Algorithmica (2024) 86:2766-2785
https://doi.org/10.1007/500453-024-01238-z

®

Check for

Approximate and Randomized Algorithms for Computing a
Second Hamiltonian Cycle

Argyrios Deligkas' - George B. Mertzios?® - Paul G. Spirakis3 -
Viktor Zamaraev?

Received: 18 April 2022 / Accepted: 24 April 2024 / Published online: 12 June 2024
© The Author(s) 2024

Abstract

In this paper we consider the following problem: Given a Hamiltonian graph G, and
a Hamiltonian cycle C of G, can we compute a second Hamiltonian cycle C’ # C of
G, and if yes, how quickly? If the input graph G satisfies certain conditions (e.g. if
every vertex of G is odd, or if the minimum degree is large enough), it is known
that such a second Hamiltonian cycle always exists. Despite substantial efforts, no
subexponential-time algorithm is known for this problem. In this paper we relax the
problem of computing a second Hamiltonian cycle in two ways. First, we consider
approximating the length of a second longest cycle on n-vertex graphs with minimum
degree 6 and maximum degree A. We provide a linear-time algorithm for computing
acycle C’ # C of length at least n — 4o (y/n + 2a) + 8, where @ = %. This results
provides a constructive proof of a recent result by Girao, Kittipassorn, and Narayanan
in the regime of L= o(4/n). Our second relaxation of the problem is probabilistic.
We propose a randomized algorithm which computes a second Hamiltonian cycle with
high probability, given that the input graph G has a large enough minimum degree.
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More specifically, we prove that for every 0 < p < 0.02, if the minimum degree of
G is at least % log +/8n + 4, then a second Hamiltonian cycle can be computed with

probability at least 1 —% (% + 1) in poly(n)-2*P" time. This result implies that, when
the minimum degree § is sufficiently large, we can compute with high probability a
second Hamiltonian cycle faster than any known deterministic algorithm. In particular,
when 8 = w(log n), our probabilistic algorithm works in 2°® time.

Keywords Hamiltonian cycle - Graph with minimum degree 3 - Approximation
algorithm - Randomized algorithm

1 Introduction

A classical fact published by Tutte [26] and accredited to Smith states that, in a cubic
(i.e. degree-3 regular) graph, every edge is contained in an even number of Hamiltonian
cycles. The theorem of Smith was later generalized by Thomason [22] to all graphs
in which every vertex has an odd degree. Therefore, every Hamiltonian graph with
odd-degree vertices has at least one further Hamiltonian cycle; actually it is not hard
to derive that also a third Hamiltonian cycle exists. However, if we allow vertices of
even degree, the existence of a second Hamiltonian cycle is not guaranteed. More
specifically, Entringer and Swart [13] constructed uniquely Hamiltonian graphs (i.e.
graphs with a unique Hamiltonian cycle), in which all vertices have degree 3, except
only two of them which have degree 4. Fleischner [15] also constructed two infinite
families of uniquely Hamiltonian graphs, one with minimum degree 4 and maximum
degree 14, and one with arbitrarily high maximum degree.

On the other hand, for regular graphs it is known that uniquely Hamiltonian graphs
cannot have high degree. More specifically, Thomassen [25] proved that, for every
r > 300, every Hamiltonian r-regular graph has a second Hamiltonian cycle. This
was subsequently improved to every r > 23 [17]. It still remains unknown whether
every r-regular Hamiltonian graph has a second Hamiltonian cycle, where 4 < r < 22
is an even number. Sheehan conjectured in 1975 that this is true for r = 4 [21]. If
Sheehan’s conjecture is true, then this will imply that, for every r > 3, every r-
regular Hamiltonian graph has a second Hamiltonian cycle. For non-regular graphs,
it is known that a second Hamiltonian cycle is guaranteed to exist also in graphs with
large minimum degree. Bondy and Jackson proved this for graphs with n vertices
and minimum degree at least 2.41log 8n + 3 [8].! This bound was later improved to
1.7521ogn [17] and to 1.71logn + 2 [1]. All the above results have been proved with
the probabilistic method using non-constructive arguments.

Our focus in this paper is to devise algorithms which, given a graph G and a
Hamiltonian cycle C of G, actually compute a second Hamiltonian cycle C' # C
in G, instead of just proving the existence of C’. For cubic (or, more generally, for
odd-degree) Hamiltonian graphs, several exponential-time algorithms are known for
computing C’ [3-7, 10-12, 14, 18, 19, 28]; however, it remains open whether C’ can
be computed in polynomial, or even subexponential time. One possible relaxation of

L All logarithms in this paper are base 2.
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the problem is, given a Hamiltonian cycle C, to efficiently compute a second cycle
C’ # C which is large enough (not necessarily Hamiltonian). For cubic Hamiltonian
graphs, Bazgan et al. [2] showed that the knowledge of the first Hamiltonian cycle
C algorithmically strictly helps to approximate the length of a second cycle. In fact,
if C is not given along with the input, there is no polynomial-time constant-factor
approximation algorithm for finding a long cycle in cubic graphs, unless P=NP. In
contrast, if C is given, then for every ¢ > 0 a cycle C’ # C of length at least (1 — &)n
can be found in 200/6Y) . time, i.e. there is a linear-time PTAS for approximating
the second Hamiltonian cycle [2]. The main ingredient in the proof of the latter result

isan O(n% log n)-time algorithm which, given G and C, computes a cycle C’ # C of
length at least n — 4,/n [2]. In wide contrast to cubic graphs, for graphs of minimum
degree at least three, only existential proofs are known for a second large cycle. In
particular, Girdo et al. [16] recently proved with a non-constructive argument that any
n-vertex Hamiltonian graph with minimum degree at least 3 contains another cycle of
length at least n — o(n).
Our Contribution In this paper we consider two relaxations of the problem of com-
puting a second Hamiltonian cycle. First, we consider approximating the length of a
second cycle on n-vertex graphs with minimum degree § and maximum degree A. We
provide in Sect. 2 a linear-time algorithm for computing a cycle C’ # C of length at
leastn —4a(y/n+2a)+8, where . = A=2 On the one hand, this improves the results
of Bazgan et al. [2] in two ways: (1) it provides a generalization from cubic Hamil-
tonian graphs to arbitrary Hamiltonian graphs of degree at least 3; (2) our algorithm
works in linear time in n for all constant-degree regular graphs. In particular it works
in time O (n) on cubic graphs (see Corollary 6). On the other hand, we complement
the results of [16] as we provide a constructive proof for their result in case where §
and A are o(y/n)-factor away from each other. Formally, our algorithm constructs in
linear time another cycle of length n — o(n) whenever % = o(4/n) (see Corollary 7).
Our second relaxation of the problem is probabilistic. We propose in Sect. 3 a ran-
domized algorithm which computes a second Hamiltonian cycle with high probability,
given that the input graph G has a large enough minimum degree. More specifically,
we prove that for every 0 < p < 0.02, if the minimum degree of G is at least

% log +/8n + 4, then a second Hamiltonian cycle can be computed with probability at

least 1 — }l (% + l) in poly(n)-2*P" time. Thus, by appropriately choosing the value
of the parameter p, we can achieve different trade-offs between the minimum degree
and the resulting running time, as it is illustrated in Table 1 (see Corollary 15). These
results imply that, when the minimum degree § is sufficiently large, we can compute
with high probability a second Hamiltonian cycle faster than any known deterministic
algorithm. In particular, when § = w (log 1), our probabilistic algorithm works in 20
time.
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Table 1 Summary of our probabilistic results for computing a second Hamiltonian cycle in a Hamiltonian
graph of large minimum degree §, where c is a constant and ¢ € (0, 0.25)

Minimum degree § at least Running time Probability at least
32¢ -log~/8n + 4 pgly(n).zn/c 1—0 (%)
e
6410g"’H n poly(n) - on/logtn 1—-0 (@)
1—.
32n° -log v/8n +4 poly(m)- 2" 1-0 (i)

2 Computing Another Long Cycle in a Hamiltonian Graph in Linear
Time

Since the complexity status of finding a second Hamiltonian cycle in a given cubic
Hamiltonian graph is illusive at the moment, we consider a simpler problem of finding
another almost Hamiltonian cycle in a given Hamiltonian graph of minimum degree 3.
Our main result in this section provides a O (m) time algorithm for finding a n — o(n)
cycle in a given Hamiltonian graph of minimum degree at least 3 when the maximum
and the minimum degrees of the graph are in certain relation.

Bazgan et al. [2] studied an optimization problem that can be seen as a relaxation
of the problem of finding another Hamiltonian cycle in a cubic Hamiltonian graph.
Namely, they considered the following problem.

SECOND LARGEST CYCLE

Input: A cubic Hamiltonian graph G and a Hamiltonian cycle C.
Solution: A cycle different from C.

Value: The length of the cycle.

The authors showed that SECOND LARGEST CYCLE has an efficient polynomial-time
approximation scheme (EPTAS) by proving the following theorem; recall an EPTAS
finds a (1 — ¢)-approximate solution in time f (%) - poly(n), where f is a computable
function.

Theorem 1 ([2]) Let G be an n-vertex cubic Hamiltonian graph and let C be a Hamil-
tonian cycle in G. Given G and C, for every & > 0, a cycle C' # C of length at least
(1 — &) - n can be found in time 200/8%) .

The main ingredient of the proof of Theorem 1 is a polynomial-time procedure
that finds in G a cycle C’ different from C of length at least n — 4,/n. This result is
formalized in the following:

Theorem 2 ([2]) Let G be an n-vertex cubic Hamiltonian graph and let C be a Hamil-
tonian cycle in G. There is an algorithm that given G and C finds in G a cycle C' # C
of length at least n — 4/n in time O (n3/* logn).

Our main result of this section improves Theorem 2 in two ways. First, it implies a
generalization of Theorem 2 to arbitrary regular Hamiltonian graphs of degree at least
3. Second, our algorithm works in linear time in n for constant degree regular graphs.
In particular, it works in time O (n) on cubic graphs (see Corollary 6).
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2.1 Notation and Auxiliary Results

Before we proceed to the main result of the section, we introduce preliminary notation
and state auxiliary results. Let G be a graph with a designated Hamiltonian cycle
C = vjvy...v,. We assume that the the cycle has a fixed, clockwise, direction.
Any edge of G that is not in C is called a chord. Two chords are independent if
they do not share an endpoint. The length of a chord v;v; withi < j is defined as
min{j —i,n +i — j}. We say that two vertices u, v € V(G) are chord-adjacent if
they are connected by a chord of G. Two independent chords e and e; are called
crossing if their endpoints appear in alternating order around C; otherwise e; and e;
are parallel.

For x, y € V(G), we denote by d¢ (x, y) the length of the path from x to y around
C, using the clockwise direction. Note that dc (x, y) # dc(y, x) in general. We define
the distance between two independent chords xy and ab, denoted dist(xy, ab), as
follows:

1. if xy and ab are crossing, then dist(xy, ab) = min{dc (x, a)+dc(y, b), dc (x, b)+

dc(y,a)};
2. if xy and ab are parallel such that neither y nor b lie on the path the path from x
to a around C, then dist(xy, ab) = dc(x, a) + dc(y, b).

In the proof of our main result we use the following two lemmas. The first is a
basic fact from graph theory and the second is straightforward to check (see Fig. 1 for
illustration).

Lemma 3 ([27], Exercise 3.1.29) Let G = (V, E) be a bipartite graph of maximum
degree A. Then G has a matching of size at least %.

Lemma4 Let G = (V, E) be an n-vertex graph with a Hamiltonian cycle C =
V102 ...Vy.

(1) If G has a chord of length £, then G contains a cycle C' # C of length at least
n—~0+1.

(2) If G has two crossing chords ey, ey and dist(eq, e2) = d, then G contains a cycle
C’ # C of length at least n — d + 2.

(3) If G has four pairwise independent chords ey, ea, f1, and f> such that

(1) A short chord (2) A pair of crossing chords (3) Crossing pairs of parallel chords

Fig. 1 Illustration of Lemma 4
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(a) ey, ez are parallel and f\, f> are parallel,
(b) e; and f; are crossing for every i, j € {1,2},
(c) dist(er, e2) = dy and dist(f1, f2) = d,

then G contains a cycle C' # C of length at least n — d| — dy + 4.

2.2 Long Cycles in Hamiltonian Graphs

Theorem5 Let G = (V, E) be an n-vertex Hamiltonian graph of minimum degree
6 =68(G) > 3. Let C = vjvy...v, be a Hamiltonian cycle in G and let A denote the
maximum degree of G. Then G has a cycle C' # C of length at least n — 4a(/n +

A

2a) + 8, where o = 5—_22 Moreover, given C a cycle C' can be computed in O (m)
time, where m = |E|.

Proof We start by showing the existence of the desired cycle C’.

Without loss of generality we assume that @ < ‘/TZ, as otherwise any cycle C’ # C
in G satisfies the theorem.

Furthermore, we assume that the length of every chord in G is at least 4o (\/n +
2a) — 6, as otherwise the existence of C’ follows from Lemma 4(1).

Letg = a/n.

We partition arbitrarily the vertices of the Hamiltonian cycle C into r consecutive

intervals Bg, Bj, ..., B,_1, such that r € H‘/—ZJ, L%ﬁj + 1] and |g] < |Bi| <

o

lg| + 2a? for every i € {0,1,...,r — 1}. It is a routine task to check that such a
partition exists.
Foreveryi € {0, 1,...,r — 1} we denote by W; the set of vertices that are chord-

adjacent to a vertex in B; and by E; we denote the set of chords that are incident with
a vertex in B;. Furthermore, we denote by H; the graph with vertex set B; U W; and
the edges set E;. Since the length of every chord in G is at least 4a (/1 +200) — 6, we
observe that for every i € {0, 1,...,r — 1} set W; is disjoint from B;_; U B; U Bj1
(where the arithmetic operations with indices are modulo r). The latter, in particular,
implies that H; is a bipartite graph with color classes B; and W;.

We say that the intervals B; and Bj, where i # j, are matched if there exist
two independent chords such that each of them has one endpoint in B; and the other
endpoint in B;. We claim that every interval B; is matched to another interval B; for
some j € {0,1,...,r —1}\ {i — 1,i,i + 1}. Indeed, by Lemma 3, graph H; has a
matching M; of size at least

lgJ(6 =2) lay/n] ayn—1 Jn
= s zﬁ—l>L7J—22r—3,

and therefore, by the pigeonhole principle, there exists j € {0, 1,...,r — 1} \ {i —
1, i, i+ 1} such that at least two edges in M; have their endpoints in B, meaning that
B; is matched to B;.

Leto : {0,1,...,r—1} = {0, 1, ..., r — 1} be a function such that B; is matched
to B, (i), and denote by f; | and f; » some fixed pair of independent chords between B;
and B, ;). We observe that dist(f; 1, f;2) < 2(lg] + 202 — 1) < 2a(y/n+2a) —2,
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as the endpoints of f; | and f; > lie in the intervals B; and B, (;) each of length at most
lg) +2a°.

Let now R be an auxiliary graph with a Hamiltonian cycle xoxj ... x,_1 and the
chord set being {x;x5) :i =0,1,...,r — 1}.

Let x;x; be a chord in R of the minimum length, where j = o (/). Without loss of
generality, we assume thati < jand j —i <r +i — j. Let x; be a vertex of R such
thati < k < j and lets = o (k).

Since x;x; is of minimum length, the chords x;x; and x x, are crossing, and hence
each of f; | and f; » crosses both f; 1 and f 2.

Finally, if f; 1, fi.2, or fr.1, fk.2, are crossing, then by Lemma 4(2) there exists a
cycle C" # C of length at least n — 2« (y/n + 2a) +4. Otherwise, f; 1, f; 2 are parallel
and fx.1, fx2 are parallel, and hence by Lemma 4(3) there exists a cycle C’ # C of
length at least n — 4a(y/n + 2a) + 8, which proves the first part of the theorem.

The above proof is constructive. We now explain at a high level how the proof can
be turned into the desired algorithm. First, if ¢ > ‘/TE, then we output any cycle formed
by a chord and the longer path of C connecting the endpoints of the chord. Otherwise,
we partition the vertices of C into intervals By, B, ..., B-_1 and assign to each vertex
the index of its interval. Clearly, this can be done in O (n) time. Next, we traverse the
vertices of G along the cycle C and for every vertex v of an interval B; we check the
chords incident to v. If we encounter a chord f of length less than 4« (/5 + 2a) — 6,
then we output the cycle formed by f and the longer path of C connecting the endpoints
of f. Otherwise, for the interval B; we keep the information of how many and which
vertices of W; belong to other intervals B for j € {0, 1,...,r —1}\{i = 1,i,i +1}.
When we find an interval B; that has at least two elements from W;, we set o (i) to
J and proceed to the first vertex of the next interval B;ii. By doing this, we also
keep the information of the current shortest chord in the graph R (defined in the
proof above). After finishing this procedure: (1) we have a function o (-); (2) for every
i €{0,1,...,r — 1} we know a pair f; 1, f; > of independent edges between B; and
By (i); and (3) we know k such that x; x4 ) is a minimum length chord in R. Clearly,
this information is enough to identify the desired cycle in constant time. In total, we
spent O(n) time to compute the partition of the vertices into the intervals and we
visited every chord at most twice, which implies the claimed O (m) running time. O

By noticing that in the above theorem parameter « is equal to 1 for any regular
graph, we obtain the following corollary.

Corollary 6 Let G = (V, E) be an n-vertex Hamiltonian §-regular graph with § > 3,
and let C be a Hamiltonian cycle in G. Then G has a cycle C' # C of length at least
n — 44/n, which can be computed in O (8n) time.

Corollary7 Let G = (V, E) be an n-vertex Hamiltonian graph of minimum degree
6 = 6(G) = 3. Let C be a Hamiltonian cycle in G and let A denote the maximum
degree of G. If% = o(s/n), then G has a cycle C' # C of length at least n — o(n),
which can be computed in O (m) time.
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3 Second Hamiltonian Cycle in Graphs of Large Minimum Degree

In this section we provide an algorithm (see Theorem 14) which, given a Hamiltonian
cycle C in an arbitrary Hamiltonian graph G with n vertices and with large minimum
degree § = Q(logn), computes a second Hamiltonian cycle C’ # C faster than the
best known algorithms (cf. the discussion in the Introduction).

3.1 Second Hamiltonian Cycle via Red-Independent and Green-Dominating Sets

Let G be a graph with a Hamiltonian cycle C. Colour the edges of C red and the
chords green. A neighbor u of a vertex v is a red (resp. green) neighbor of v if uv is
ared (resp. green) edge. A set X of vertices of G is red-independent if the subgraph
G[X] of G induced by X contains no red edges, and X is green-dominating if every
vertex outside X is adjacent to a vertex in X via green edge. The following lemma is
a classical result of Thomassen [24] proved via Thomason’s lollipop argument [23].

Lemma 8 (Thomassen’s lemma, [24]) If G has a red-independent and green-
dominating set of vertices, then G contains a Hamiltonian cycle C' # C.

Motivated by Thomassen’s lemma, it is natural to ask whether the knowledge of a
red-independent and green-dominating set X in G can improve the time complexity
of finding a second Hamiltonian cycle. The proof of Lemma 8 is reduced to the
application of Thomason’s lollipop argument and therefore does not immediately
imply an efficient algorithm for finding a second Hamiltonian cycle; it is known that
there exist cubic graphs where Thomason’s algorithm requires exponential time [9].
However, if X is not too large, it can in fact be used to speed up the computation of a
second Hamiltonian cycle. To explain this, we need to state another lemma, which can
be easily extracted from Thomassen’s proof. Following the terminology of Bondy and
Jackson [8], a set of vertices X of G is weakly green-dominating if every red neighbor
of a vertex in X is also a green neighbor of some vertex in X.

Lemma9 ([24]) If G has a red-independent and weakly green-dominating set of
vertices, then G contains a Hamiltonian cycle C' # C.

Clearly, any green-dominating set X in G is also weakly green-dominating. Let X be
ared-independent and green-dominating set of size k, and let Py, P>, ..., P be the k
paths obtained from C by removing the vertices of X. Let G’ be the graph obtained from
G by removing all chords connecting two vertices not in X and all chords connecting
a vertex in X and an internal vertex of any of the paths Py, P, ..., Px. Clearly, X is
red-independent and weakly green-dominating in G’, and therefore, by Lemma 9, G’
contains a Hamiltonian cycle C” # C, which is also a Hamiltonian cycle in G.

A simple, but important observation is that all internal vertices of the paths
Py, P,..., P, have degree two in G’, and hence all edges incident with these ver-
tices belong to every Hamiltonian cycle of G’. Note here that the extreme vertices of
these paths P, P> ..., Py might have a higher degree. Let H be the graph obtained
from G’ by removing, for every path P € {Py, P, ..., P} with at least four vertices,
all its internal vertices and adding one new vertex and two new edges connecting
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the new vertex with the endpoints of P. Then, there is an obvious bijection between
the Hamiltonian cycles of G’ and the Hamiltonian cycles of H. Denote by Cpy the
Hamiltonian cycle of H corresponding to the Hamiltonian cycle C of G’. We observe
that X is a red-independent and weakly green-dominating set (with respect to Cy)
in H. Therefore, by Lemma 9, H contains a Hamiltonian cycle C }1 # Cp, which
in turn corresponds to a cycle C’ # C of G’ and can be efficiently computed from
C';. We call the graph H shrunken and observe that the number of vertices in H is
at most k + 3k = 4k. If k is small enough, then applying a best known algorithm A
for finding a Hamiltonian cycle to every graph H — e, where e is a red edge in H
that is incident to a vertex in X, one can find a Hamiltonian cycle C /H # Cy in H,
and therefore a Hamiltonian cycle C’ # C in G, faster than applying n times the best
known algorithm A directly to G. The above implies the correctness and running time
of Algorithm 1, which is formally given in Theorem 10.

Algorithm 1 Second Hamiltonian Cycle via red-independent and green-dominating

set

Input: A graph G = (V, E); a Hamiltonian cycle C of G; a red-independent and green-dominating set
X C V in G; an algorithm A with running time f4(n) that, given an input n-vertex graph, either
computes a Hamiltonian cycle or concludes that no Hamiltonian cycle exists.

Output: A Hamiltonian cycle C’ in G such that C’ # C.

1: Using set X, construct from G the shrunken graph H

2: for every red edge e in H that is incident to a vertex in X do

3:  Check using algorithm A whether H — e admits a Hamiltonian cycle

4:  If such a Hamiltonian cycle exists then denote it by C;_[ {C}{ exists for at least one edge e}
5: Reconstruct from C}, a Hamiltonian cycle C” in G such that C" # C

6: return C’

Theorem 10 Let G = (V, E) be an n-vertex graph, let C be a Hamiltonian cycle in
G, and let X be a red-independent and green-dominating set in G, where |X| = k.
Let A be an algorithm that, given an input n-vertex graph, computes a Hamiltonian
cycle in time fa(n). Then Algorithm 1 computes a second Hamiltonian cycle in time
at most poly(n) - fa(4k).

Using the above approach, we develop in the subsequent sections a randomized
algorithm that computes a second Hamiltonian cycle in Hamiltonian graphs of large
minimum degree.

3.2 Finding Sparse Red-Independent Green-Dominating Sets in Graphs of Large
Minimum Degree

In this section we give a procedure that with high probability produces a red-
independent and green-dominating set in graphs of large minimum degree. The
procedure is a generalization of a random process used by Bondy and Jackson [8]
to show that every n-vertex Hamiltonian graph of minimum degree at least ¢ log n, for
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some constant ¢ and large enough n, has a red-independent and green-dominating set,
and hence a second Hamiltonian cycle.

For convenience, we reuse most of the notation and terminology from [8]. Let

G = (V,E),where V = {0, 1,...,n — 1}, be a graph on n vertices and let C =
(0,1,2,...,n—1,0) be a Hamiltonian cycle in G. Let p € (0, 1) be a fixed number.
We define a random subset X of V by the following procedure:
For p = 1 this is exactly the procedure used by Bondy and Jackson [8] to show that
if every vertex in G has degree at least ¢ log 8n + 4, where ¢ = (2 — log3)~!, then
with non-zero probability the set X produced by the procedure is red-independent
and green-dominating. This implies that any such graph contains at least one red-
independent and green-dominating set and therefore contains a second Hamiltonian
cycle.

We will generalize and complement the arguments of Bondy and Jackson to show
that for any small enough p, if every vertex in G has degree at least S log +/8n + 4,
then, with high probability, X is red-independent and green-dominating and also has
size at most pn. In Sect. 3.3, we will combine this result with the general approach
from Sect. 3.1 to obtain faster exponential and subexponential algorithms that find a
second Hamiltonian cycle in graphs of large minimum degree with high probability.
We proceed with some notation and an auxiliary lemma.

Let d € N. A k-part composition of d is an ordered k-tuple (dy, d>, ..., dy) of
positive integers summing up to d. We call each d; a part of this composition of the
number d. Denote by C(k, d) the set of all k-part compositions of d, in which d; > 2
foreveryi € {2,...,k — 1}. We write

ctk.d) =|C(k.d)| and C(d)=|]C(k.d).
k>1

Similarly, we denote by C*(k, d) the set of all k-part compositions of d, in which
d; > 2 for every i, except possibly at most one of the two parts dj or di. We write

c*(k,d) =|C*(k,d)| and C*(d) = U C*(k,d).
k>1

Lemma 11 Let k,d € Nand ju € (0,2], and let @ = =1 qpg g = YFHHEL
Then

(@) Ypoy 5" - ek, d) = ﬁ(ﬁﬂ#l + (—1)dad ) < (40@4:2)) gl
(b) Zkzl Mk—l . C*(k, d) = ,Bd_l + (_l)d—l(xd—l < 2[3&1—1’

Proof In both cases we will count weighted compositions of d in which each com-
position into k parts is given weight «f~!. This is done by assigning weight one to
the first part d; and weight p to each of the remaining parts. For a polynomial f(x)
we denote by [x9] f(x) the coefficient of x% in f(x). We will also make use of the
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following equation, which is a routine task to verify:

[Xd](x+x2+-~) Z(/‘Lx2+ﬂx3+"')i ('u/_x-i-uxz_}_)

i>0
_d X 1 ux
) () ()
e ( B a+p o ) M
N a+ B \1—pBx 1—x 1+ oax

_ ﬁ (IBd+1 _ (a+,3)+(_1)dad+1>
_ ﬁ (ﬁdﬂ + (_l)dadJrl) 1

We proceed now by proving item (a).

Yok letkody =14 p ek, d)

k>1 k>2

=1+ xx+x24--1) Z(ux2+ux3+-~-)i

i=0

1
(et 40 @ (B D))

IA

Now, since u < 2, we have % %, and therefore

_ 2y 1
Z’uk Uoetk.d) 2 <,3d+1 + (_l)dad+1>
k>1

1 N g [ a+4p d
5a+ﬁ(’3+1)’3 _(4(a+ﬂ))ﬂ'

To prove item (b) we first notice that by the inclusion—exclusion principle

okttt dy =14 ) b 2 ko d) = ¢k d)) =1

k=1 k>2
423 e d) =Yt k), 3)
k>2 k>2

where ¢’ (k, d) is the number of k-part compositions of d in which all parts are at least
two, except possibly the first one; and ¢’ (k, d) is the number of k-part compositions
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of d in which all parts are at least two. Now,

Zuk—l ~C/(k,d)

k>2
= +x2 4+ Z(Mx2+ﬂx3+...)i (ux? 4 x> +--)
i>0
=+ a2+ Z(Mx2+ﬂx3+~--)i (ux + px2 +---)
i>0
Q ﬁ( 44 (—l)d_lotd> —1. )
Similarly,

Z/"“k_l . C//(k, d)

k>2

=[xd](xz+x3+---) Z(ux2+,ux3+-~-)i (/Lx2+,ux3+-~-)

i>0

= 22+ ) [ D + x| (ux+ pa? +)
i=0
y 1

o 1 g a2 d-1)
_a+ﬂ(/3 G e B 5)

—~

Plugging in (4) and (5)—(3) and using the fact that -2 +1 = —Qa+1) = — (¢ + B)
we obtain

Zukfl C*(k,d)

k>1
_ 2 d d—1 _,d 1 d—1 d—-2 d—1
_ 1 d CNd=1.d _ pd—1 | ;_1yd—1d—1
_aﬂg(zﬁ +2(=1) el — g 4 (—1) )
_ 1 _nd—1_d—1 _ ad—1,_
_a+ﬂ(( Dl a4+ 1) — gAY 2,8+1))

— gA-1 4 (—1)d gl

<p ot <20
where in the latter inequality we used the fact that « < 8. O
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Green-Dominating Clearly, the set X produced by Algorithm 2 is always red-
independent. We show next that, if the minimum degree of G is large enough, then X
is also green-dominating with high probability.

Lemma 12 Let p € (0,0.2]. If every vertex in G has degree at least 8 log V8n + 4,
then the set X produced by Algorithm 2 is green-dominating with progability at least
1-1

n

&’oof Letm € {0,1,...,n — 1} be a fixed vertex of G. The green neighborhood
N (m) of m is the set

ﬁ(m):N(m)\{m—l,m+1}:{ml,mg,...,m[},

where 0 < mj < my < ... < m; and the arithmetic operations are modulo 7.

Ifm; =0,then0 € ﬁ(m) N X. We shall show that in all other cases ﬁ(m) NnNX=40
with probability less than n =2, which implies by the union bound that with probability
at least 1 — % the set X is green-dominating.

Algorithm 2 Bondy and Jackson’s procedure

Input: A graph G = (V, E); a Hamiltonian cycle C = (0, 1,2, ...,n — 1,0) of G; anumber p € (0, 1).
Output: A red-independent set X C V.

I: X = {0}
2:fori =1ton—2do
3: if i — 1 does not belong to X then
4: Add i to X with probability p and skip with probability 1 — p
5: return X
Denote by A the set of all sequences A = (ag, a1, ..., a,), where 0 = ap < a; <
o.<a <n—1l,anda;y;1 —a; >2,0<i <r—1.For A = (ap,ai,...,a,) €A,
r o
P(X=A)=[]p1 - p-a1? (Z p(1— p)—“r“"—“”—z)
i=1 i=0

— pr+l(1 _ p)n—Zr—3 Z(l _ p)l
i=0
— pr(l _ p)n—Zr—3
— 1_ n—3 L)r
4 ((1 — 72
=(-p) 2,

where we denote = #.

Letnowdy =my,di =m; —m;_1,2 <i <t,and dyy1 =n — m;, and
C=C*(d) x C(dy) x -+ x C(dy) x C*(dy+1).
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There is a natural bijection between C and the subset Aof A consisting of those
sequences which are disjoint from N (m). Moreover, for A = (ag, ay, ..., a,) € A

t+1
PX=4)=(1—p) ' =1 - py > []ub", ©)

i=1

where k; is the number of parts in the corresponding composition of d;, 1 <i <t 1.
Note that

U c*kidn | x| | Clha,d) | x - x | | Clhi )

k=1 ka>1 ki>1

x| U € nndin | = (¢ ki di) x Clkasdo) x -+ x Clka )

kiy1>1
X C* ke, drs)), )
where the union is taken over all (¢ + 1)-tuples (k1, k2, . . ., k;41) of positive integers.

Therefore (6) implies that

t
PXed=1-p"3> [M’ﬂl -t (ki dy) (]_[ Wi ek, d,-)>

i=2

P i din) |

where the summation is taken over all (¢ + 1)-tuples (ki, k2, ..., k;+1) of positive
integers. Thus, by Lemma 11,

P(X € A)
13
=A=p 2 Do L an | | T] DD ek, dn)
ki>1 i=2ki>1

> W kg, dig)

key1>1

1— p)y"—3 a+4/3> dzi| (E) diy
<= () ( NE= Ok

G ()
s B/ \4a+p)

()
=d-p" ﬂ(ﬁ datp)
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Now, since y = # and 8 = —V4“‘2+1+1 (cf. Lemma 11), it follows that 1 + p <

B < ﬁ for every p € (0, 1). Therefore, for p < 0.2, we have

P(X € A)

n 2 t—1
<a-r(:55) (755) (e=p)
l-p l+p 4 + B)
B 4 < o448 )’—1
(1—=p3A+p)? \4a+p)
t—1
<3 (ﬂ) ,
4(a+pP)
Therefore, if the degree of the fixed vertex m is equal to # +2 > c log V8n+ 4, where

c > 210g_1 4eth) then P(X € .24\) < n]—z To conclude the proof, it is enough to

a+4p
show that % > 2log™! 4(51—2? or, equivalently, log 40(::? > & forany p € (0,0.2].

First, using series expansions one can derive p(1 + p) <a < —2—and 1 + p <

(1-p)?

2
B < 1(_16 ;)I; in the target interval p € (0, 0.2]. Therefore,

Yot P e p+d+p) o 4t D*(1 = p)*

=1lo .
«+4f — 4(1—p+p?) & 40— p+ D

lo
g P
(1-p)? (1-p)?

Let us denote the latter function by f(p). One can check that f(p) is concave in the
interval [0, 0.2] and f(p) > % in the extreme points of the interval. Consequently,
f(p) = % holds in all points of the interval, which gives the desired conclusion and
completes the proof. O

In the remainder of this section we are going to show that the size of X is at most
pn with high probability. To this end, we formalize Algorithm 2 as a Markov chain
with two states: State 0 and State 1. At time point ¢ = 0 the Markov chain is in State
1,and for¢t > 1

1. if at time point # — 1 the Markov chain is in State 0, then at time point ¢ it is in
State 1 with probability p and in State 0 with probability 1 — p;

2. if at time point + — 1 the Markov chain is in State 1, then at time point ¢ it is in
State 0.

LetN =n—1.Fori € {0, 1, ..., N—1} wedenote by &; the random variable which
isequal to o € {0, 1} if the Markov chain is in State « at time point i. We interpret the
Markov chain as follows: a vertex i is included in X if and only if the Markov chain is in
State 1 at time point,i.e. § = 1. Inparticular, X = {i |§ =1,i =0,1,..., N—1},
X =305 &

Denote by IT = (0, 1) the vector of initial distribution of the Markov chain, which
means that at time point 0 the Markov chain is in State 1 with probability 1 (this
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corresponds to inclusion of 0 to X). Let also 7 denote the transition matrix

_(l=p p
r=("3" %)

of the Markov chain. Then the probability distribution of &; is defined by the vector
n®o =r11.71".
It can be shown by induction that

pi_ L (1 p +(—p)i p —p
I1+p\l p l+p\—-1 1)’

and hence
no=m.ri=—" (I-p)', p+(=p))
1 —"_ p b 9
that is, P& = 0] = ” and P[& = 1] = %

Lemma 13 For n large enough and p € (0, 0.2], the size of the set X produced by

Algorithm 2 is at most pn with probability at least 1 — 5;

Proof As before, let N = n — 1. To prove the statement, we first show that for ¢ > 0

X 34
3 | LI N i ®)
N 1+p Neg?

By Chebyshev’s inequality we have

R

1+p g2

, X p [*| 2

Therefore, in order to prove (8), we only need to show that E ‘T — m‘ <%
Letw = m and p(') Pl =1]= %_;), Then

2 2
x| p Y &
E|l——-—— =F| | === — = —E -
U N 1+p N Z(S’ )

1 N—1N-1
=7 2 > Sk, ©)

i=0 k=0

where 8 = E[£;&] — nE[&] — nE[&] + 72
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Observe that |p{i) —m| < T’ and hence fori, k € {0, ..., N}
Sik = El&i&] — nE[&] — nE[&] + 7
p(S)p(l) ﬂpg.) ﬂpik) + 72

2
< -
1%y (P*+p" +p' +ph),

(10)

where s = min{i, k} and r = |i — k|. Therefore, by plunging in (10)—(9) we obtain

x| ol | NoIN-
Ell—=—-+—| | = Sik
N 1+p N2

i=0 k=0
) N—1N-1
< [p*+p' +p' + p*]
N2(1+ p) 2:; =
N—1N-1
8 pmin{s,t}
N2(1 + P) i=0 k=0
8 [N/21-1
< 2N —2i — 1)+ 2(N —2i
IS X(; P2 ) +2( )]
8 AN 34

where in the latter inequality we used the assumption p < 0.2. This proves (8).

Now, by setting ¢ = 7 +2p we deduce from (8) that

Xl p p? 341+ p)? 49

— = > < = )

N 1+p l+p|~ Np* — Np*
which implies P[|X| < pN] > 1 — =% and therefore P[|X| < pn] > 1 — 04 for all
n > 50. O

3.3 Faster Algorithms for Second Hamiltonian Cycle

In this section we combine Algorithm 2 with the general procedure from Sect. 3.1
to obtain randomized algorithms for finding a second Hamiltonian cycle in graphs of
large minimum degree.

Theorem 14 Let G = (V, E) be an n-vertex graph, C be a Hamiltonian cycle in
G, and p € (0,0.2]. If every vertex of G has degree at least %log V8n + 4, then

given G, C, and p, Algorithm 3 succeeds with probability at least 1 — % (% + 1).

Furthermore, the algorithm works in poly(n) - 2*P" time.
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Algorithm 3 Randomized algorithm for Second Hamiltonian Cycle

Input: A graph G = (V, E); a Hamiltonian cycle C of G;a p € (0, 1).
Output: A Hamiltonian cycle C’ in G such that C’ # C, or a “fail” announcement.

1: Given G, C, and p, construct a set X using Algorithm 2

2: if X is a red-independent and green-dominating set of size at most pn then

3:  Find a second Hamiltonian cycle C’ in G using Algorithm 1 with input parameters: G, C, X and the
Bellman—Held—Karp algorithm

4:  return C’

5: else

6:  return Fail

Proof Algorithm 3 fails if and only if Algorithm 2 outputs a non-green-dominating set
or the size of the set exceeds pn. The former happens with probability at most %, by
t %, by Lemma 13. Hence,

the algorithm succeeds with probability at least 1 — % (;—3 +1).

Lemma 12, and the latter happens with probability at mos

Now, if Algorithm 3 does not fail, by Theorem 10, it constructs a second Hamiltonian
cycle in G in time not exceeding poly(n) - f(4pn), where f(k) = O (k*2F) is the
time complexity of the Bellman—Held—Karp algorithm [3, 18]. Hence the theorem. O

The next corollary follows by Theorem 14, when replacing the factor % by either
(1) a constant 32¢, or (2) a polylogarithmic factor 32 log® n, or (3) a polynomial factor
32n® (where ¢ < 0.25). Note that the second case of the corollary is implied by the
fact that 64 1ogT! n > 321og n - log +/8n + 4, for large enough .

Corollary 15 Let c, € be positive constants, where ¢ < 0.25. Let G = (V, E) be an
n-vertex graph and C be a Hamiltonian cycle in G. Then:

1. If every vertex of G has degree at least 32c - log V8n + 4, then Algorithm 3 finds
a second Hamiltonian cycle in G in time poly(n) - 2"/ with probability at least
1-0 ().

2. If every vertex of G has degree at least 641og’t! n, then Algorithm 3 finds a
second Hamiltonian cycle in G in time poly(n) - 2"/1°¢° " with probability at least

log* n
-0 ().
3. Ifevery vertex of G has degree at least 32n® -1og /8n + 4, then Algorithm 3 finds
a second Hamiltonian cycle in G in time poly(n) - 2 with probability at least

1—0(#).

4 Conclusions

We conclude by stating some questions for future research. The most prominent prob-
lem is to classify the complexity of finding a second Hamiltonian cycle, when its
existence is guaranteed and we are given a first Hamiltonian cycle.

For cubic graphs, the only known upper bound for the problem is the complexity
class PPA [20]. It is unknown whether the problem is hard for PPA, or some other
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complexity class, or if it can be solved in polynomial time. In fact, it is not even known,
if the problem can be solved in 2°C") time by a randomized algorithm.

Our randomized algorithm can achieve such time complexity at the expense of a
larger minimum degree. For example, it works in time 2° when the minimum degree
is w(log n). This suggests the following problem:

Problem 16 Let ¢ be any sufficiently large constant. Does there exist a 2°-time
deterministic algorithm that, given an n-vertex Hamiltonian graph G of minimum
degree at least 10g® n and a Hamiltonian cycle C in G, computes a Hamiltonian cycle
in G that is different from C?
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