seem to carry over when £ is allowed to grow with n.

In this paper, we further strengthen these results by establishing that, for any s = Q(Inn) and any k,
6 < k < s/(61ns), for almost every bipartite graph on 2n vertices with A(G) ~ s, the mixing time of
every member of a large class of chains for sampling k-colorings is exponentially large in n. This result
is derived as a corollary of a more general statement (given below) we prove. We use C(G) to denote the
set of all (labelled) k-colorings of G.

Theorem 1.1 Define d = d(k) = 1/8k and v = ~(k) = 1/(385k?). The following is true for every
sufficiently large n and for every k, 6 < k < n'/3=¢, ¢ > 0 fixed but arbitrary :

Let G € G(n,n, p) with np > 6k(In k). Then, with probability at least 1 — e~/ (" nn) G satisfies the
following : For any dn-cautious ergodic markov chain M(G) which is asymptotically uniform on C(G),
its mixing time is Q(e’™).

In this, by the phrase "G € G(n,n,p)”, we mean a random bipartite graph formed between two sets A
and B of equal size n. Each edge joining A and B is chosen independently with probability p. Note that
np is essentially the average degree of a vertex in G.

Note that Theorem 1.1 allows k& to grow with n and does not require it to be fixed. In fact, we can
even suitably choose the random model so that G is a random element drawn from specific classes (see
Section 5 for more details). Thus, for example, we can assume that GG is a random graph of maximum
degree ~ s where s is any suitably large value. Similarly, we can assume that G = K, ,,. In particular,
any (n/8k)-cautious chain (this includes the well-known Glauber dynamics) mixes torpidly on Cx(G) if
G = K, , and k lies in the stated range. ©

The overall approach of our proof is similar to that employed by Dyer, Frieze and Jerrum [4] and is
based on showing that almost surely, C(G) is such that one can obtain an exponentially small upper
bound on the conductance of any dn-cautious chain. Sections 3 and 4 contain the proof of this theorem.

It is easy to check that Theorem 1.1 holds even if we redefine Ci (G) to the set of those k-colorings of G
in which some color is not used on any vertex of some partite set (A or B). For such colorings, even such
simple chains as Glauber dynamics is ergodic on any bipartite graph. See Section 6 for further discussion.

We also present some explicit examples of colorings for which the 1-cautious chain Glauber dynamics
can be shown both to be ergodic and to require exponential mixing time. These explicit examples are

® Actually, for Ky, », one can show, by slightly modifying an argument in [10], that Glauber dynamics is torpidly mixing for any
k <nl=¢ e> 0is fixed.
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illustrations of the applicability of Theorem 1.1. These examples are presented in Section 7.

1.1 Generalizations to H -colorings

A careful study of the proof of Theorem 1.1 shows that the proof can be modified to prove a similar
theorem for a more general scenario of sampling H-colorings of bipartite graphs. The details are given
below.

Given graphs G = (V,E) and H = (U, F), a H-coloring of G is a mapping ¢ : V. — U such
that (¢(x), c(y)) is an edge of H whenever (z,y) is an edge of G. The standard proper k-coloring is a
K},-coloring where K, is a simple complete graph on k vertices. We use Cyy (G) to denote the set of all H-
colorings of G. Note that if H has at least one edge, then any bipartite G admits a H-coloring and if H has
no edges, then a bipartite G admits a H-coloring if and only if G also has no edges. Hence a H-coloring
of a bipartite GG (for arbitrary H) (or equivalently a starting point in C (G)) can be found in polynomial
time. Using the arguments of the proof of Theorem 1.1, we can prove the following generalization :

Theorem 1.2 Define d = d(k) = 1/8k and v = (k) = 1/(385k?). The following is true for every
sufficiently large n and for every k, 6 < k < n'/3=¢, € > 0 fixed but arbitrary :

Let G € G(n,n,p) withnp > 6k(In k) and let H be any simple (without self-loops) graph on k vertices
such that H has a Ky, /21,1 /2) as a subgraph. Then, with probability at least 1 — e~n/(K*1n "), G satisfies
the following : For any dn-cautious ergodic markov chain M(G) which is asymptotically uniform on
Cu(G), its mixing time is Q(e™™).

A sketch of the proof of this theorem is given in Subsection 3.1. Note that H is not required to be fixed
and H and its size can vary with n. The results of [2] require H to be fixed.

2 Preliminaries

A discrete-time Markov chain M over a finite space {2 and with transition matrix P is said to be ergodic
if there is a limiting distribution 7 : Q — [0, 1] such that for all z,y € Q, Lim;_P'(x,y) = 7(y).
Two conditions which together are sufficient to ensure ergodicity are (1) M is aperiodic, i.e., ged{t :
Pt(z,y) > 0} = 1forall z,y € Q, and (2) M is irreducible, i.c., for each z,y € (2, there is a finite
t such that P(xz,y) > 0. But if M is ergodic and is asymptotically uniform over €2, then M is also
irreducible and aperiodic. The mixing time 7(¢), € > 0, of M is the least integer ¢ > 0 such that the £,
distance between the ¢-th step distribution and 7 is at most 2e, irrespective of the starting point. For our
negative results, it is enough to prove a lower bound on the value of 7(1/¢).

We use the following notion introduced in [4]. For a graph G, let M(G) be any such chain (on Cx(G))
with transition matrix Pg. For any b < n, we say that M(G) is b-cautious if, for any two k-colorings
01,09 € Ck(G), h(o1,02) > b = Pg(o1,02) = 0. Here, h(o1, o2) refers to their hamming distance
(number of vertices in which o, and o9 differ).

3 Proof of Theorem 1.1

The proof is based on establishing an upper bound on the conductance of the chains for sampling k-
colorings. Its major outline is similar to that employed in [4] and is given below.
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Broad outline of the proof

We prove by showing that, almost surely, G satisfies : For every dn-cautious ergodic chain M(G), shortly
M, with asymptotic uniform distribution 7 on Q=Cj,(G) and whose transition matrix is P :

> ies,jgs T()P(i, )
7(S5)

there exists S C Cr(G) with 0 < |S| < 0.5|Q] and g < e ™ where g =

The quantity g is called the conductance of the set S. It then follows from a well-known fact [14, 15]
that 7(1/e) = Q(e™™).

Before we proceed with the proof, we introduce some definitions and assumptions which will be used
later. Let V1, Vs, . .., Vi denote the k (ordered) color classes of an arbitrary k-coloring of G € G(n,n, p).
For every C' € Ci(G), we can associate a 2k-vector (@, 3) denoting a sequence (o, .. ., o, 1, - - -, k)
of nonnegative real values defined by a;n = |V; N A| and 3;n = |V; N B| for each i < k. Note that

Y=, Bi=1

Proof: Define for any k : c1(k) = 4%, c2(k) = 3 and c3(k) = 5557z Note that 2d(k) = ca(k) — c1 (k).
We introduce two specific k-tuples 7 and § of reals which will be used in the definition of the set S.
For even k, 7 is defined as v; = 2/k for i < k/2 and ; = 0 for k/2 < i < k. 4 is defined by ¢; = 0 for

i < k/2and d; = 2/k for k/2 < i < k. Thus, for even k, the point (7, ¢) looks like

(’y) _ <i,...,z,0,...,0>

5 0,...,0,2,...,2

For odd k, v; = 2/(k+ 1) and ; = O for¢ < (k+1)/2and and ; = 0 and 6; = 2/(k — 1) for
> (k+1)/2.

We provide the proof for even k. For odd £, the arguments are almost identical. Define S to be the set
of all k-colorings with part sizes corresponding to some (@, 3) with ||(7, 6) — (@, B)||1 < co where (7, 6)
and ¢, are defined before. Here, ||(7, ) — (@, 3)||1 denotes the L1-norm defined as >, ..., [ — | +
|6; — f3;|. Similarly, define S, to be the set of all k-colorings whose corresponding vectors (@, 3) satisfy
[(6,%) — (@, B)||1 < ca. Both S; and Sy are non-empty. Also, since ||(F,5) — (8,7%)|]1 = 2, it follows
from triangle inequality of the £; metric that S; N .Sy = ). Define S to be Sy if |S1] < |S2| and define S
to be S5 otherwise. It follows that

Claim 3.1 |S| < |9]/2.

Note that this claim holds true with probability 1, i.e., the claim is true for every possible value of G.
Without loss of generality, assume that S = S;. For any chain M with transition matrix P, the
boundary 05 of S is defined as

98 = {ieS : P(i,j) > 0 forsome j € S}
It then follows (as noticed in [10]) that

s < (Z 7?(@')) m(S) = w(95)/w(S) = |05|/|S]

i€0S
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Hence it suffices to show that, for almost every G, for every dn-cautious M, we have |0S|/|S| =
O(e ™).

For an arbitrary coloring C, let (@, B;) denote its corresponding vector. Consider any two k-colorings
C, D of G. The proof of the following claim is given later.

Claim 3.2 1(C, D) > 0.50||(@c, Be) — (@p, Bp)lh.

We claim that for every ergodic dn-cautious chain M(G),
S C {CeS : a<||(70)— (@c, Bl < o}

To see this, consider any arbitrary C' € 9S. Then, there exists a D ¢ S such that h(C, D) < dn and
hence

I@c.Bc) = @p, Bp)llh < 2h(C,D)/n<2d=cy —cy.

As a result, it follows that ||(7,6) — (@c, B¢)|[1 > c1. For otherwise, we will have

1(7.0) = @p. Bp)llh < 1|(7.9) = @c. Bc)lh + l[@c, Be) — (@, Bp)lls
< Cl+(02—01> = Cy

which violates our assumption that D ¢ S. Hence our claim is true. a
Let Nmay (G) denote the number of k-colorings with part sizes corresponding to (7, 9). Let npq(G)

denote the number of k-colorings with part sizes corresponding to some (@, 3) with ¢; < [[(,0) —
(@, B)|]1 < ca. Thus, |0S| < npa(G) and |S| > Nas (G).
It is shown later (Theorem 3.1) that, with probability at least 1 — e~/ (k* In "), G satisfies

|8S| < nbd(G)
‘S| N nmax(G)

< e—"/’!L

This completes the proof of Theorem 1.1. a

Proof: (of Claim 3.2 ) Let C;(A) denote the set of vertices in A colored (by C) with i. C;(B) is similarly
defined. We can write h(C, D) = ha(C, D) + hp(C, D) where h4(C, D) and hg(C, D) denote respec-
tively the contributions of A and B to h(C, D). We use @ for the symmetric difference operation on sets.
The claim follows from the following lower bound on h 4 (C, D) and a similar one for hz(C, D).

Y

ha(C,D) = 05 (Z #(Ci(A) @Di(A))> 0.5 (ZI #(Ci(A)) — #(Di(A)) >

0.5n <Z|ai(0)ai(D) ) = 0.5n ||ac —apl|s.

)

It only remains to prove Theorem3.1 stated formally below.
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Theorem 3.1 Let d,~, k, G have the meaning stated in Theorem 1.1. Also, let N4, G and npqa(G) have

the meaning given in the proof of Theorem 1.1. Then, with probability at least 1 — e~/ (kK lnn)

Npd(G) < €™ Nas (G)

Before we proceed with the proof of this theorem, we introduce and study some notions which are
required in its derivation.

For each pair (@, 3) of two k-tuples of non-negative reals each summing to 1, let Cg (@, 3) denote the
set of all k-colorings of G with part sizes |V; N A| = a;n and |V; N B| = G;n for each ¢ < k. Let
N¢(@, B) denote the expected number of such k-colorings. First, we estimate the expectation Ng (@, 3)
for each (@, 3) and bound these expections. We then apply Markov’s inequality to get an upper bound on

npq(G). For a given (@, 3), note that

n n 2
1— (a1pr+...+arBr)n
<a1n, ...,akn> (ﬁln, ...,ﬁkn>( P)

((aln)! n' (a;m)!) ((51n)! n' (ﬂkn)!) ettt (1)

where a is defined to be a = a(n,p) = nln(1 — p). Note that @ < 0 and |a|] > np always. Using
Stirling’s approximation of factorials, it is easy to see that : For some large constant D > 0,

hev(@m ul n! k i (@,B)n
e = ( )((617L)1...(/3kn)!> < D¥e (2)

S\ @ (ann)!

NG (aa B)

where (@, ) is defined by ¢(@, 5) = (Zigk —a;In ai) n (Zi _r—B;n 5)
Combining (1) and (2), we get

n-kes@.B)n < Ne(@pB) < Dk et@B)n 3)

where (@, 3) = (@, B) +a (1 + ... + agfy). W
Hence if £ < n'/3 and if #(a@, 8) is bounded below by a positive constant, then what essentially
determines the behavior of N¢(a, 8) (for large values of n) is the value of ¢ (@, 3). As we will see later,

this is indeed true for each (@, 3) in our domain of interest. Analyzing ¢, we get the following

Theorem 3.2 Recall the assumptions mentioned and definitions of c¢1(k), ca(k), c3(k) and (7,0) stated
in the proof of Theorem 1.1. Define a to be a = nln(1 — p). It follows that |a] > np > 6k In k. Then, for
k > 6,

(i) Foreach (o, B) with ¢ < ||(7,9) — (@, B)||1 < 2, ¢(@, B) < ¢(7,0) — ca.

(i) (7,9) is not a local maximum of ¢. ™

(i) In o denotes the logarithm of o to the natural base e.
(ii)) Note that ¢ is a continuous function defined over the interior of the set (cy = 1 — Yicreiand By =1—3 1 B:)

B={(a1,...,05_1,81,...,0k—1) : 0<Z Zai,Z@' <1}

and is symmetrical between the values of v, 3;, i.e., (@, B) = ¢(B, @). ¢ can be extended to the boundary by taking the limits
which are obtained by defining 0ln 0 = Lt;_,oz Inx = 0. For our purposes, each a; (3;) is a non-negative integral multiple of
1/n. This is because the sizes of the color classes are integer valued.

(V) Statement (4t) is only for the sake of information, it is not required in the analysis of mixing time.
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Proof: See Section 4. O

For even k, ¢(¥,6) = 2In(k/2) and for odd k, ¢(¥,8) = In(k + 1) + In(k — 1) — 2In2. Using
Theorem 3.2, we prove

Proof: (of Theorem 3.1) By definition, each k-coloring counted for n,,,,(G) does not depend on any
potential edge joining A and B and hence 1,4, (G) is the same whatever the value of G is. Hence

PI‘( nmux(G) = E[nmax(G)} ) =1

Thus, by (3), nmaz(G) > e‘bﬁ’g)”/nk. Also,

Elna(G)] = > Ng(a@, )
ar<||(@,8)—=(7,9)| 1 <ez
< > DF e#@An by (3)

ar<[|(@,8)=(7.8)l[1<c2

(n + 1)2k DFe=csme?(0)n by Theorem 3.2
(n+1)**D*e"n,,,.(G)

—esnll—eWlpy  (GQ) using k= O(n'/37°).

ININ A

e

Hence, by Markov’s inequality, with probability at least 1 — =7/ (¥*Inn),

nbd(G) < en/(kz(lnn)) e—C3n[1—o(1)]nma$(G) < e—'ynnmaI(G)

3.1 Proof of Theorem 1.2

The proof of this generalization is essentially the same as the proof of Theorem 1.1. As before, we show
that the conductance of the set S (where S is essentially the same as before) is exponentially small. We
need to change the definition of ¢(@, [3) as follows.

¢(@p) = v@B)+a| Y, wfi+ > (Bi+aB)
i€V (H) i#5,(4,J)¢E(H)

The definition of ¢ (@, §) remains the same. Here, we assume that H is a labeled graph on k vertices
{1,..., k}. Because of the assumption that [/ contains a K}, /5 1,2 subgraph, 1,4, (G) remains the same.
Also, the expectation of nyq(G) decreases because of the extra additive term which takes negative values.

4 Analysis of ¢ at (7, 0)

Proof of Theorem 3.2i Recall that |a| > 6k1Ink. We prove the statement for even k. For odd £, the
arguments are similar. Define ¢1(k) = ¢, c2(k) = 57 and c3(k) = z55z. The point (7,6) is
(2/k,...,0,...,0,...,2/k,...). Consider any point (@, 3) with ¢; < ||(7,6) — (@, B)||1 < ca.
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For i < k/2, write o; = 2/k + k; and 8; = 7;. For i > k/2, write o; = 7 and 3; = 2/k + &;.
Each7; > 0. Since2 =), 0, + >, =2+ >, ki +>_; Ti, we have >, k; < 0. We have,

)

o(@.p) = T+G<Z(2/k+m)n—>

where

T = —Z 2/k + k) In(2/k + £;) (Zr 1nn>
_ (Z(?/k + m)ln(?/k)) - (Z(Q/k + ) (kri )2 — (ki /2)2 )2+ .. .)) - (Z 7 1n TZ->

= 2In(k/2) - (an (14 1In(2/k) ) - <an$/4—k2n§/z4+...> - (Zmnf,) :

Hence

¢(7,0) —o(@,B) = (1+In(2/k)) (Z m) + (Z 7 (In7; — a(2/k + m)))
+ <Zkﬁ§/4— k2m§/24+...> .

Let T,T5, T3 denote (respectively in that order) the three terms in the above expression. By our
notation, ) . ; < 0. Also, since k > 6 > 2e¢, 1 4 1In(2/k) < 0. Hence 7T} is non-negative.

T; > (Zlmm) - (Zk%?’/wl—mz-b)
> (Z sz/4> - (Z k|ﬂi|2/24>
= (5k/24) (ZH2> > (5/24) (an)
> (5/96)||(k,7T)|]7 > 5/1536k>.

In the second term, by our choice of (@,f), |ki| < 1/2k. Hence Y, 7i(—a)(2/k + Ki) >
3lal/2k (3=, 7;). Divide the sum ), 7; In 7; into two sums S (summing over 7; < 1/k°) and S,
(summing over the remaining). S; > —k(9Ink)/k® = —(9Ink)/k®. Also, So > —(9Ink)(>", 7).

Hence
3lal 9lnk
> In ] - —.
T, > (% -9 k:) (Z}) E

K2
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Combining all these,

~3 — 7 5 9lnk [ 3al
— > - Jlal '
oF0) —d@f) = 1536k2 kB +(2k 91nk) (zi:n> 4)
= @ = c3(k) if we choose |a| > 6k Ink.

Thus, for k > 6, this proves Theorem 3.2i].

Proof of Theorem 3.2 ii We only consider the case of even k. To prove (ii) Consider the point (7€, 6¢)
defined for every small € > 0. It is defined as follows. For even k, 7§ = 6;/2+i =2/k —¢/k and

5;:72/2+i:e/kfor1§i§k/2.

5 - (oD (D)
2

> ¢(7,0) for all sufficiently small e > 0.

Hence (7, 0) is not a local maximum of ¢.

5 Consequences

The following corollary shows that Theorem 1.1 holds even if our random G is conditioned to satisfy some
property which holds with “not a too small” probability. We also illustrate the immediate consequences
of this corollary with some specific examples. Throughout, k is a value such that 6 < k < nt/3-¢, Also,
d, v have the same meaning given in Theorem 1.1.

Definition : Let P denote an arbitrary property of bipartite graphs which is satisfied with positive
probability by a random G € G(n,n,p). Given p = p(n), we define s,(P,n) as the probability that G
satisfies P. The random model G(n,n,p) | P is defined to the model obtained by conditioning G(n, n, p)
to the event "G € G(n,n, p) satisfies P”.

Corollary 5.1 Let P be any property such that there is a p = p(n) withnp > 6k(In k) and e~/ (K Inn) —
o(sp(P,n)). Then, almost surely,") Gy € G(n,n,p) | P satisfies the claim of Theorem 1.1.

Corollary 5.2 For any k, 6 < k = O(n'/37¢), for any dn-cautious ergodic markov chain M(K, ,,)
which is asymptotically uniform on Cy,(K,.,,), its mixing time is Q(e?(F)™).

Proof: Let P denote the property that G = K, ,, and choose p = 1 leading to np = n. Also, s,(P,n) =1
satisfying the requirements of Corollary 5.1. a

Corollary 5.3 Let G’ denote any one of the random bipartite graphs G1 and Gy on n+n vertices defined
below. Then, almost surely, G' satisfies : For any dn-cautious ergodic markov chain M(G") which is
asymptotically uniform on Cy,(G"), its mixing time is Q(e?(F)™),

) In other words, most of bipartite graphs satisfying P also satisfy the torpid mixing property.
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(i) Gi is random with edge-density dens(G1) = |E(G1)|/|V(G1)| < s, for any s > 4k(In k).

(it) Gsg is random with 0.9s < A(G2) < 1.1s, for any s > 850(Inn) and any k where 6 < k <
min{s/(61ns), n!/37¢}

Proof: Let G € G(n,n,p) be a random bipartite graph on n + n vertices.

(i) Choose p = 3s/2n. Then, np > 6k(Ink). Let P denote the property that dens(G) < s and let
G1 € G(n,n,p) | P. Then s,(P,n) = 1 — o(1) satisfying the requirements of Corollary 5.1.

(ii) Choose p = s/n. Then, np > 6k(In k). Let P denote the property that 0.9s < A(G) < 1.1s and let
G4 € G(n,n,p) | P. For an arbitrary vertex u, by Chernoff-Hoeffding bounds (see [12]),

Pr( A(G) > 1.1s) < 2n Pr(deg,(G) > 1.1(np) ) < 2n e /400 — o(n71).

Also, Pr( A(G) < 0.9s) < Pr(Vue€ AUB, deg,(G) <0.9(np) ) < e~ "P/200 — 5(p~1),
Hence s,(P,n) = 1 — o(1) satisfying the requirements of Corollary 5.1. ¥

6 Ergodicity and cautiousness

Theorem 1.1 assumes that there are some dn-cautious ergodic chains on Ci(G), otherwise there is no
need to worry about mixing time. So it becomes important to study the conditions under which such
ergodic chains exist. We answer this question partially by providing some positive answers and also some
negative answers.

There are O(1)-cautious ergodic chains which are uniform on Cy (X, ,,) for & > 3. Glauber dynamics
(GD) which tries to recolor a uniformly chosen vertex with a uniformly chosen new color, is one such
example. It is easy to verify that this chain is ergodic on the s-colorings of any complete [-partite graph
G, for any s > [. In particular, it is ergodic on k-colorings (for £ > 3) of any complete bipartite graph.
The same is true of some variants of Glauber dynamics also (see [5]).

But, there exist some bipartite graphs for which GD is not ergodic (see the Fact 6.1 for a more general
statement). As noted in [10], the chain associated with WSK algorithm is ergodic for any bipartite graph
even though it is not (n/k)-cautious. However, if we restrict our sample space to those k-colorings of
G in which some color is not used on any vertex of some partite set (A or B), then Glauber dynamics is
ergodic for each k£ > 3 and for every bipartite graph. Also, Theorem 1.1 holds true for such colorings.

Also, a large value of b alone cannot guarantee that some ergodic b-cautious chain can be designed for
sampling uniformly from Cy(G) for each bipartite G and k. This is shown in the following proposition.

Fact 6.1 For every two positive integers k,b > 2, there exists a bipartite graph H on n = kb vertices
such that no b'-cautious (b' < b) chain is irreducible on Ci,(H). Hence no such chain is asymptotically
uniform on Cy,(H).

(V) The lower bound on s in Corollary 5.3 is close to optimal within a multiplicative factor of O(In k). This is because if
s < (6/11)k (or equivalently, & > (11/6)s), then for every G with A(G) < s, the 1-cautious chain Glauber Dynamics is
ergodic and mixes rapidly as shown by [16].
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Proof: Let by = [b/2] and bo = |b/2]. H has two partite sets L and R defined by
L:{U17J1§Z§k,1§]§b1}, R:{vwlgzglq,lgjgl)Q}

There is an edge between u; ; and v/ j» if and only if 7 # /. H is bipartite and has n vertices. Consider a
k-coloring C of H defined as C'(u; ;) = C(v; ;) = 4 for any ¢, j, /. For any u; ;, if we try to change its
color to some %" # 1, then it forces each v; ;: to take a color ¢/ 5 4’. This further changes the colors of at
least [b/2] vertices in L. Hence, at least b vertices are forced to change their colors. Hence h(C,C") > b
for every C’ # C'. Thus, there is no b’-cautious (b’ < b) chain irreducible on Cy, (H). 0

Fact 6.1 does not weaken the statement of Theorem 1.1. It only shows that there are bipartite graphs
for which less powerful chains cannot be ergodic. Theorem 3.1, on the other hand, looks at some graphs
for which such less powerful but ergodic chains exist and show that they do not mix rapidly. However, it
is very likely that there are O(n/k)-cautious chains (on k-colorings) which are ergodic on all or almost
all bipartite graphs.

7 Examples of colorings admitting cautious ergodic chains

In this section, we provide some explicit examples of colorings which admit ergodic chains that are 1-
cautious and which can be shown (as in Theorem 1.1) to have exponential mixing time.

7.1 Example
Let C1 141 (G) be the set of all (k + 1)-colorings of G = (AU B, E) such that

(1) color 1 is used only for vertices of A,
(ii) color k + 1 is used only for vertices of B and

(iii) color 2 through k are used for vertices of both A and B.

Let H be the complete bipartite graph on X = {uy, ..., ur }UY = {v1,..., vy} minus the near perfect
matching {(uz,v2), ..., (ug, vg)}. It can be seen that sampling uniformly from C; ;41 (G) is equivalent
to sampling uniformly from Cy (G, X,Y") where

Cu(G,X,)Y)={celCy(G) | c(A) C X, ¢(B)CY}.
This is seen from the following bijection which maps a ¢ € Cy (G, X,Y) to the coloring

<C_1(U1), C_l({u27v2})7 C_l({’LL3,v3}), 76_1({ukvvk})7 c_l(vl)»'

One can derive negative results (similar to Theorem 1.1) on sampling from Cy (G, X,Y"). The proof is
essentially the same as the proof of Theorem 1.1. For i = 2,.. . k, define o; and 3; by [A N ¢ (u;)| =
a;nand |[BNe™(v;)| = Bin. Also, letay = |[ANe™!(uy)|/nand B, = 0 and let Bx1 = |BNet(vy)|/n
and ay+1 = 0. Note that 8; and oy are forced to be zero always. Now, as in Theorem 1.1, we can
define 7 and 0 suitably and show that the conductance of the set S is exponentially small. We leave the
details to the reader. This shows that Theorem 1.1 applies to the ergodic cautious chains for sampling
from Cy ;41 (G).
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The result of applying the procedure CLOSURE(H) (described in Section 3 of [2]) is a complete un-
looped bipartite graph. Hence it follows from [2] (Theorem 3) that the 1-cautious chain Glauber dynam-
ics is ergodic for all bipartite G and is uniform on the space Cy j4+1(G). The Glauber dynamics for a
H-coloring is a 1-cautious chain which tries at each step to re-color at random a single randomly chosen
vertex. By the afore-said arguments, GD has exponential mixing time for G € G(n,n, p).

7.2 Example
In general, for 0 < a < k, let C, ,(G) denote the set of all k-colorings of G = (AU B, E) such that

(i) colors 1 through « are used only for vertices of A,
(i) colors k — a + 1 through k are used only for vertices of B and

(iii) colors a + 1 through k£ — a are used for vertices of both A and B.

Let H be the complete bipartite graph on X = {uy,...,ur—q} U Y = {vat1,...,05} minus the
matching {(ug+1,Va+41);- -, (Ug—a,Vk—q)}- It can be seen that sampling uniformly from C, x(G) is
equivalent to sampling uniformly from Cy (G, X,Y") where

Cu(G,X,)Y)={celCy(G) | ¢c(A) CX, ¢(B)CY}.
This is seen from the following bijection which maps a ¢ € Cy (G, X,Y) to the coloring

(c_l(ul), c_l(ua), c_l({uaﬂ,vaﬂ}), ,c_l({uk,a,vk,a}),

C_l(’l}k_a_f_l)7 ce ,c_l(vk))>.

Just as in Example 7.1, one can derive negative results on sampling using cautious chains. The proof
is again essentially the same as the proof of Theorem 1.1. Also, Glauber dynamics is ergodic for such
H-colorings also.

7.3 Example

Suppose H is the complete graph plus just one loop. The preceding arguments also show that our torpid
mixing results can be applied to H -colorings for this specific /. This is because if H is the complete graph
onV = {1,2...,k} with a self-loop on vertex 1, then any H-coloring (X1,...Xy) of G = (AU B, E)
can be thought of as a standard (k + 1)-coloring (Y7, ... Yx41) of G where

Vi=XiNA, Vi =XiNB, V=X, Vi=2,...,k
This mapping establishes a bijection between Cy (G) and Cy ;41 (G) defined before. Hence, the negative

results of Theorem 1.2 apply to this specific /1. Also, the Glauber dynamics chain is ergodic in this case
(follows from Theorem 2, [2]).
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8 Conclusions

An interesting open problem is to design efficient samplers for k-colorings (K > 3) of bipartite graphs?
An affirmative answer would lead to efficient randomized approximate counters for this case. The results
of this paper indicate that such samplers may have to use tools other than Markov chains.

It seems very likely that the negative results obtained can be extended to k-colorings of [-colorable
(I > 3) graphs where | < k = O(n’) for some positive § which depends only on . Finding a k-coloring
is NV P-hard for any fixed k£ > 3 except for some special classes like bipartite graphs, chordal graphs, etc.
Even if we ignore the complexity of finding a starting state, the previous remark shows that markov chains
are not likely to be useful as efficient samplers.

It is known that approximate counting and almost uniform sampling problems are polynomial time
reducible to each other provided & > A(G) (see [8]). However, it would be interesting to see if this can
be extended to k& < A(G) for some special classes of graphs. For example, this reduction works also for
bipartite G and for any £ > 3. We can show this by a simple modification of the arguments of [8]. But, we
skip the proof of this observation since we present only negative results on efficiently sampling colorings
of bipartite graphs. A related question is : Are there other classes of graphs where the equivalence is true
for k < A?
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