THE UNIVERSITY OF

WARWICK

Original citation:

Cygan, Marek and Pilipczuk, Marcin. (2013) Faster exponential-time algorithms in
graphs of bounded average degree. Information and Computation . ISSN 0890-5401 (In
Press)

Permanent WRAP url:
http://wrap.warwick.ac.uk/66081

Copyright and reuse:

The Warwick Research Archive Portal (WRAP) makes this work of researchers of the
University of Warwick available open access under the following conditions. Copyright ©
and all moral rights to the version of the paper presented here belong to the individual
author(s) and/or other copyright owners. To the extent reasonable and practicable the
material made available in WRAP has been checked for eligibility before being made
available.

Copies of full items can be used for personal research or study, educational, or not-for-
profit purposes without prior permission or charge. Provided that the authors, title and
full bibliographic details are credited, a hyperlink and/or URL is given for the original
metadata page and the content is not changed in any way.

Publisher statement:

NOTICE: this is the author’s version of a work that was accepted for publication in
Information and Computation. Changes resulting from the publishing process, such as
peer review, editing, corrections, structural formatting, and other quality control
mechanisms may not be reflected in this document. Changes may have been made to
this work since it was submitted for publication. A definitive version was subsequently
published in http://dx.doi.org/10.1016/j.ic.2014.12.007

A note on versions:

The version presented here may differ from the published version or, version of record, if
you wish to cite this item you are advised to consult the publisher’s version. Please see
the ‘permanent WRAP url’ above for details on accessing the published version and note
that access may require a subscription.

For more information, please contact the WRAP Team at: publications@warwick.ac.uk

warwickpublicationswrap

e —
nighlight your research

http://wrap.warwick.ac.uk/



http://wrap.warwick.ac.uk/
http://wrap.warwick.ac.uk/66081
http://dx.doi.org/10.1016/j.ic.2014.12.007
mailto:publications@warwick.ac.uk

Faster exponential-time algorithms in graphs of bounded average degree™

Marek Cygan?, Marcin Pilipczuk?

4Institute of Informatics, University of Warsaw, Poland

Abstract

We present a number of exponential-time algorithms for problems in sparse matrices and graphs of bounded average
degree. First, we obtain a simple algorithm that computes a permanent of an nXn matrix over an arbitrary commutative
ring with at most dn non-zero entries using O*(21~1/335@m time and ring operations', improving and simplifying
the recent result of Izumi and Wadayama [FOCS 2012].

Second, we present a simple algorithm for counting perfect matchings in an n-vertex graph in O*(2/?) time and
polynomial space; our algorithm matches the complexity bounds of the algorithm of Bjorklund [SODA 2012], but
relies on inclusion-exclusion principle instead of algebraic transformations.

Third, we show a combinatorial lemma that bounds the number of “Hamiltonian-like” structures in a graph of
bounded average degree. Using this result, we show that

1. a minimum weight Hamiltonian cycle in an n-vertex graph with average degree bounded by d can be found in
O*(2(1=#m) time and exponential space for a constant &; depending only on d;

2. the number of perfect matchings in an n-vertex graph with average degree bounded by d can be computed in
O*(2(1=¢)"/2) time and exponential space, for a constant £/, depending only on d.

The algorithm for minimum weight Hamiltonian cycle generalizes the recent results of Bjorklund et al. [TALG 2012]
on graphs of bounded degree.

Keywords: moderately-exponential algorithms, bounded average degree, counting perfect matchings, minimum
weight Hamiltonian cycle

1. Introduction

Improving upon the 50-years old O*(2")-time dynamic programming algorithms for the Traveling Salesman Prob-
lem by Bellman [1] and Held and Karp [2] is a major open problem in the field of exponential-time algorithms [3].
A similar situation appears when we want to count perfect matchings in a graph: a half-century old O*(2"/?)-time
algorithm of Ryser for bipartite graphs [4] has only recently been transferred to arbitrary graphs [5], and breaking
these time complexity barriers seems like a very challenging task.

From a broader perspective, improving upon a trivial brute-force or a simple dynamic programming algorithm is
one of the main goals of the field of exponential-time algorithms. The last few years brought a number of positive
results in that direction, most notably the O*(1.66") randomized algorithm for finding a Hamiltonian cycle in an
undirected graph [6]. However, it is conjectured (the so-called Strong Exponential Time Hypothesis [7]) that the
central problem of satisfying a general CNF-SAT formulae does not admit any exponentially better algorithm than the
trivial brute-force one. A number of lower bounds were proven using this assumption [8, 9, 10].

Although the aforementioned 2" or 2"/2-barriers may be difficult or even outright impossible to break, it seems
reasonable to suspect that additional assumptions on the graph structure, such as bounded degree or bounded average

I'The O* -notation suppresses factors polynomial in the input size.
* A preliminary version of this work has been presented at ICALP 2013.
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degree, simplify the computational tasks significantly. In the case of the problem of counting perfect matchings in
bipartite graphs, the classic algorithm of Ryser [4] the best known improvement in general graphs is an algorithm
running in expected time O* (2(1-0¢"*logm)n/2) que to Bax and Franklin [11]. If one assumes bounded average degree,
faster algorithms have been given by Servedio and Wan [12] and, very recently, by Izumi and Wadayama [13]. In
Section 2 we continue this line of research and show the following.

Theorem 1. For any commutative semiring R, given an m X n matrix M, m < n with elements from R with at most dm
non-zero entries for some d > 2, one can compute the permanent of M using O* (21~ time and performing
O* 2U-1B3dmy operations over the semiring R. The algorithm may require to use exponential space and store an
exponential number of elements from R.

Note that the number of perfect matchings in a bipartite graph is equal to the permanent of the adjacency matrix
of this graph (computed over Z). Hence, we improve the running time of [13, 12] in terms of the dependency on d.
We would like to emphasise that our proof of Theorem 1 is elementary and does not need the advanced techniques of
coding theory used in [13].

Since the algorithm of Theorem 1 is able to handle the computation of the permanent of any matrix over commu-
tative semiring, not only the special case of computing the number of perfect matchings, our result shows also that the
running time of the algorithm of Bjorklund et al. [14] can be improved for sparse matrices.

In Section 3, we move to the problem of counting perfect matchings in general graphs. An algorithm solving this
problem in O* (2"/?) time, that is, in time matching the bound for bipartite graphs, has been discovered very recently,
in 2012, by Bjorklund [5]. Bjorklund’s result improved upon previous algorithms with running time O*(1.732") due
to Bjorklund and Husfeldt [15] and with running time O*(1.619") due to Koivisto [16]. We remark that, in contrast,
the corresponding algorithm of Ryser [4] for bipartite graphs is already 50-years old. In Section 3, we observe that
the problem of counting perfect matchings in general graphs can be reduced to a problem of counting some special
types of cycle covers, which, in turn, can be done in O* (2"/?)-time and polynomial space for an n-vertex graph, using
the inclusion-exclusion principle. Thus, we obtain a new proof of the main result of [5], using the inclusion-exclusion
principle instead of advanced algebraic transformations.

The problem of counting some special types of cycle covers, introduced in Section 3, moves us to the area of
Hamiltonian-like problems. In 2008 Bjorklund et al. [17] observed that the classic dynamic programming algorithm
for finding minimum weight Hamiltonian cycle can be trimmed to running time O*(2{!~#") in graphs of maximum
degree A. The cost of this improvement is the use of exponential space, as we can no longer easily translate the
dynamic programming algorithm into an inclusion-exclusion formula. The ideas from [17] were also applied to the
Fast Subset Convolution algorithm [18], yielding a similar improvements for the problem of computing the chromatic
number in graphs of bounded degree [19].

In Section 4 we show a combinatorial lemma that bounds the number of “Hamiltonian-like” structures in a graph
of bounded average degree. Using this result, in Section 5 we show the following.

Theorem 2. For every d > 1 there exists a constant €4 > 0 such that, given an n-vertex graph G of average degree
bounded by d, in O*(21~¢") time and exponential space one can find in G a minimum weight Hamiltonian cycle.

Theorem 3. For every d > 1 there exists a constant €, > 0 such that, given an n-vertex graph G of average degree
bounded by d, in O*(2U~2"/2) time and exponential space one can count the number of perfect matchings in G.

Theorem 2 generalizes the results of [17] to the graphs of bounded average degree. To the best of our knowledge,
Theorem 3 is the first result that breaks the 2/2-barrier for counting perfect matchings in not necessarily bipartite
graphs of bounded (average) degree. We note that in Theorems 2 and 3 the constants &, and &/, depend on d in
a doubly-exponential manner, which is worse than the single-exponential behaviour of [17] in graphs of bounded
degree.

Let us now shortly elaborate on the techniques used to prove the above theorems. Following the same general
approach as the results of [17] for graphs of bounded degree, we want to limit the number of states of the classic
dynamic programming algorithm for minimum weight Hamiltonian cycle or of the algorithm developed in Section 3
for counting perfect matchings (written as a dynamic programming algorithm, instead of one based on the inclusion-
exclusion principle). However, in order to deal with graphs of bounded average degree, we need to introduce new
concepts and tools. Recall that, by a standard averaging argument, if the average degree of an n-vertex graph G is
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bounded by d, for any D > d there are at most dn/D vertices of degree at least D. However, it turns out that this bound
cannot be tight for a large number of values of D at the same time. This simple observation lies at the heart of our
combinatorial lemma, intuitively allowing us to afford a more expensive branching on vertices of degree more than D
provided that there are significantly less than dn/D of them.

Notation. We use standard (multi)graph notation. For a graph G = (V, E) and a vertex v € V the neighbourhood of v
is defined as Ng(v) = {u : uv € E}\ {v} and the closed neighbourhood of v as Ng[v] = Ng(v)U{v}. The degree of v € V
is denoted deg;(v) and equals the number of end-points of edges incident to v. In particular a self-loop contributes 2
to the degree of a vertex. We omit the subscript if the graph G is clear from the context. The average degree of an
n-vertex graph G = (V, E) is defined as % >y deg(v) = 2|E|/n. A cycle cover in a multigraph G = (V, E) is a subset
of edges C C E, where each vertex is of degree exactly two if G is undirected or each vertex has exactly one outgoing
and one ingoing arc, if G is directed. Note that this definition allows a cycle cover to contain cycles of length 1, i.e.
self-loops, as well as taking two different parallel edges as a length 2 cycle (but does not allow using the same edge
twice). A walk in a graph G = (V, E) is sequence v, €1, V|, €2, V3, €3 ...,e5, Vs Where v; € V for 0 < i < s and ¢; is an
edge of G that connects v;_; and v;, for 1 <i < s. A walk is closed if vo = v,. The length of a walk equals s, i.e., the
number of edges in the sequence. We emphasize here that our definition of a closed walk distinguishes not only the
direction of a walk, but also the starting point.

For a graph G = (V, E) by Vaeg=c, Viaeg>cs Viegse let us denote the subsets of vertices of degree equal to ¢, greater
than ¢ and at least ¢ respectively.

For a nonnegative integer i we define i® 1 =i+ lifiisevenand i® 1 =i—1if i is odd.

2. Counting perfect matchings in bipartite graphs

In this section we prove Theorem 1. Let R be an arbitrary commutative semiring, and A = (a; j)1<i<m,1<j<n b€ an
m X n matrix, m < n, with elements from R, and with at most dm non-zero elements, for some d > 2. Recall that the

permanent of A is defined as
m

perA = Z l—[ a; o(i)-

o’:|1,2,.:.,/_n}f>{1,2 ..... n} i=1
injective
We are to compute the permanent of A.

Let K € {1,2,...,m} be the set of rows of A containing |m/(ad)] rows with the smallest number of non-zero
entries, where @ > 2 is a constant to be determined later. By the commutativity of R, we may assume that K
contains the bottommost |K| rows. Let L = {1 < j < n : Jiex : a;; # 0}. Observe that |[L| < m/a, as the average
number of non-zero entries in the rows of K is at most d. Again by using the commutativity of R, assume that
L={n—-|Ll+1,n—|L|+2,...,n}, that is, we order the columns of A such that the columns of L appear at the right of
the matrix. In particular forany 1 <i <n—m/a and j € K we have a; ; = 0 (see Figure 1).

Consider the following standard dynamic programming approach. For a subset X of rows of A and integer |X| < r <
n define #[X, r] as the permanent of (a; j)iex, 1< j<r» @ |X|X7 submatrix of A. Note that we are to compute #[{1,2, ..., m}, n].
Observe that the following recursive formula allows to compute the entries of the table 7, where we sum over the
element used in the permanent computation in the r-th column of A:

X, r] = X, r = 11+ > a (X \ {ih,r =11,

ieX

with the boundary conditions #[(, r] = 1 for any 0 < r < n and #[X, r] = O for any r < |X|. Moreover, for computing
f[{1,2,...,m},n] we do not need to compute the values #[X, r] where n — r < m — |X|.

Let us upper bound the number of pairs (X, r) for which n — r > m — |X| and #[X, r] is non-zero. We consider two
cases, depending on r.

First, consider the case r < n — m/a. Recall that a;; = O for any i € K and j < n — m/a. Hence, if #[X,r] # 0,
then X N K = 0. Since |K| = |m/(ad)], there are at most n2"~l/@d] < yp1+(-1/edm najrs (X, r) with [X, r] # 0 and
r<n—mla.



IL| <m/a

000000000000
K| =|m/(ad)] 000000000000
000000000000

Figure 1: A block of zero entries in the binary matrix.

Second, consider the case r > n — m/a. Recall that we are only interested in the values 7[X, r] for pairs (X, r)
satisfying n — r > m — |X|. In our case this implies |X| > m(l — 1/a@) and, consequently, as @ > 2, there are
only m(Ln:’;aJ) choices for the set X. By using the binary entropy function, we get (Ln:’;aj) = O*(2H1/am) " where
H(p) = —plog, p — (1 — p)log,(1 — p). Ford > 2 and a = 3.55 we have 2H(1/®) < p1-1/(ad),

Consequently, to obtain the claimed running time of Theorem 1 it suffices to skip the computation of values #[X, r]
whenevern —r <m — |X|, or r < n—m/a and X N K # 0. This finishes the proof of Theorem 1.

We remark here that the constant @ = 3.55 can be improved if we have a stronger lower bound on d. However,
in our analysis it is crucial that @ > 2, so that the number of subsets X C {1,2,...,m} of size |X| > m(1 — 1/a) is
exponentially smaller than 2.

We would like also to observe that the assumption of commutativity of R is essential to perform the dynamic
programming algorithm in the appropriate order of rows and columns (which, in the above proof, is disguised in the
operation of reordering rows and columns of A). On the other hand, we do not need the additive inverse in R, hence
the algorithm works for semirings, as claimed.

3. Counting perfect matchings in general graphs

In this section we study the problem of counting the number of perfect matchings in general graphs. We show an
inclusion-exclusion based algorithm, which given an n-vertex graph computes the number of its perfect matchings in
0*(2"?) time and polynomial space. This matches the time and space bounds of the algorithm of Bjorklund [5].

Theorem 4. Given an n-vertex graph G = (V, E) in O*(2"'?) time and polynomial space one can count the number of
perfect matchings in G.

Proof. Clearly we can assume that n is even. Consider the edges of G being black and let V = {vg,...,v,—;}. Now
we add to the graph a perfect matching of red edges Ex = {v2;v2i+1 : 0 < i < n/2} obtaining a multigraph G’. Denote
e; = iaiy| € ER.

We say that a cycle or a walk in G’ is alternating, if, when we traverse the cycle (walk), the colours of the edges
alternate; in particular, an alternating cycle or closed walk is of even length. Observe that for any perfect matching
M C E the multiset M U Ey, is a cycle cover (potentially with 2-cycles), where all the cycles are alternating. Moreover,
for any cycle cover Y of G’ composed of alternating cycles the set Y \ Ey is a perfect matching in G. This leads us to
the following observation.

Claim 5. The number of perfect matchings in G equals the number of cycle covers in G’ where each cycle is alternat-
ing.

We emphasize here that our definition of cycle cover treats it as a subset of edges, and hence all the cycles are
treated as undirected ones. This is in contrast with our definition of a closed walk, that not only is treated as a direct
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one, but also has a designated starting point. However, note that the definition of alternating applies well to (closed)
walks.

We are going to compute the number of cycle covers of G’ with alternating cycles using the inclusion-exclusion
principle over the set of red edges Eg.

For an edge ¢; € Eg, we say that a closed walk C is e;-nice if it is alternating, starts with vy;, e;, V241, traverses e;
exactly once, and does not traverse any edge e; € Eg for j < i. Note that for an alternating walk C, if C contains a
vertex vp; Or vp41, it needs to traverse the edge e; € Ef, as this is the only red edge incident to v;; and v5;41. A closed
walk is nice if it is e;-nice for some e; € Eg; note that, in this case, the edge ¢; is defined uniquely. Moreover, note
that for any alternating cycle C there is exactly one way to define a nice closed walk with the same length and set of
edges as C: one needs to start with the edge e; traversed by C of lowest possible index, and traverse it in the direction
from vy; t0 Voiy1.

For a positive integer r let us define the universe €, as the set of r-tuples, where each of the r coordinates contains
a nice closed walk in G’ and the total length of all the walks equals n. For 0 < i < n/2 let A,; € Q, be the set of
r-tuples where at least one walk contains the arc e;. We now claim the following.

Claim 6. The number of perfect matchings in G equals 31 <,<,2 | (ozi<nyz Aril/ ¥

Proof. By Claim 5, it suffices to focus on cycle covers of G’ where each cycle is alternating.

Consider first such a cycle cover Y. In the multigraph (V, Y) each connected component is an alternating cycle.
Let r be the number of these cycles. Moreover, for each such cycle C, let W(C) be the unique nice closed walk with
the same length and edge set as C. Let T = (W}, W, ..., W,) be any ordering of the walks W(C), where C iterates over
the set of cycles of Y. Observe that T € €,, as each walk W; is nice. As each cycle of Y is alternating, Ex C Y and,
consequently, for any 0 < i < n/2 we have 7 € A,;. Thus, each cycle cover Y gives rise to r! elements of (No<;cn/2 Ari
that differ on the choice of the order of walks W; in the tuple 7. Furthermore, observe that the walks W; are pairwise
disjoint (and, hence, all these 7! tuples are pairwise different) and, moreover, different cycle covers Y yield different
tuples 7, as their differ on the set of used edges.

In the other direction, consider a tuple 7 = (W1, Wa, ..., W,) € No<icn2 Ari- By the definition of A,;, each edge
of Er needs to be contained in at least one of the walks W;. On the other hand, the total length of the walks W; is n,
while |Eg| = n/2. Since the walks W; are alternating, we infer that each edge Ey, is traversed exactly once by exactly
one walk W;. Since each vertex of G’ is incident to exactly one edge of Ef, we have that each W; induces a cycle in
G’, and these cycles are pairwise vertex disjoint. Hence, the set of all edges of all walks in 7 is a cycle cover in G’
with each cycle being alternating. The claim follows. N

By Claim 6, it suffices to compute | (No<icn/2 Aril for all 1 < r < n/2. Let us now focus on a single value of r. By
the inclusion-exclusion principle

s

ﬂ A

0<i<n/2

= ),

1€{0,...n/2-1}

(@4

iel

where we define (;;(Q, \ A,;) for I = 0 as Q,. Hence to prove the theorem it is enough to compute the value
[N\ A )| foragiven 1 < r <n/2and ! C {0,...,n/2 — 1} in polynomial time. This is done by a standard
dynamic programing approach in the remainder of this proof.

Let G} be the graph G’ with all the endpoints of edges e; for i € I removed. For every 0 < a < n/2 and every even
2 < g < n, let p, 4 be the number of e,-nice closed walks in G} of length g. We first show how to compute each value
Da,q in polynomial time.

To this end, for every 2a + 1 < i < n and every odd 0 < ¢ < g define #,[i, §] as the number of alternating walks W
of length g in G, where each walk starts with vy,, €4, V2441, ends with v, €|i/2), v, Visits e, only once and does not
visit any edge e, for ¢ < a. It is straightforward to verify that #,[i, ] satisfies the following boundary conditions:

t2a+1,11=1
tli,11=0 fori #2a+1
tp[2a+1,41=0 forg > 1



and the following recurence relation for every 2a + 1 <i <nandeveryodd3 < g < ¢:

pligl= > nlig-21
Vig1V;EE(G))
2a+1<j<n

Hence, the values 7,[i, g] can be computed in polynomial time. Finally, observe that

Pag= Y, tlig=1l.
vavi€E(GY)
2a+1<i<n

Having the values p, 4, we now show how to compute | ();;(€2, \ A.;)| by the standard knapsack type dynamic
programming. That is, for every 0 < 7 < r and every even 0 < g < n we define #[7, g] to be the number of 7-tuples
of nice closed walks in G/ of total length g. It is straightforward to verify that #[7, g] satisfies the following boundary
conditions:

10,0] =1
t[7,0] =10,9q] =0 for #,q > 0

and the following recurence relation for every 0 < 7* < r and every even 0 < g < n:

r.ql= ) =141 ). Pags

0<g<q 0<a<n/2
g even a¢l

Hence, the values ?#[7, g] can be computed in polynomial time. Finally, observe that

(@4

iel

= t[r,n].

This concludes the proof of Theorem 4. O

4. Properties of bounded average degree graphs

This section contains technical results concerning bounded average degree graphs. In particular we prove Lemma 12,
which bounds the number of “Hamiltonian-like” structures in a graph and is needed to get the claimed running times
in Theorems 2 and 3. However, as the proofs of this section are not needed to understand the algorithms in Section 5
the reader may decide to see only Definition 11 and the statement of Lemma 12.

We start with a few well-known bounds.

Lemma 7. Foranyn > k > 1 it holds that
n (en )k
<l .
(k) k

Moreover, the upper bounding function x — (en/x)* is nondecreasing on the domain 0 < x < n.

n\ _ nt ( e )"
<—==<n\z),
k)~ k! k
where the last inequality follows from the Stirling’s approximation of the factorial function. For the second claim,
substitute y = n/x and observe that y = y~! Iny is nonincreasing for y > 1. O

Proof. For the first claim, observe that

Lemma 8. For any n > 1, it holds that H,_| > Inn, where H, = Y !
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Proof. 1tis well-known that lim,,_,., H, —Inn = y where y > 0.577 is the Euler-Mascheroni constant and the sequence
H, — Inn is decreasing. Therefore H,_; = H, — 1 > Inn+y - 1, hence the lemma is proven for n > 2 as y > 1. For
n=1,notethat H,_; = Inn = 0. ]

The following lemma helps us identify disjoint parts of the input graph where we can independently save on the
number of “Hamiltonian-like” structures, provided that we have already bound the maximum degree of the graph.

Lemma 9. Given an n-vertex graph G = (V, E) of average degree at most d and maximum degree at most D one can
in polynomial time find a set A containing [ 5751 vertices of degree at most 2d, where for each x,y € A, x # y we
have Ng[x] N Ng[y] = 0.

Proof. Note that |Vgee<oal > n/2. We apply the following procedure. Initially we set A := 0 and all the vertices are
unmarked. Next, as long as there exists an unmarked vertex x in Vieg<2q, We add x to A and mark all the vertices
Ng[Ng[x]]. Since the set Ng[Ng[x]] contains at most 1 + 2d + 2d(D — 1) = 1 + 2dD vertices, at the end of the process

we have |A| > 575 Clearly this routine can be implemented in polynomial time. U

The next lemma states that, although in an n-vertex graph of average degree at most d there may be up to % vertices

of degree at least D, this bound cannot be tight for a large range of values of D at once. This simple observation is in
fact the main source of the gain in bounds proven in Lemma 12.

Lemma 10. For any a > 0 and an n-vertex graph G = (V, E) of average degree at most d there exists D < e” such
that |Vdeg>D| < %.

Proof. By standard counting arguments we have

(s8] (&)
D Waegsil = D ilVaeg=il < nd.
i=0 i

=0

For the sake of contradiction assume that |Vieg>i| > :‘T‘f, for each i < e®. Then

- « nd $4 nd
D Waewsil = ) Waegsil > — 3 1/i = —Hiey > nd,
i=0 i=1 i=1
where the last inequality follows from Lemma 8. O

In the following definition we capture ‘“Hamiltonian-like” structures in a graph. The family of all these struc-
tures contains the family of the sets used in the dynamic programming algorithms for TSP-like problems (that is, in
Theorems 2 and 3).

Definition 11. For an undirected multigraph G = (V, E) and two vertices s,t € V by deg2sets(G, s, t) we define the
set of all subsets X C V \ {s, t}, for which there exists a set of edges F C E such that:

o deg,(v) =0foreachv e V\(XU{s,t}),

o deg,(v) =2 foreachv e X,

o degp(v) < 1forve st}

We are now ready to state and prove the main result of this section.

Lemma 12. For every d > 1 there exists a constant €4 > 0, such that for an n-vertex multigraph G = (V, E) without
self-loops, of average degree at most d, for any s,t € V the cardinality of deg2sets(G, s, t) is at most O* (2(1=2"),



Proof. We begin with invoking Lemma 10 to get a partition of V into high- and low-degree vertices. Let ¢ be a
sufficiently large universal constant; it suffices to take ¢ = 20. Lemma 10, invoked on G and «a := e provides us
with an integer D < ¢ = ¢’ such that there are at most Z—g vertices of degree greater than D in G. Recall that the
standard averaging argument provides us with only a %‘1 upper bound on [Vgee>pl; we are going to heavily rely on the
fact that [Vgeg>pl is in fact a times smaller than this bound.

The threshold D provided by Lemma 10 may turn out to be even smaller than d so, for technical reasons, we are
going to use a slightly adjusted threshold D’ := max(2d, D). Observe that D’ < ¢* as d > 1 implies 2d < e“ for any
¢ 2 1. Let H = G[Vyeg<p ] be the subgraph induced by the low-degree vertices and let ¥ = Vo pr be the (remaining)
set of high-degree ones. Note that the bound of Lemma 10 implies that |Y| < (’:—g, asD’ > Dand Y C Viegsp.

The main reason why we have adjusted the threshold from D to D’ is that D’ > 2d implies that H contains at least
n/2 vertices. Moreover, as H contains all low-degree vertices of G, the average degree of H is not greater than the
average degree of G, which in turn is bounded by d.

As H has bounded maximum degree by D’, we may apply Lemma 9 to get a large family of pairwise disjoint
closed neighbourhoods in H. Formally, we can in polynomial time construct A C V(H) of [n/(4 + 8dD’)] vertices,
each of degree at most 2d, and with Ny[v] N Ny[w] = 0 for any v,w € A,v # w.

Let us now give an informal overview of the purpose of the set A. Assume for a moment that ¥ = 0, that is, there
are no high-degree vertices and G = H. Consider a set X € deg2sets(G, s,f) and a corresponding set F C E from
Definition 11. The crucial observation is that for any v € A \ {s, ¢}, the set X N N[v] cannot be equal to {v}, as v needs
to be of degree 2 in F and G does not contain any self-loops by the assumptions of the lemma. Consequently, out of
2NV choices for X N N[v], at least one is invalid, and

NI _ 1\l
|deg2sets(G, s,1)| < 2" - ]_[ —wor < 2" (1 - W) ) (1)
VvEA

If |A] is Q(n), such a statement would finish the proof of the lemma. However, in the general case Y may not be empty,
and X N Ngx[v] = {v} for some v € A \ {s, ¢} if both edges of F incident to v have their second endpoints in Y. Luckily,
|Y| is very small thanks to Lemma 10 and may “disturb” the argument of (1) only for a small part of A. Thus, to count
sets X € deg2sets(G, s, 1), for each choice of small subset of A that get “disturbed” by the elements of Y, we apply the
argument of (1) to the remainder of A. Thanks to the bound on |Y|, the gain from the argument of (1) is larger than the
overhead we get from enumerating all sets of vertices of A “disturbed” by Y.

Let us now proceed with a formal argumentation. First, we rephrase the bound on |A| so that it is more convienient
in the future. Since d > 1 and D’ > 2d, we have:

n n n n
IA] = [ } > > - . @)
4 + 8dD’ 4 +8dD’ ~ 2dD’ +8dD’  10dD’
Ifn< %, n = O(1) and the claim of the lemma is trivial. Otherwise:
n n n
Al = [4 T 8d1)ﬂ “8ap ' 2ean ®)
nd

Recall that, by Lemma 10, [Y] is very small, namely |Y| < -75. We now formally show that |Y| is much smaller
than |A|. Asd > 1 and D’ = max(2d, D) < 2dD, for sufficiently large ¢ we have:

Y] < nd ._n 4043 < |A] 4043 - |A]
T aD T 20dD’  etd T 2 evd 2

“

For an arbitrary set X € deg2sets(G, s, t), and a corresponding set F' C E from Definition 11, define Zy as the set
of vertices x € (X N V(H)) \ {s, t} such that Ny(x) N X = 0. Intuitively, these are the vertices that get “disturbed” by Y
in the argument of (1). Formally, recall that F is a set of paths and cycles, where each vertex of Zy is of degree two.
Hence F' contains at least 2|Zx| edges between Zy and Y, as any path/cycle of F visiting a vertex of Zy has to enter
from Y and leave to Y (G does not contain any self-loops). Hence by the upper bound of 2 on the degrees in F we
have |Zx| < |Y|: only a few vertices of A get “disturbed” by Y.



By the definition of Zy, for each x € A \ (Zx U {s, t}) we have that Ny[x] N X # {x} and |[Ny[x]| < 2d + 1. Recall
that if x € A N Zy, we have Ny[x] N X = {x}. Therefore, following the lines of (1), we have that for fixed A N Zx there

are at most [A\(Zx U{s, DI |ANZx| 1Al
22d+1 _ xS, 1 NZx 22d+1 _ 1
L n—— — <oz - 5)
22d+1 2 22d+1

choices for X € deg2sets(G, s).
As |Zx| < 1Y| and |Y]| is much smaller than |A|, we can bound the number of choices of A N Zy in a straightforward

manner: there are at most Z'iil ('Al) ('Al) choices for A N Zx. Thus

22d+l _ 1 1A] |A|
|deg2sets(G, 5, 1)] < 2"% - (W) -n(|Y|). (6)

It remains to estimate ( ) To this end, we use Lemma 7 as follows:

Yl

17|
A e|A|
v =\ by Lemma 7
Y| Y]
L\
= Y| by (3
‘(e 2edD’ |Y|) y(3)
nd
n aD\ e« d
= T by | f. (4)) and by L 7
_(e 2edD’ nd) yl |— < 3edD’ dD’ (ct. (4)) and by Lemma
nd
aD . )
= (2d2) since D < D
. ™

We now proceed to the final calculations, putting all obtained bounds together. By the standard inequality 1 — x <

e~ we have that -
(22d+1 _ 1)/22d+1 — (1 _ 1/22d+1) < e—l/z + ) (8)

Using (2), (7) and (8) we obtain that

A\ (22441 -1 iz < ox ndIna n
|Y| 22d+1 = exp aD 20dD’22d+1 :

Plugging in @ = ¢ and using the fact that ¢'% > 404> for d > 1 we obtain:

A\ (22441 — 1\A/? . ned n
y))\ " 2241 = P\ S 100204 - 24D ~ 20aD 2241 )

Since D’ = max(2d, D) < 2dD and ¢! > d2°*! as d > 1, we get

IAJ\ (2241 — 1\A? n ¢
v\ " 22 < eXp(ZOdD/22d+1 (e(c—IS)d - 1))

Finally, for sufficiently large ¢, as d > 1, we have ¢ < e~15¢ and

|A| 22d+1 -1 |Al/2
(m)(_ydﬂ <1 ©)




Consequently, we obtain:

22d+1 -1 1Al A
ldeg2sets(G, s, )] < 2"% . (ﬂT) n(:Y:) by (6)
L (1Al (22441 =1 AI2Y - 192ae1 _ 1 \AI2
_ n+
=n2 '[(m)( 22d+1 ) ]( 22d+1 )
y2d+l _ 1 \AI/2
n+2
1 |A]
+2
<n2"exp (—22‘1+1 . 7) by (8)
n+2 n
<02 e (- 0y ) by @
n+2 n ’ @
Sn2 exp(—m) as D" <e”.

This concludes the proof of the lemma. Note that the dependency on d in the final constant &, is doubly-exponential.
O

5. Trimming dynamic programming algorithms in graphs of bounded average degree

5.1. Minimum weight Hamiltonian cycle

To prove Theorem 2, it suffices to solve in O*(21=%") time the following problem. We are given an undirected
n-vertex graph G = (V, E) of average degree at most d, vertices a,b € V and a cost function ¢ : E — R,. We are to
find the cheapest Hamiltonian path between a and b in G, or verify that no Hamiltonian ab-path exists.

We solve the problem by the standard dynamic programing approach. That is for eacha € X € V and v € X we
compute 7 X, v], which is the cost of the cheapest path from a to v with the vertex set X. The entry #[V, b] is the answer
to our problem. Note that it is enough to consider only such pairs (X, v), for which there exists an av-path with the
vertex set X.

We first set #[{a},a] = 0. Then iteratively, for each i = 1,2,...,n — 1, for each u € V, for each X C V such
that |X| = i, a,u € X and #[X, u] is defined, for each edge uv € E where v ¢ X, if {{X U {v},v] is undefined or
X U v}, v] > t[X, u] + c(uv), we set t[X U {v},v] = t[X, u] + c(uv).

Finally, note that if #[X,v] is defined then X \ {a,v} € deg2sets(G,a,v). Hence, the complexity of the above
algorithm is within a polynomial factor from Y,y |[deg2sets(G, a, v)|, which is bounded by O*(2!!=*2") by Lemma 12.

5.2. Counting perfect matchings

In this section we show how the algorithm from Section 3 can be reformulated as a dynamic programming routine
(using exponential space), which together with Lemma 12 will imply the running time claimed in Theorem 3. Note
that this reformulation causes the space complexity to be exponential.

Assume that we are given an n-vertex undirected graph G = (V, E), where n is even, and we are to count the
number of perfect matchings in G. We start with a small technical detour to ensure that the complement of G has
perfect matching; the motivation for this step will become clear later.

Lemma 13. Given an n-vertex graph G = (V, E) with average degree at most d, one can in polynomial time identify
a set X of at most 4d + 4 vertices of G such that the complement of G \ X contains a perfect matching.

Proof. If n < 4d + 4, we may output X := V, so assume othewise. Construct a set Y C V as follows: initiate ¥ = ()
and, as long as |Y| < 2d and there exists a vertex v € V' \ Y with [N(v) \ Y| > IV—QYI —1l,addvtoY.

We now show that |Y| < 2d, that is, the construction of Y always stops by triggering the second condition. Assume
otherwise, 2d < |Y| < 2d + 1. At each step of the construction of Y, at least (n — |Y| — 1)/2 edges are removed from
G \ Y. Note that, by the assumptions on n and |Y|, we have n — |Y| — 1 > n/2. Thus, the number of edges incident to Y

is strictly greater than [Y|7 > d—z". However, the total number of edges of G is bounded by dn/2, a contradiction.
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As the construction of Y stopped by triggering the second condition, the complement of G \ Y has minimum
degree at least |V \ Y|/2 and, by Dirac’s theorem, it contains a Hamiltonian cycle. Define X = Y if |V \ Y| is even and
X =Y U{v}, where v is an arbitrary vertex of V' \ Y, if |V \ Y| is odd. In this manner |X| < 2d + 1 and the complement
of G \ X contains a Hamiltonian path and has even number of vertices. Note that selecting every other edge of a
Hamiltonian path gives us a perfect matching in G \ X. This concludes the proof of the lemma. O

We preprocess the input graph G = (V, E) as follows. We compute the set X using Lemma 13 and add |X|/2
connected components isomorphic to K to the graph G. In this manner, the complement of G contains a perfect
matching: the new vertices can be matched to the vertices of X and the complement of G \ X contains a perfect
matching by Lemma 13. Moreover, note that the number of perfect matchings of G does not change, the number of
vertices of G increases only by an additive factor of at most 4d + 4, which is a constant, and the new graph has still
average degree bounded by d (recall d > 1).

Thus, by using the aforementioned preprocessing, we may henceforth focus only on the case when the complement
of the input n-vertex graph G = (V, E) contains a perfect matching. Order the vertices of G as vy, vy, ..., V,_1, so that
Voivoir1 ¢ E forany 0 < i < n/2.

We are going to construct an undirected multigraph G’ having only n/2 vertices, where the edges of G’ will be
labeled with unordered pairs of vertices of G, that is, with edges of G. As the set of vertices of G’ = (V’, E’) we take
Vi={vp,..., V;l/z—l }. For each edge v,v, of G we add to G’ exactly one edge: V[a/zj"[bm labeled with {v,, v,}. For an
edge ¢’ € E’ by {(¢’) let us denote the label of ¢’. Note that G’ may contain parallel edges but, due to the preprocessing
step, G’ does not contain self-loops. In other words, the preprocessing step allows us to use Lemma 12 on the graph
G'.

Observe also that if the graph G is of average degree at most d, then the graph G’ is of average degree at most 2d.

In what follows we count the number of particular cycle covers of G’, where we use the labels of edges to make
sure that a cycle going through a vertex v € V' never uses two edges of G’ corresponding to two edges of G incident
to the same vertex.

Lemma 14. The number of perfect matchings in G equals the number of cycle covers C C E" of G', where | ¢ £(€) =
V.

Proof. We show a bijection between perfect matchings in G and cycle covers C of G’ satisfying the condition
UeEC f(e) =V.

Let M be a perfect matching in G. As f(M) we define f(M) = {v[amv[b/2J 1 v,vp € M}. Note that f(M) is a cycle
cover and moreover e £(e) = V. In the reverse direction, for a cycle cover C C E’ of G’, consider a set of edges
h(C) defined as h(C) = {£(e) : e € C}. Clearly the condition | J,c £(¢) = V implies that h(C) is a perfect matching,
and moreover 1 = f~!. O

Observe, that if a cycle cover C C E’ of G” does not satisfy (J.ec {(e) = V, then there is a vertex v; € V', such that
the two edges of C incident to v; do not have disjoint labels. Intuitively this means we are able to verify the condition
Ueec €(e) = V locally, which is enough to derive the following dynamic programming routine.

Lemma 15. In O* (3, v |deg2sets(G, s, 1)|) time and space, one can compute the number of cycle covers C of G’
satisfying U ec €(e) = V.

Proof. An ordered r-cycle cover of a graph H is a tuple of r cycles in H, whose union is a cycle cover of H. As each
cycle cover of H that contains exactly r cycles can be ordered into exactly r! different ordered r-cycle covers, it is
sufficient to count, for any 1 < r < n/2, the number of ordered r-cycle covers C in G’ such that each two edges in C
have disjoint labels. In the rest of the proof, we focus on one fixed value of r.

For 0 < g < rand X C V’ as t[q, X] let us define the number of ordered g-cycle covers in G’[X] where each two
edges have disjoint labels; note that [r, V'] is exactly the value we need. Moreover forO0 < g <r, X C V', v,,v; € X,
a <band{ € {2b,2b + 1} as t2[q, X, v, v}, {] we define the number of pairs (C, P) where all the following conditions
hold:

e Cis an ordered g-cycle cover of G'[Y] for some ¥ C X \ {v,, v, };

e Pis av,v,-path with the vertex set X \ Y that does not contain any vertex v, with ¢ < a;
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e any two edges of C U P have disjoint labels;
o the label of the edge of P incident to v/, contains v,,; and
o the label of the edge of P incident to v} contains v,.

Note that we have the following border values: #[0,0] = 1 and #[0, X] = O for X # 0.
Consider an entry 2[g, X, v;,v,, ], and let (C, P) be one of the pairs counted in it. We have two cases: either P is
of length 1 or longer. The number of pairs (C, P) in the first case equals

g, X \ (v, vi}1 - (Vv € E" : LV, v}) = {vaa, v

In the second case, let v,v; be the last edge of P; note that ¢ > a by the assumptions on P. The label of v,v, equals
{vae, vz} or {Vacs1, v} Thus, the number of elements (C, P) in the second case equals

DT nlg X\ Ve @ 11 v, € E' < 6V = vy, vl
veeX\vgvy ) n€{2¢,2c+1}
Let us now move to the entry #[g, X] and let C be an ordered g-cycle cover in G'[X]. Let W be the last cycle of
C. Observe that, since G” does not contain any self-loops, W is of length at least two. Let v/, be the lowest-numbered
vertex on W and let e = vy, be the edge of W where vy,,1 € €(e). Note that both v, and e are defined uniquely;
moreover, a < b and no vertex v, with ¢ < a belongs to W. Thus

flg, X] = Z Z blg—1LX Vv, L& 1] - |y, € B L0v,) = {vaaer vl
vav,€X (€{2b,2b+1}
a<b

So far we have given recursive formulas, that allow computing the entries of the tables r and #,. However the values
tlg, X1, tlq, X, V], v;, {] for X ¢ (U ey deg2sets(G’, s, 1) are equal to zero. The last step of the proof is to show how
to perform the dynamic programming computation in a time complexity within a polynomial factor from the number
of non-zero entries of the table. We do that in a bottom-up manner, that is iteratively, for each ¢ = 0,1,2,...,r, for
eachi = 1,2,...,n, we want to compute the values of non-zero entries t[q, X] for all sets X of cardinality i and then
compute the values of non-zero entries £ [g, X, *, *, ] for all sets X of cardinality i.

Whenever we compute some value #[g, X] or #;[g, X, *, *, %] and it turns out to be non-zero, we enqueue for further
computation all values #[g’, X'] or t;[q’, X', *, , ] for which the currently computed value contributes to in the recur-
sive formulae. Observe that each value t[g, X] of 5,[q, X, *, %, *] contributes to a polynomial number of applications
of the recursive formulae. We process the values t[g, X] and 1;[q, X, *, *, ] in the aforementioned order (i.e., in the
increasing order of ¢ and |X|, and, for fixed ¢ and X, first t[g, X] and then £;[g, X, *, *, *]), but we only focus on the
cells that were previously enqueued.

The single non-zero value that we start with is #[0,0] = 1. (Note that #[0, X] = O for X # 0.) This finishes the
proof of the lemma. O

Theorem 3 follows directly from the Lemma 12 together with Lemma 15.

6. Conclusions

In our work we have shown how the assumption of bounded average degree of a graph can provide exponential
speed up in the classic dynamic programming routines. Very recently Golovnev et al. [20] proved that the dynamic
programming algorithms of Theorems 2 and 3 can be turned into polynomial-space algorithms by using algebraic
techniques. Moreover, they also showed how to use the gap obtained in Lemma 10 to compute the chromatic number of
a graph of average degree d with exponential speedup over the O* (2")-time algorithm [21]. We believe our approach,
in particular Lemma 10, may inspire to further improvements in the area of exponential-time algorithms.
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