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Abstract. The cover polynomial and its geometric version intro-
duced by Chung & Graham and D’Antona & Munarini, respectively,
are two-variate graph polynomials for directed graphs. They count the
(weighted) number of ways to cover a graph with disjoint directed cycles
and paths, they can be thought of as interpolations between determi-
nant and permanent, and are proposed as directed analogues of the Tutte
polynomial.

Jaeger, Vertigan, and Welsh showed that the Tutte polynomial is #P-
hard to evaluate at all but a few special points and curves. It turns out
that the same holds for the cover polynomials: We prove that, in almost
the whole plane, the problem of evaluating the cover polynomial and
its geometric version is #P-hard under polynomial-time Turing reduc-
tions, while only three points in the cover polynomial and two points in
the geometric cover polynomial are easy. We also study the complex-
ity of approzimately evaluating the geometric cover polynomial. Under
the reasonable complexity assumptions RP # NP and RFP # #P,
we give a succinct characterization of a large class of points at which
approximating the geometric cover polynomial within any polynomial
factor is not possible.
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1. Introduction

Graph polynomials map directed or undirected graphs to polynomials in one or
more variables, such that this mapping is invariant under graph isomorphisms.
Probably the most famous graph polynomials are the chromatic polynomial
or its generalization, the Tutte polynomial. The chromatic polynomial is the
polynomial in the variable A that counts the number of valid A-colourings of a
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given undirected graph. The Tutte polynomial 7" in two variables x and y has
interpretations from different fields of combinatorics. For example, T'(G;1,1) is
the number of spanning trees, T'(G; 1, 2) is the number of spanning subgraphs
of an undirected graph G, and also the number of nowhere-zero flows or the
Jones polynomial of an alternating link are contained in the Tutte polynomial.

While the Tutte polynomial has been established for undirected graphs,
the cover polynomial by Chung & Graham (1995) and its geometric version
by D’Antona & Munarini (2000) are analogues for the directed case. Both the
Tutte and the cover polynomials satisfy similar identities such as a contraction-
deletion identity and product rule, but the exact relation between the Tutte
and the cover polynomials is not yet known. The cover polynomials have
connections to rook polynomials and drop polynomials, but from a complexity
theoretic point of view, we tend to see them as generalizations of the permanent
and the determinant of a graph. The cover polynomials of a graph are weighted
sums of all of its spanning subgraphs that consist of disjoint, directed, and
simple cycles and paths. As it is the case for most graph polynomials, the cover
polynomials are of interest because they combine a variety of combinatorial
problems into one generalized theoretical framework.

Previous Results. Jaeger et al. (1990) proved that, except along one hyper-
bola and at nine special points, computing the Tutte polynomial is #P-hard.
For the chromatic polynomial, a substitution instance of the Tutte polynomial,
this was shown first by Linial (1986). In recent years, the complexity and ap-
proximability of the Tutte polynomial has received increasing attention: Lotz
& Makowsky (2004) proved that the coloured Tutte polynomial by Bollobés
& Riordan (1999) is complete for Valiant’s algebraic complexity class VNP,
Giménez & Noy (2006) showed that evaluating the Tutte polynomial is #P-
hard even for the rather restricted class of bicircular matroids, and Goldberg
& Jerrum (2008) show that the Tutte polynomial is inapproximable in large
regions of the Tutte plane.

A different graph invariant that seems related to the Tutte polynomial is
the weighted sum of graph homomorphisms to a fixed graph H, so basically,
it is the number of H-colourings. Bulatov & Grohe (2005) and Dyer et al.
(2006) prove that the complexity of computing this sum is #P-hard for most
graphs H.

Recently, results similar to ours have been shown for many other graph
polynomials. For instance, Hoffmann (2010) proved that the edge elimina-
tion polynomial defined by Averbouch et al. (2008) is #P-hard to evaluate
almost everywhere. Blédser & Hoffmann (2008) showed that the interlace poly-
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nomial is #P-hard to evaluate except for a finite number of lines. Bléser et al.
(2008) extended the results by Jaeger, Vertigan, and Welsh to the colored Tutte
polynomial. More importantly, they introduce algebraic reductions which give
stronger hardness results: Evaluation at almost all points are not just shown
to be hard but the evaluation at almost all points can be reduced to the evalu-
ation at any other of these points. Makowsky (2008), in his so-called “difficult
point conjecture”, conjectures that this is a general phenomenon: Every poly-
nomial that is definable in monadic second order logic is #P-hard to evaluate
almost everwhere provided it has at least one hard point. Many of the graph
polynomials studied in the literature are definable in monadic second order
logic.

Courcelle et al. (2001) established the result that every graph polynomial
that is definable in monadic second order logic is linear time computable on
graphs with bounded treewidth. The dependence of the running time on the
treewidth is usually very high. But it is often possible to obtain better algo-
rithms for specific graph polynomial by exploiting their particular properties,
for instance by Noble (1998) and Andrzejak (1998) for the Tutte polynomial
or by Blaser & Hoffmann (2009) for the interlace polynomial. For general
graphs, Bjorklund et al. (2008) proved that Tutte polynomials as well as the
cover polynomials can be computed in vertex-exponential time, that is, in time
20 poly(n) where n is the number of vertices.

Our Contribution. In this paper, we show that the problem of evaluating
the cover polynomial and its geometric version is #P-hard at all evaluation
points except for three and two points, respectively, where this is easy. More-
over, we prove that, under reasonable complexity assumptions, there is no
fully polynomial randomized approzimation scheme (FPRAS) for the geomet-
ric cover polynomial at all rational points (x,y) € Q? that have the following
property: there exists a graph D s.t. C(D;z,y) = 0. The only exceptions are
three special points that are either polynomially computable or approximable
and a half-line whose approximability is unknown. Interestingly, this class of
inapproximable points turns out to exhibit different levels of intractability. At
some points, like those on the positive y-axis, there exists an FPRAS for the
geometric cover polynomial using an oracle for an NP predicate. In contrast,
there are points at which approximating the geometric cover polynomial is as
hard as its exact computation. In addition, we will extend some of these results
to the cover polynomial by Chung and Graham.

Our main techniques for the #P-hardness proofs are gadgets and inter-
polation. Most notably, we present an elegant gadget that generalizes and
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simplifies the complicated XOR-gadget by Valiant (1979). Since interpolation
is not approximation-preserving in general, the gadgets for the inapproxima-
bility proofs are more involved, and they are used in the reductions to amplify
intractable information contained in the cover polynomial.

2. Preliminaries

Let N = {0,1,...}. The graphs in this paper are directed multigraphs D =
(V, E') with parallel edges and loops allowed. We denote by G the set of all
such graphs. We write n for the number of vertices, and m for the number of
edges. Two graphs are called isomorphic if there is a bijective mapping on the
vertices that transforms one graph into the other.

A graph invariant is a function f : G — F, mapping elements from G to
some set I, such that all pairs of isomorphic graphs G and G’ have the same
image under f. In the case that F' is a polynomial ring, f is called graph
polynomial.

Counting Complexity Basics. Let ¥ = {0,1}. The class #P consists of
all functions f : ¥* — N for which there is a non-deterministic polynomial-
time bounded Turing machine M which has exactly f(x) accepting paths on
input x. We can extend #P to include functions over the rationals that are not
harder to compute than counting problems in #P. Specifically, we define #Pq
as the class of all mappings f : ¥* — Q, such that f = 3, where a : ¥* - N
and b : X* — Q are counting problems with a € #P and b € FP. Here, FP is
the class of polynomially computable functions.

For two counting problems f, g : ¥* — Q, we say f Turing-reduces to g
in polynomial time (f <% g), if there is a deterministic oracle Turing machine
which computes f in polynomial time with oracle access to ¢g. If the oracle is
used only once, we say [ many-one reduces to g (f <P ¢g), and if the oracle
output is the output of the reduction, we speak of a parsimonious many-one
reduction (f <P g). The notions of #P-hardness and #P-completeness (under
polynomial-time Turing reductions) are defined in the usual way. We will
mainly use Turing reductions in our work. Of course, it would be desirable to
get hardness results under many-one or even parsimonious reductions; however,
we need interpolation to construct our reductions.

Although we formulate our reductions in terms of Turing-reductions over Q
which is represented as strings over a binary alphabet, they are actually of a
uniformly algebraic nature. In particular, they can be transferred effortlessly
to, say, the BSS-model over R or C (cf. Blum et al. (1998)). “Algebraic nature”
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essentially means that our reductions map graphs to graphs (via polynomial
time computable functions) and points to points (via rational functions).

Approximability Basics. For many optimization problems f : ¥* — Q, no
polynomial time algorithm is known to compute f exactly. Still, in many cases,
there exist algorithms that compute the value of f approximately. In some
sense, the best one can hope for in these cases is a fully polynomaial randomized
approximation scheme (FPRAS). A randomized approximation scheme for f is
a randomized algorithm that takes as input, besides the instance x € ¥*, an
error parameter € > 0, and outputs a number z € Q such that

(2.1) Pr(|f(x) = 2 < el f(@)]] > &

It is said to be a fully polynomial randomized approximation scheme if its
running time is bounded by a polynomial in |z| and e~1.

An interesting result (Valiant & Vazirani 1986, Corollary 3.6) states that
#3SAT has an FPRAS that uses an oracle to an NP predicate. Since any
problem in #P can be parsimoniously reduced to #3SAT (see Papadimitriou
(1994) for details), we get the following corollary.

COROLLARY 2.2. If f € #Pgq, then there exists an FPRAS for f using an
oracle to an NP predicate.

PRrROOF. Let f = ¢ with a € #P and b € FP. Given input x, reduce x
parsimoniously to an instance y of #3SAT. Apply the #3SAT-FPRAS with
oracle access to the NP-predicate to y. Divide the result by b(x). O

Parsimonious reductions from f to g are particularly useful as they allow
the transformation of an FPRAS for g into an FPRAS for f. They are approx-
imation preserving. In general, a Turing reduction from f to ¢ is said to be
approximation preserving if it provides a c-approximation (i.e., an approximate
result that is at most a factor of ¢ away from the exact result) for f whenever
the oracle is replaced by a c-approximation algorithm for g. If f can be reduced
to ¢g via an approximation preserving reduction, we write f <ap ¢g. From the
definition, we get the following easy, but useful fact.

FacT 2.3. Let f,g: ¥* — Q. If f <ap g and there exists an FPRAS for g,
then there also exists an FPRAS for f.

What if there exists no FPRAS for a function f? Can we still hope for a
randomized approximation algorithm that yields, say, constant factor approx-
imations for f(z)? A surprising result states that this is not possible for a
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common class of problems, namely, self-reducible problems. We call a function
f self-reducible, if it can be evaluated by a deterministic polynomial time ora-
cle Turing machine with oracle access to f that is only allowed to query oracle
strings of length less than the input length. Specifically, Jerrum & Sinclair
(1989) prove the following ‘all-or-nothing’ theorem.

THEOREM 2.4 (Jerrum and Sinclair). For a self-reducible function f : ¥* —
Q, if there is a polynomial time randomized algorithm for computing f within
a factor of poly(|x|), then there is also an FPRAS for f.

We define RFP to be the class of all functions computable by a BPP-
machine, i.e., computable in polynomial time with error probability smaller
than i.

When can we rule out the existence of an FPRAS for a counting problem f?
The following lemma shows that, under the complexity assumption RP # NP,
no counting version of an NP-complete problem can have an FPRAS.

LEMMA 2.5. Let f : ¥* — N be a counting problem so that the associated
decision problem L = {z: f(x) > 0} is NP-complete.
Then there exists no FPRAS for f unless RP = NP.

Proor. An FPRAS for f would directly entail NP C BPP. It is well
known (see, e.g., (Papadimitriou 1994, Problem 11.5.18)) that the latter implies

RP = NP. O
Polynomials. Polynomials p(xy, ..., x,,) are elements of the polynomial ring
Q[x1,...,2,), and, in this context, the variables are abstract objects. Any

univariate polynomial can be interpolated if sufficiently many point-value pairs
are known. For multivariate polynomials, this is not always true since the
points must be positioned, say, in a grid. However, it is sufficient for us that
the following univariate interpolation problem can be solved in polynomial time
using Lagrange interpolation (where m = 1):

Input: Point-value pairs (ag, po), - - -, (aq, pa) € Q?, encoded in binary.

Output: The coefficients of the polynomial p(x) with deg(p) < d and p(a;) = p;.
Note that interpolation is not approximation preserving in general.

Path-Cycle Decompositions. The cover polynomials basically count a re-
laxed form of cycle covers, namely path-cycle covers or path-cycle decomposi-
tions. For a directed graph D = (V, E) and some subset PC C E, we denote the
subgraph (V,PC) again by PC. A path-cycle cover of D is a set PC C E, such
that, in C, every vertex v € V' has an indegree and an outdegree of at most 1.
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A path-cycle cover thus consists of disjoint simple paths and simple cycles.
Note that also an independent vertex counts as a path, and an independent
loop counts as a cycle.

We write p(C) and o (PC) for the number of paths and cycles of a path-cycle
decomposition PC. By the graph invariant cp(p, o), we denote the number of
path-cycle covers of D that have exactly p paths and o cycles. It is not hard to
prove that the function D — cp(p, o) is #P-complete: Counting Hamiltonian
paths or cycles is #P-complete, that is ¢p(0,1) and ¢p(1,0) is #P-complete.
We can reduce the computation of these two coefficients to the computation of
¢p(p, o) by adding an appropriate number of independent vertices and/or self
loops.

Cover Polynomials. We consider two variants of the cover polynomial: The
original factorial cover polynomial defined by Chung & Graham (1995), and
the more intuitive version by D’Antona & Munarini (2000).

The factorial cover polynomial or Chung-Graham polynomial is a graph
polynomial in the variables x and y, and it is defined by

(2.6) Crac(D; 2, ) ZZcD P, 0)22y”,

p=0 o0=0

where 22 := z(x — 1)...(x — p+ 1) denotes the falling factorial. The Chung-
Graham polynomial can also be written as a weighted sum over all covers of D:

Cfac D x y Z :L,p('PC

path-cycle
cover °C

The geometric cover polynomial or D’Antona-Munarini polynomial is a
graph polynomial Cyeo(D;2,y) defined in a similar manner as the Chung-
Graham polynomial, except that the falling factorial 22 is replaced with a usual
power 2. When clear from the context, we may use the notation C'(D;z,y)
for both versions of the cover polynomial.

Contraction-Deletion Identity. By D \ e, we denote the deletion, and
by D/e, the contraction of an edge e. If e is incident to u and v, then D/e is
obtained from D by merging v and v, and by removing all edges that either start
at u or end in v (this directed contraction is different from a usual undirected
contraction, see Figure 2.1). If e is a loop then the convention is to completely
remove the corresponding vertex when contracting e. An alternative way to
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Figure 2.1: Directed contraction. The edge e is contracted. The two edges
are removed, because they would create a path in the new graph that is not
present in the original graph.

define the cover polynomial C(D) = C(D;z,y) is by a contraction-deletion
identity:

C(D\e)+C(DJe) ifeismnotaloopin D,
(2.7) C(D)=<¢C(D\e)+yC(D/e) ifeisaloopin D,

x" or ™ if there is no edge in D.

In this recursion, C'(D \ e) counts those path-cycle covers that do not use e
while C(D/e) counts the others. This way, every cycle shrinks to a loop and
then vanishes, contributing a weight of y.

Using these identities, it is easy to see that, just like the Tutte polynomial,
the geometric cover polynomial has a very useful product rule.

LEMMA 2.8. Let D,y be the disjoint union of two digraphs Dy and D,. For
all x,y € Q, we have

Cgeo(Dl,Q; X, y) - Cgeo(Dl; x, y)Cgeo(DQ; x, ?/)

3. Results

Our focus is to study the computational problem of evaluating the cover poly-
nomials at fixed evaluation points (z,y) € Q?. By abuse of notation, we denote
by C(x,y) the graph parameter C( ., z,y), i.e., x and y are fixed and the inputs
are digraphs D.

Name C(z,y).
Instance Digraph D = (V, E).
Output C(D;z,vy).
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Figure 3.1: The Chung-Graham plane: three points (black discs) are easy to
evaluate, and the rest of the plane is #P-hard. The crosses indicate the points
for the reductions.

Formally, C(z,y) is the function from G — Q with D — C(D;z,y) where
we assume graphs and rationals to be represented explicitly over a binary al-
phabet in a reasonable way. For both cover polynomials, we give a dichotomy
theorem on the computational complexity of exact evaluation.

THEOREM 3.1. The evaluations C(0,0), C(0,—1), and Cg(1,—1) are com-
putable in polynomial time.
All other evaluations Cgeo(,y) and C(x,y) are #P-hard.

PROOF (outline). The proof is in several steps (cf. Figure 3.1). We begin by
classifying the polynomial-time computable points in Section 4.1. Furthermore,
we point out that Cf(0,1) is the permanent and Cf,(1,0) is the number of
Hamiltonian paths, which both are #P-complete counting problems.

In Section 4.2, using elementary identities of the cover polynomial and in-
terpolation, we reduce along horizontal lines, that means we prove C,.(0,y) <%
Chac(z,y) for all z,y and Crae(1,0) 5 Chac(z, 0) for all  # 0. This implies the
hardness of Cp,.(z, 1) for all 2 and of C,.(z,0) for = # 0.

To prove the remaining hardness part where y ¢ {—1,0,1}, we reduce the
permanent to Cr..(0,y). Section Section 4.3 is the core part of our proof,
establishing this reduction Ci,.(0,1) <5 Cre(0,y) along the y-axis. There we
introduce and analyze the equality gadget, use it to establish a new identity
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for the weighted cover polynomial, and show how to derive a reduction for the
standard cover polynomial from this.

In Section 4.4, we show how to carry over our result to the geometric version
of the cover polynomial. O

REMARK 3.2. It is easily verified that all the reductions that we use are al-
gebraic, as defined in Bléser et al. (2008). Furthermore, we can reduce the
evaluation at almost every point (x',y'") to almost every other point uniformly:
First we reduce C(2',y") to C(0,%') using horizontal reductions and interpola-
tion, then we reduce C(0,y") to C(0,y) using the vertical reduction, and then
finally reducing C(0,y) to C(z,y).

In the second part of this article, we analyze the inapproximability of the
geometric cover polynomial. We say that (z,y) € Q? has a root if there exists
a graph D such that Cyeo(D; 2, y) = 0.

THEOREM 3.3. Let (z,y) € Q*\ {(0,0),(0,—1)}. The following holds.
o Ifx > 0 and y = 1, then there exists an FPRAS for Cyeo(,y).

o If1# y > 0and (x,y) has a root, then Cye,(x,y) cannot be approximated
within any polynomial factor unless RP = NP.

o If y <0 and (z,y) has a root, then Cyeo(,y) cannot be approximated
within any polynomial factor unless RFP = #P.

Although we also have some results on the inapproximability of the factorial
cover polynomial, they are not as nice as the theorem above, so we postpone
such a theorem to the end of the article. The reason why it seems much more
difficult to handle the factorial cover polynomial lies in the fact that in contrast
to the geometric version, it lacks a proper product rule. As a result the gadgets
designed for the geometric cover polynomial fail for the factorial version. Of
course, we can obtain the factorial cover polynomial from the geometric cover
polynomial by a change of basis and vice versa. For this, we need the coefficients
of the polynomial which we can compute using interpolation. However, when
we consider approximability, we do not get exact values but only very crude
approximations to it. There is no hope of obtaining useful results by using
these approximations for interpolation.
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4. Complexity of the Cover Polynomial

4.1. Special Points. A Hamiltonian path is a path-cycle cover with exactly
one path and zero cycles, and a cycle cover is a path-cycle cover without paths.
The permanent Perm(D) is the permanent of the adjacency matrix A of D,
and it equals the number of cycle covers of D. The determinant det(D) is the
determinant det(A). Remarkably, both the determinant and the permanent
can be found in the cover polynomial.

LEMMA 4.1. Let D be a directed nonempty graph.
We have

(i) Crac(D;0,0) =
(ii)) Cre(D;1,0) = #HAMILTONIANPATHS(D),
(iii) Cre(D;0,1) = Perm(D),
(iv) Crac(D
(v) Cpc(D; 1, =1) = Cpe(D; 0, =1) = Cpae(D'; 0, —1) where D' is a graph de-

rived from D by adding an apex vy, that is, a fresh node and all edges to
and from the nodes of D.

—1) = (=1)"det(D),

PrROOF. The proof of the first three claims is simple.

(i) Note that the empty graph Ey = (0),() is the only graph that can be
path-cycle covered without any paths or cycles, and that there is exactly one
such cover. Because of 0207 = 1 if and only if p = ¢ = 0, we have

C(D;0,0) =Y cp(p,0)0%0° = ¢p(0,0) = 0.
0,0
(7i) Using 1207 = 1 if and only if p € {0,1} Ao = 0, we get
C(D;1,0) = Y ep(p,0)120° = ¢p(0,0) + cp(1,0)

p,C
= #HAMILTONIANPATHS (D).

(#1i) The property 0217 = 1 if and only if p = 0 reveals

C(D;0,1) = ZCD(p, 0)0217 = ZCD(O, o) = Perm(D).

p,o g
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(iv) For the fourth claim, recall the Leibniz formula for the determinant:

det(D) = Z sgn(m) HAm(i).

TESy

The permutations 7 with [], Aiz; # 0 stand in bijection with the cycle cov-
ers C' of D. For a cyclic permutation 7 of length ¢, sgn(r) = (—=1)*"1. Thus,
sgn(m) = (—1)"*(©) holds for each permutation 7 and its corresponding cycle
cover C' with o(C') cycles.

(v) For the last claim, notice that C(D;1,—1) counts all path-cycle cov-
ers with at most one path (weighted with (—1)7(©)), while the determinant
C(D;0,—1) counts only cycle covers. The idea is that C'(D; 1, —1)—C(D;0,—1)
is the number of covers of D with exactly one path, and can be expressed by
C(D';0,—1), the number of cycle covers of D’. This is because every path-
cycle cover of D with one path becomes a cycle cover in D' where the path gets
closed by taking a detour through the apex vy to form a cycle.

Let D’ be the graph obtained from D by adding one additional fresh ver-
tex vg to it, and by adding the edges (vg,v) and (v, v) for every vertex v of D.
We claim that, for all 0 # y € Q, we have

C(D;1,y) = C(D;0,y)+y 'C(D;0,y).

First we notice that ¢p/(0,0) = ¢p(1,0 — 1) for all o > 0: Every cycle cover C’
of D" with o cycles uses two edges (vg,u) and (v, vp). If we remove these two
edges, we get a path-cycle cover C of D where the cycle that went through
vp is broken up into a path from u to v. This means that C uses exactly one
path and it uses one cycle less than C’. On the other hand, assume that 7PC
is a path-cycle cover of D with ¢ — 1 cycles and 1 path. Assume the path is
from u to v. By adding the edges (vg, u) and (v, vg), we get a cycle cover of D'.
Thus, there is a suitable bijection which implies ¢p/(0,0) = ¢p(1,0 — 1).

Now we note that 02 = 1 if and only if p = 0, and 12 = 1 if and only if
p =0,1. And we note that D’ is nonempty, such that cp/(0,0) = 0. Then we
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Figure 4.1: Shows the graph D’ :=
T(D) constructed in the proof of | Figure 4.2: Shows the change in the
Lemma 4.3. The two edges e,, (v,v") | number of paths and cycles in a path-
together with the corresponding cross- | cycle cover if we switch one crossing
ing edges form the crossing gadget. gadget.

can verify the following computation.

C(D;1,y)

= Z 129 cp(p, o) by definition
p,0>0

= Zy"cD(O, o)+ Zy"cD(l, o) because 12 = [p =0 or p = 1]
>0 >0

=C(D;0,y)+ Zy”cD/(O, o+1) from ¢p/(0,0) = cp(l,0 — 1)

o>0
=C(D;0,y)+ Z v tep (0, 0) index transformation
o>1
— . -1 o —
=C(D;0,y)+y Zy cpr(0,0) because c¢p/(0,0) = 0
a>0
=C(D:0,y) +y ' C(D';0,y). O

COROLLARY 4.2. (i) Cg(1,0) and C(0,1) are #P-complete.
(ii)) C(0,0), C(0,—1), and Cpe(1, —1) are polynomial-time computable.

PROOF. The first item follows from the results of Dyer et al. (1998) and
Valiant (1979), respectively. C(0,0) is trivial and for the other two points, we
can use Gaussian elimination. O

The #P-hardness of Ci,(2, —1) follows from the following lemma.
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LEMMA 4.3. #HAMILTONIANPATHS <P Cpo(2, —1).

ProOOF. We construct a graph transformation 7" on the set of all directed
graphs. Let D be a directed graph with vertex set V = {1,...,n}. T(D) is
constructed as follows (cf. Figure 4.1):

o uncontract all vertices v from D, into two vertices v,v’ with one edge
(v,v") in between, and move all outgoing edges (v, w) to (v/,w),

o add fresh vertices a,a’ to D, and add the edges (a,v) and (v', a’) for all v,
o add an independent directed path of length n with edges eq, ..., e,, and
o add the crossing edges (v, w), (u,v’) for all (v,v") and e, = (u,w).

Note that uncontracting edges as above does not change the structure of the
path-cycle covers. Therefore, we refer to the graph induced by the vertices v
and v’ again by D. Let b be the tail of e;, and let & be the head of e,. Since
a and b have indegree 0, they are start points of paths, and similarly ' and ¥’
are end points of paths in every path-cycle cover.

For the cover polynomial of D’ := T(D), we have

C(D'52,-1) =2-) (-1)77),
C

where the sum is only over those path-cycle covers PC of D’ that have exactly
two paths and an arbitrary number of cycles.

In the following, we prove C'(D’;2, —1) = 2" . #HAMILTONIANPATHS (D).

Let C be a given path-cycle cover with two paths. In every crossing gadet,
either the edges (v,v’) and e,, or the corresponding crossing edges are in 7C.
Furthermore, switching the presence of the edges of one gadget creates a related
path-cycle cover PC’.

Let Cy be the set of path-cycle covers PCq of D’ that have exactly two paths,
use no crossing edge, and have at least one cycle. We define the set of bad path-
cycle covers C, as the closure of Cy under switching arbitrary crossing gadgets.
For s € {0,1}", we denote by PCyz the path-cycle cover obtained from PCq € C
by switching those crossing gadgets at u for which s, = 1. We write §& v for
the vector s flipped at position v.

Let PCs; € C, be arbitrary. Let v be the smallest vertex of D for which
v and and the tail of e, do not belong to two different paths of PCz. Note
that there is such a vertex since otherwise Cy does not contain any cycles:
As depicted in Figure 4.2, the number of cycles stays unchanged if we switch
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crossing gadgets that are involved in two different paths. Further note that the
numbers of cycles in PCz and PCzy, differ by exactly 1. This implies

NETLIED 3Py EIL

PCEeCy, PCoeCy 5

since all terms (—1)°¢s) 4 (—1)7(Fsev) = ( cancel out.

As aresult, C'(D’;2, —1) is just 2 times the number of path covers of D’ with
exactly two paths. Any such 2-path cover PC of D’ translates to an Hamiltonian
path of D (by switching all gadgets to PCy, recontracting the edges (v, v’), and
removing a,a’ and the b-b/-path), and this procedure does not add any cycles.
Since there are 2™ possible gadget states, we get

C(D';2,—1) =2-2" - #HAMILTONIANPATHS (D). O

2. Horizontal Reductions. Let us consider reductions along the horizon-
tal lines L, := {(z,y) : * € Q}. For a directed graph D, let D™ be the graph
obtained by adding r independent vertices. Corollary 4 in Chung & Graham
(1995) is the core part of the horizontal-line reductions:

(44> Cfac<D(r); z, y) = x£Cfac<D; Tr—T, y)

From this equation, a simple interpolation argument yields the following re-
duction.

LEMMA 4.5. For all (z,y) € Q?, we have C,.(0,y) <5 Cre(z, ).

PROOF. For z € N, it follows directly because C'(D;0,y) = C(D®;y, x)/xZ.
For z ¢ N, we can compute the values C(D;z — 1,y),...,C(D;x — m,y)
using the above identity. Since C(D;x,b) is a polynomial in z of degree at
most m, this is enough to compute the coefficients of the polynomial exactly
and in polynomial time. O]

In a similar fashion, one can also prove C(1,0) <% C(z,0) for & # 0 and
C(2,-1) g% C(x,0) for = # 0,1 from (4.4). Please note that, together with
Lemma 4.1, we obtain that C'(z, y) is #P-hard for every point (x, y) on the lines
Ly, Lo, and L_4, except for the three easy points (0,0), (0, —1), and (1, —1).

4.3. Vertical Reduction. In this section, we reduce the permanent along
the y-axis, as made explicit in the following theorem.
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THEOREM 4.6. Let y € Q with —1 # y # 0. Then C(0,1) <% C(0,y).

PROOF (outline). For some input graph D, we compute C'(D; 0, 1) with oracle
access to C'(0,y), and we use interpolation to do so.

In order to interpolate the polynomial C(D;0,y), we need to compute some
values C(D;0,y1),...,C(D;0,y,,). This can be done by using the oracle for
some values C(Dy;0,y),...,C(Dy;0,y) instead. More specifically, we con-
struct graphs D containing « copies of a graph D, such that there is a sim-
ple relation between C(D;0,y*) and C(D*;0,y). Computing C(D;0,y*) for
a=1,...,m and applying interpolation, we get the coefficients of C'(D;0,y).

Construction details are spelled out in the remainder of this section. (]

The constructed graph D® is a graph in which every cycle cover ideally has «
times the number of cycles a corresponding cycle cover of D would have. This
way, the terms 3¢ in the cover polynomial ideally become y*¢, and some easily
computable relation between C(D;0,y*) and C(D%;0,y) can be established.

In the construction, we duplicate the graph « times, and we connect the
duplicates by equality gadgets. These equality gadgets make sure that every
cycle cover of D is a cycle cover of D copied « times, and thus has roughly «
times the number of cycles. Let us construct the graph D explicitly.

o Start with the input graph D.
o Create « copies Dy,..., D, of D.

o Let e; be the copy of e in the graph D;. Replace every tuple of edges
(e1,...,€eq) by a cascade of equality gadgets on « edges, which is depicted
in Figure 4.4.

The D;-part of every cycle cover of D® is isomorphic to a cycle cover of D and
has to be imitated by the other subgraphs D; because of the equality gadgets.
What we are left with is to prove that the equality gadget (Figure 4.3) indeed
ensures that, in every cycle cover, two edges are either both present or both
absent.

4.3.1. The Weighted Cover Polynomial. The equality gadget cannot en-
force equality in every possible cycle cover since otherwise we could establish a
parsimonious many-one reduction from #SAT to the permanent and thereby
prove P = NP. We call those cycle covers good that satisfy equality (we later
change this notion slightly). As you might have noticed, we introduce weights
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Figure 4.3: Shows how the equality gadget connects two edges e, /. The smaller
circles and squares represent fresh vertices.

Figure 4.4: Cascade of equality gadgets connecting several edges.
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we € {—1,1} on the edges. These weights make sure that, in the weighted cover
polynomial

CU(D;0,y) = Y w(@y D= Yy O] w.,

cycle cover C' cycle cover C ecC

the bad cycle covers sum up to 0, so effectively only the good cycle covers are
visible. For fixed (x,y) € Q?, we define the evaluation function C"(z,y) in
the weighted case again as D — C"(D;xz,y) and show that both evaluation
complexities are equal.

LEMMA 4.7. For all y € Q, it holds C(0,y) <P, C(0,y) <t C(0,y).

Proor. For the first part, we set all edge weights to w., = 1 and notice
C(D;0,y) = C*(D;0,y). For the second part, we are given a weighted graph D
as input. Conceptually, we now replace every —1-weight by a variable z, and we
obtain a polynomial p(z) = C*(D;0,y) = Y, ¢;2" with coefficients ¢; = ¢;(y)
and degree at most m. We are interested in the value p(—1).

Although we cannot immediately simulate negative weights, we can sim-
ulate weights z > 1 by simply thickening all edges that have label z. Thus,
we are able to compute the values of p(z) for z € {1,...,m+ 1} using the
oracle C'(0,y). Interpolation then enables us to compute p(—1). O

4.3.2. Partner Elimination. In Figure 4.5, we have drawn all possible ways
for an equality gadget to be covered by cycles if the surrounding graph allows
it. The state of the gadget is the set of edges chosen to cover it. Notice that
the GOOD states as well as STATEY and STATEL have the equality property,
that is, the left path is completely present or absent if and only if the same
holds for the right one.

As stated above, the problem is that the equality gadget does not prevent
states that do not have the equality property. Therefore, using Lemma 4.7,
we switch to the weighted cover polynomial for which our equality gadget is
constructed in such a way, that the good cycle covers contribute a weight # 0 to
the sum C*(D%;0,y) while the bad cycle covers do not contribute to the sum,
that is, the weights of the bad cycle covers sum up to zero. This is achieved by
the fact that every bad cycle cover of weight +1 has a unique bad cycle cover
of weight —1 as a partner. More specifically, every cycle cover C' has a partner
C" such that the corresponding summands in the weighted cover polynomial
vanish, that is,

w(C)y” @ + w(Cy ) = 0.
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Figure 4.5: All possible states (=partial cycle covers) of the equality gadget
except that the states STATE?f and STATET also have symmetric cases, which
we have not drawn. We call cOOD;, GOOD,, and GOOD3 good states as they
have no partners and satisfy the equality property. Note that the choice of
the good states is arbitrary as long as the equality property is satisfied and all
STATEii have partners.
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Note that not only the weights must be of different sign, but also the numbers
of cycles must be equal! This is the crucial factor why we cannot simply adapt
the XOR~gadget of Valiant to form an equality gadget for the cover polynomial.
The number of cycles contributed by his XOR-gadget varies a lot, and thus the
summands corresponding to the bad cycle covers do not cancel out. (If we plug
in y = 1 to get the permanent, the condition on the cycles is not needed, and
the XOR~gadget works, of course.)

Now let us quickly summarize and prove the properties of the equality
gadget. We now call a cycle cover bad if an equality gadget is in a state
STATEF. The following lemma shows that there exists an involution on the
set of bad cycle covers which switches the sign of the weights and leaves the
number of cycles untouched.

LEMMA 4.8. Every bad cycle cover C' of D* has a partner C' with the prop-
erties

(i) C" is again bad, and its partner is C,
(ii) for the weights, it holds w(C") = —w(C), and
(iii) for the number of cycles, it holds o(C") = o(C).
PrRoOOF. We choose an arbitrary ordering on the equality gadgets of D. Let
C be a bad cycle cover and g be its smallest gadget in state STATEF. We define

its partner C’ to be the same cycle cover but with gadget ¢ in state STATE;
instead. Verifying the three properties proves the claim. O

It immediately follows that only the good cycle covers of D® remain in C*(D?):

CU(D%0,y) = Y w(@)y,
cycle cover C,
C'is good
4.3.3. Counting the Good Cycle Covers. In order to finish the proof of
Theorem 4.6, and thus also the proof of the Theorem 3.1, it remains to express
C"(D;0,y%) in an appropriate way in terms of C*(D®;0,y).

LEMMA 4.9. We have C*(D%;0,y) = (y" ™™ (1 + y)m’”)aflcw(D; 0,y%).

PrOOF. Every cycle cover C' of D induces several possible good cycle cov-
ers C" in D*. Since |C| = n, a number of (o — 1)n gadgets have state GOOD3
in C’. The other m — n gadget have the free choice between the states GOOD;
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and GOODy. In addition to the ac(C) cycles of C’; every gadget contributes
small cycles to C’". More precisely, 0(C") = ao(C)+4-#GO0D; +5 - #GOO0D, +
5-#G00D3. Using the fact that there are (m:") possible C” corresponding to C
and with the property #G00D;(C") = i, the claim can be verified by the fol-
lowing computation.

Assuming #G00Dy(C") = i, we get

(
o(C") = ao(C)+5-#G00D3 + 5 - #GO0Ds + 4 - #GO0D;
= ao(

C)+on(a—1)+5i+4((m—n)(a—1)—1)
ac(C) +i+ (n+4m)(a —1).

The weight w(C") is either —1 or +1, depending on how many —1-loops there
are. The number of these loops is just #G00D3 = (o — 1)n. So for every good
cycle cover C' of D®, we have w(C') = (—1)@=Y" If (a — 1)n is odd, we fix
this by globally adding an independent —1-loop to the construction of D%, so
that the weight of the good cycle covers is always 1.

The following sum is the part of C*(D®) that corresponds to a cycle cover C'
of D. Let C(C) be the set of cycle covers C’ that correspond to C.

Z w(C/)yo(C’) _ Z yU(C/)
C'eC(C) =0 C'eC(0),
#GooDs(C)=1

_ Z yao(C)+i+(n+4m)(a71)

=0 C'eC(0O),
#cooDpy(C")=1

ao(C)+(n+4m)(a—1) (m o n) i

=Y
— y ao(C)+(n+4m)(a—1) (1 y
Using this equation, we can see,
%0y = 3 5 v
C C'ec(C
_ Zyao +(n+4m)(a— 1)(1+y)mfn
= y(”“m)(“ DL+ )™ "C(D;0,y%). O

The easily computable relation between C*(D%;0,y) and C"(D;0,y*) from
the last lemma proves (a weighted formulation of) Theorem 4.6.
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Finally, the part of Theorem 3.1 concerned with the factorial cover polyno-
mial follows, for —1 # y # 0, from the reduction chain

C(0,1) <71 C(0,1) <1 C(0,y) =< C(0,y) <% Cla, y).

4.4. The Geometric Cover Polynomial. The geometric cover polynomial
Cgeo(D; x,y) introduced by D’Antona & Munarini (2000) is the geometric ver-
sion of the cover polynomial, that is, the falling factorial x” is replaced by the
usual power 2 in (2.6).

C(geo D €T y ZCD P, 0 .’L‘p

We denote by D%k the a-thickening of a graph D in which every directed
edge is replaced by « directed (multi-)edges. This graph operation gives a
horizontal reduction for the geometric cover polynomial.

LEMMA 4.10. For a € Ny, it holds Cyeo( D™k 2 4} = 0" Cleo(D; 2/, y).

ProoOF. Let C be the set of all path-cycle covers of D. Every path-cycle cover
TC € C satisfies p(PC) = n — |FC| and gives rise to exactly o/l = o)
path-cycle covers of Dtk Fach of them has the same numbers of cycles and
paths as PC. Thus,

Claeo (D> ™MK, Za PR (PO yo(@) = 0"Clyeo(D; /v, y). O
TCeC

An immediate corollary of the lemma above, together with interpolation, is the
reduction Cyeo(2',y) 7 Ceeo(,y), for all z,2’,y € Q with x # 0. Using these
horizontal reductions, we can prove a dichotomy theorem for the geometric
cover polynomial.

THEOREM 4.11. Let (:c y) € Q%
If (z,y) € {(0,0), 1)}, then Cyeo(z,y) is #P-hard.

Otherwise, C’geo(:p y) is computable in polynomial time.

Proor. On the y-axis, geometric and factorial cover polynomial coincide,
Ctac(D;0,y) = Caeo(D;0,y). Thus, for x = 0, the result follows from the
factorial cover polynomial part of Theorem 3.1. For points with z # 0 and
y # 0,—1, we use the horizontal reduction from above to reduce from the
y-axis to Cyeo(T, y).
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For y = 0, —1, we again use thickenings as above to compute the polynomial
Coeo(D;,y) = > c,x” with coefficients ¢, = > ep(p,0)y?. For y = 0, the
coefficient ¢; = ¢p(1,0) = #HAMILTONIANPATHS(D) is #P-hard. Fory = —1,
note that three coefficients can be used to compute a hard point of the factorial
cover polynomial: C,.(D;2, —1) = ¢ + 2¢1 + 2¢5. O

5. Inapproximability of the Geometric Cover Polynomial

In this section, we study the approximability of Cyeo(z,y). In particular, we
prove the following theorem.

THEOREM 5.1. Let (z,y) € Q® withy # 1 and (z,y) ¢ {(0,0),(0,—1)} such
that there is a digraph D with Cyeo(D; 2z, y) = 0.

For y > 0 or y < 0 approximating Cgeo(x,y) is not possible within any
polynomial factor unless RP = NP or RFP = #P, respectively.

Both versions of the cover polynomial are self-reducible because the contraction-
deletion identities (2.7) reduce the evaluation to smaller instances in polynomial
time. Hence, we know by Theorem 2.4 that Cyeo(z,y) either has an FPRAS or
is inapproximable within any polynomial factor.

The proof proceeds as follows. First, we establish the inapproximability of
the y-axis. In particular, we prove that an FPRAS for the positive or negative
y-axis would entail RP = NP or RFP = #P, respectively. We make an
exception at three points: Cyeo(0, 0) is trivially zero, Cyeo(1, 0) is the permanent,
and Cyeo(—1,0) basically is the determinant. Second, we give an approximation
preserving (horizontal) reduction from (0, y) to any point (z,y) for which there
exists a digraph D with Cgeo(D;z,y) = 0. Hence, we can carry over the
inapproximability results of the y-axis to these points. Since Cgeo(0,0) and
Cgeo(0, —1) are polynomial-time computable, we will separately establish the
inapproximability of Cyeo(—1,0) and Cgeo(—1, —1), and give an approximation
preserving reduction on these two lines. Unfortunately, this approach fails for
the factorial cover polynomial since the gadgets used in the reductions rely on
the product rule of the geometric cover polynomial that the factorial version
lacks in general.

We note that Cyeo(2, 1) can be approximated by an FPRAS for > 0. For
x = 0, this is due to the fact that the permanent Cge,(0,1) has an FPRAS,
as recently discovered by Jerrum et al. (2004). For x > 0, Cgeo(x,1) can be
approximation-preservingly reduced to the matching polynomial M(G;x), for
which Jerrum & Sinclair (1997) gave an FPRAS in the case z > 0. Hence, we
obtain the following lemma.
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LEMMA 5.2. There exists an FPRAS for Cgeo(x,1) if > 0.

5.1. Inapproximability of the y-Axis. As we will see, the y-axis exhibits
different levels of inapproximability. Whereas its positive part is inapprox-
imable under the reasonable assumption RP # NP, it turns out that approx-
imating its negative part is as hard as #P. We will therefore consider both
cases separately.

5.1.1. The Positive y-Axis. We consider the two cases y € (0,1) and y > 1
separately.

LEMMA 5.3. Fory € (0,1), approximating Cyge,(0, y) is not possible within any
polynomial factor unless RP = NP.

PrOOF.  Consider Cyeo(D;0,y) = >, cp(0,0)y?. Note that c¢p(0,1) denotes
the number of Hamiltonian cycles in D. As is well known, it is NP-hard to
decide whether ¢p(0,1) # 0. Our goal is to amplify the contribution of this
summand to the whole sum such that an approximation algorithm for Cie, (0, y)
would allow us to decide whether D contains a Hamiltonian cycle.

We will now demonstrate the idea of the amplification. Similar to the
construction for the #P-hardness proof, we would want to build a graph D*
containing k copies of D that are connected in such a way that every cycle cover
of D* is (essentially) a cycle cover of D copied k times, and thus, has k times
as many cycles as the corresponding cycle cover of D. Assuming the existence
of such a ‘perfect cloning construction’, we get

PerfectCloning(D, k;0,y) := ZCD<O, o)yt

- CD<O7 1)yk + Z CD<O7 U)yka

o>1
<y (en(0.1) +4* Y en(0,0)) [ € (0,1)
o>1
< y¥(ep(0,1) +yF2m). [#cycle covers < 2™

By choosing k € O(m) such that y*2™ < %, we have
PerfectCloning (D, k; 0,y) < y*(cp(0,1) + 1)

Now we can see that a cloning construction amplifies Hamiltonian cycles in the
following sense:
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Figure 5.1: The equality gadget Fs connecting two edges.

(a) If there is a Hamiltonian cycle in D, then PerfectCloning(D, k;0,y) > y*.
(b) If there is no Hamiltonian cycle in D, then PerfectCloning (D, k; 0, y) < $y*.

In other words, the smallest value of PerfectCloning(D, k;0,y) in case (a)
exceeds the largest possible value in case (b) by a factor of 2. Hence, an FPRAS
for PerfectCloning(D, k; 0, y) would be able to distinguish cases (a) and (b) with
high probability, providing us with a polynomial time randomized algorithm
for HAMILTONIANCYCLE. By Lemma 2.5, this implies RP = NP.

Unfortunately, it is unlikely that a ‘perfect cloning construction’ exists in the
cover polynomial. However, it turns out that we can approximate it sufficiently
well. In particular, we will connect the k copies of D by an (approximate)
equality gadget which ensures that all cycle covers of D* that are not copies of a
cycle cover of D have a small weight contribution to Cye,(D¥; 0,y). Assuming an
FPRAS for Cye,(0, y), this approximate cloning reduction provides an FPRAS
for PerfectCloning(0, y).

It might be tempting to use the same equality gadget like in the #P-
hardness proof. The reason why this does not work here is because the gadget
there contains negative edges. In order to simulate the negative edges, we
had to use interpolation. Unfortunately, this interpolation crucially relied on
the exact evaluations of the weighted cover polynomial for different positive
weights, i.e., it is not approximation preserving.

Instead, we use an equality gadget E, connecting two edges, as depicted in
Figure 5.1, which ensures that (in a weighted sense) in almost all cycle covers
either both edges are present or both are absent. Here, / € N denotes the
length of the upper and lower path of the gadget.

The construction of D* proceeds as follows:



26 Bléser, Dell & Fouz

1. Take k copies Dq,..., Dy of D.

2. Let e; be the edge in D; corresponding to e in D. Connect all corre-
sponding edges {61, ey ek} by a cascade of equality gadgets FE,, for a
sufficiently (polynomially) large even ¢, as shown in Figure 4.4.

Note that each edge of D; is split into at most three edges in step 2 and that
the construction uses (k — 1)m equality gadgets.

We now prove that the equality gadget indeed works sufficiently well to
make sure that a cycle cover of D; carries over to all other D; in almost all
cases (in a weighted sense). In Figure 5.2, the four possible situations of the
equality gadget £, are drawn for even ¢, besides four impossible situations of
bad states. It is easy to see that, for each possible configuration of the outer
edges, there is at most one possible way to complete it to a cycle cover on the
gadget. Since each edge of D; is split into at most three edges, it follows that
there are at most 2™ cycle covers of D*.

The crucial point is that, while in the good states (both outer paths absent
or both outer paths present) each gadget only adds a single cycle to the existing
cycle cover, we get ¢ + 1 additional cycles in the bad states. So although the
equality gadget cannot prevent the occurrence of a bad case completely, it will
add a factor of y**! to the weight of the corresponding cycle cover. We call cycle
covers of D¥ bad if at least one gadget is in a bad state, and good otherwise.

Since the good cycle covers simulate perfect cloning, we get

CaoD50,9) = > O+ > @

bad cycle cover C' good cycle cover C

< 93mky 41 g (k=Dm . pPerfectCloning(D, k; 0, )

< (1 + i)y(k_l)m - PerfectCloning (D, k; 0, y),
by choosing ¢ € O(k*m?) sufficiently large, such that 237yt < iykm. If D
has at least one cycle cover, then PerfectCloning(D, k;0,y) > y™ and the
second inequality above is true (if not, we just return 0). On the other
hand, Cgeo(D*;0,y) > y* =Y mPerfectCloning(D, k;0,y) since y > 0. Thus,
an FPRAS for Cye, (0, y) would entail an FPRAS for PerfectCloning(0, y). But
this implies RP = NP as we have seen before. This finishes the case y € (0, 1).

O

REMARK 5.4. Note that the ‘approximate cloning reduction’ also proves that
there cannot be a randomized polynomial time algorithm that approximates
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Figure 5.2: Exhaustive case analysis of equality gadget E, for even ¢. Note
that bad states are either impossible or result in many cycles.
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Figure 5.3: The approximate equality gadget I; connecting two edges.

Ceeo(0,y) for y € (0,1), even within any fixed exponential factor. To see

this, simply set k € O(m) s.t. y*2™ < 27" with ¢ > 1 and { € O(m?) s.t.
23mky£+1—(lc—1)m < yk2—cm.

Assuming the existence of an equality gadget for the case y > 1, one might
be tempted to try the same reduction as above. However, while for y € (0, 1)
the cloning reduction amplifies the weight of the Hamiltonian cycles relative
to the cycle covers consisting of more than one cycle, we achieve quite the
opposite for y > 1. In particular, if s is the maximum number of cycles in
any cycle cover of D, then the summand cp(0, s) would be amplified the most.
Unfortunately, ¢p(0,s) is not known to be hard to approximate. Instead we
will reduce from PARTITION INTO TRIANGLES:

Name. PARTITION INTO TRIANGLES.

Instance. A simple undirected Graph G = (V, E) without loops, with |V| = 3¢
for some positive integer ¢ € N.

Question. Can the vertices of G' be partitioned into ¢ disjoint sets Vi, ..., V,,
each containing exactly three vertices that are connected with each other
in G, i.e., form a triangle?

PARTITION INTO TRIANGLES is a classical NP-complete problem, see (Garey
& Johnson 1979, GT11).

LEMMA 5.5. For y > 1, approximating Cyge,(0,y) is not possible within any
polynomial factor unless RP = NP.
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Figure 5.4: The approximate NAND gadget N, connecting two edges.

Proor. Let G = (V, E) be an instance of PARTITION INTO TRIANGLES. In
the remainder of the proof we denote |V | by n and |E| by m. Note that G can
be partitioned into triangles if and only if it contains a cycle cover with £ cycles.
Such a cycle cover would have the maximum possible number of cycles since,
in a simple undirected graph, each cycle has length at least 3. Thus, in order
to decide whether such a cycle cover exists, we can apply a cloning reduction
similar to the one used in the case y € (0,1). Still, we need to bypass the
problem that the cover polynomial is defined for directed graphs whereas G is
undirected. In other words, we want to construct a directed graph D = (V’, E')
such that a polynomial approximation to Cyeo(D;0,y) for any y > 1 would
enable us to decide whether GG has a cycle cover with % cycles, i.e., can be
partitioned into triangles. For that purpose, we direct GG in the natural way by
introducing one forward and one backward edge for each undirected edge of G.
In order to make sure that each cycle cover of this directed version corresponds
to a cycle cover of GG, we connect each pair of backward and forward edges by
a NAND gadget. This gadget enforces that (in a weighted sense) almost no
cycle cover contains the connected pair of edges simultaneously. Finally, we
apply in essence the same cloning reduction as for the case y € (0,1) with a
suitable equality gadget connecting the different copies of the directed graph.
Note that in contrast to the case y € (0, 1), we need to use an equality gadget in
which the good states are covered by many cycles to guarantee a large weight
contribution. On the other hand, the bad states should be covered only by
few cycles to guarantee a relatively small weight contribution. See Figure 5.3
and Figure 5.4 for the equality and NAND gadget, respectively. The equality
gadget I, is parameterized by the length of its middle path. As we will see later,
the loop in the equality gadget makes sure that, in the good states, all cycle
covers of the gadget have the same number of cycles. Although not crucial,
this property of the gadget will simplify our calculations. Note that each edge
(u,v) connected by such a gadget is transformed into a path w ~» v of length
2 or 4 (left path of NAND gadget). Furthermore, it is easy to see that the
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cycle cover of the gadgets is uniquely determined by the presence or absence of
their outer paths, see Figure 5.5 and Figure 5.6. Hence, it is sufficient for the
cloning reduction to connect the corresponding outer paths of each copy of D
by equality gadgets. Formally, the construction of D* proceeds as follows:

L. Start with D = (V', E) where V' =V and E' =y, ,3cp(u,v) U (v, u)

2. Connect each pair {(u,v), (v,u)} C E’' by the NAND gadget N, for suf-
ficiently (polynomially) large odd ¢ € N.

3. Construct D* as follows:

(a) Take k copies Dy, ..., Dy of D for a sufficiently (polynomially) large
k € N.

(b) Let e; be an edge in D; corresponding to an edge e on an outer path
of a gadget in D. Connect all corresponding edges {ej,...,ex} by a
cascade of equality gadgets I, for a sufficiently (polynomially) large
odd 0, see Figure 4.4.

Each undirected edge {u,v} of G is transformed into two directed edges
(u,v) and (v, u) in step 1, that are split into at most four outer edges in step
2, which in turn are copied k times where each copy is split into at most three
edges in step 3. In total, D* has at most 24km outer edges. Since the cycle
cover of every gadget is uniquely determined by the outer edges of its gadgets,
it follows that DF has at most 22*™ cycle covers.

We will now prove that both types of used gadgets work sufficiently well for
our purposes. It is easy to see that the NAND gadget works as desired under
the assumption that the equality gadget does so. In Figure 5.6, all states that
are compatible with good states of the equality gadget are shown. In particular,
note that only one of the two paths u ~~» v and v’ ~» v’ can be present in a
cycle cover since they share a common vertex in the middle. Moreover the
equality gadget I, enforces that cycle covers in which the invalid pathes u ~ v’
or u' ~» v are present contribute only a relatively small weight. Note that the
NAND gadget provides one additional cycle if its outer paths are absent.

As for the proposed equality gadget, we prove that bad states of cycle covers
where only one of the two connected edges is present have a relatively small
weight. In Figure 5.5 all possible states of I, are illustrated for odd ¢, besides
two impossible bad states. Note that in the good states (both edges present or
absent), the equality gadget I, provides ”73 additional cycles to the cycle cover.
On the other hand, at most one additional cycle occurs in the bad states.
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Figure 5.5: Exhaustive case analysis of equality gadget I, for odd ¢. Note that
good states incur many cycles, wheras bad states are either impossible or have
at most one cycle.
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Figure 5.6: Case analysis of NAND gadget N, for odd ¢. Bad states resulting
from bad states of the equality gadget are omitted.
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As before, we call cycle covers of D* good if all gadgets are in a good state
and bad otherwise. Hence, good cycle covers of D¥ (essentially) consist of k
copies of cycle covers of D where each cycle has length at least 3.

First, we note that D* contains k-m N, gadgets and (k —1) - 2m additional
I, gadgets. Since each N, gadget is made up of one I, gadgets, we have in total
3km —2m I, gadgets. Thus on the one hand, a good cycle cover gets a weight
factor of exactly y(?’km 25 from its equality gadgets. Furthermore, it gets
a weight factor of y*(m—n from its NAND gadgets since there are m — n pairs
of connected edges that are absent in a cycle cover. On the other hand, a bad
cycle cover gets at most a weight factor of y(gkm_Zm_l)HTSH from its equality
gadgets since, by definition, at least one of its equality gadgets is in a bad state.
Apart from that, it gets at most a weight factor of y*™ from its NAND gadgets.
Besides the cycles from the gadgets, a bad cycle cover can have at most %kn
cycles, since we assumed that G has no loops.

Following the now familiar path,

CaoD50,9) = > D+ Y @
bad cycle cover C good cycle cover C
224kmy(3km 2m— 1)Z+3+1ykmy%kn [# of cycle covers
+ y(3km—2m)HTSyk m—n Z CD(O, 0_>ka is < 224km]
_ (3km—2m)“73+k(m—n) (224km %(3kn—€—1) [ d 1
=y Y good cycle cover
+¢p(0, 3 shn 4 Z cp(0,0)y l“’) has < % Cycles]
0'<*
< y(skmdm)%%(mm) (224kmy%(3kn7671) [# of cycle covers
+ ¢p(0, %)y%k" + 22y k(5 =1) of D is < 27"
_ y(3km—2m)“'73+k(m—n)+%kn (224kmy2( kn—¢—1)

+cp(0,%) + 27y~ M.

By setting k € O(m) s.t. 22y~ < 1 and £ € O(m?) s.t. 924km, 5 (Ghn—l-1) <1
we have

Cgeo(Dk; 0, y) < y(3km72m)%+k(mfn)+%kn( + CD(O, 3))
We consider the two complementary situations:

(a) There exists a partition of ¢ into triangles. Then ¢p(0, 5) > 1 and

Cgeo(Dk; 0’ y) Z y(3km—2m)”73+k(m_n)+%kn.
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(b) There exists no partition of G into triangles. Then cp(0, %) = 0 and

Cleo(D*; 0, 1) < %y(3km—2m)e+73+k(m—n)+% n.

By the same argument as in the case y € (0, 1), the existence of an FPRAS
for Cgeo(0,y) for y > 1 would entail RP = NP. O

5.1.2. The Negative y-Axis. We can easily adapt the above proof for the
corresponding negative cases. In particular, we can use the same gadgets for
our reductions. We refrain from doing so since, for y < 0, we will prove the even
stronger statement that approximating Cyeo(0,y) is as hard as #P. Assuming
that #P is a much bigger class than RFP, this is a very different kind of
inapproximability. As noted before (see Corollary 2.2), every problem in #Pq
has a randomized polynomial approximation scheme using an oracle for an NP
predicate. Based on this fact, our result implies that, for negative y, Cyeo(0, )
is not in #P g, under a reasonable complexity assumption.

THEOREM 5.6. For y € Q™ \ {—1}, approximating C,e,(0,y) is not possible
within any polynomial factor unless RFP = #P.

PROOF (sketch). Assuming the existence of an FPRAS for Cyeo (0, y), we will
show how to compute the exact value of Cyeo(0,y) which is known to be #P-
hard. This will establish Theorem 5.6.

The proof proceeds as follows. For two given directed graphs Dy, Dy, we
will show how to construct a digraph DfQ such that, for some polynomially
large ¢ € N,

Cieo(D] 23 0,9) = Coeo(D1;0,y) + Coeo( D330, y).

Given such a construction, we will show how, for z € Q, we can build a
digraph D, such that Cyeo(D,;0,y) ~ z. Both these building blocks will enable
us to perform a binary search over a precomputed interval of possible values of
Ceeo(D; 0,y) for any directed graph D. O

Let us now turn to our first goal. We construct Df, by first taking the
disjoint union of D; and D,. We want to connect both subgraphs such that
ideally the cycle covers of DfQ are in one-to-one correspondence with the cycle
covers of Dy and D,. For that purpose, we connect both subgraphs in such a
way that (in a weighted sense) almost all cycle covers of DfQ consist of cycle
covers of Dy and one designated cycle cover on Dy, or vice versa, consist of cycle
covers of Dy and one designated cycle cover on D;. Thus, the cycle covers of
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Figure 5.7: The implies gadget Imp,.

DfQ can be seen as disjoint unions of the cycle covers of Dy and D,. It follows
that Cyeo(D]5;0,y) is (almost) the sum of Cyeo(D1;0,y) and Cyeo(D2;0,9).
The disjoint union is achieved by adding a Hamiltonian cycle H; to D; and
connecting its edges by equality gadgets, and adding a Hamiltonian cycle Hs
to Dy and also connecting its edges by equality edges. Finally, each original
edge of Dy gets connected with an arbitrary edge ey of the new Hamiltonian
cycle Hy by an ‘implies gadget’. Such a gadget enforces that, (in a weighted
sense) in almost all cycle covers, whenever an edge in D; is taken (other than
from H;), eg is also taken, and in turn, because of the equality gadgets, Hj is
used to cover Dy. Vice versa, the construction makes sure that, (in a weighted
sense) in almost all cycle covers, if an edge in Dy is taken (other than from
H,), no edge in Hy can be taken simultaneously and thus D; must be covered
by H;. As equality gadgets, we use the same gadgets as in the previous proof,
Ey and I, for the cases y € (—1,0) and y < —1, respectively. Summarizing the
construction, we have,

1. Start with ng = D; W Dy to be the disjoint union of D; and Dy. By
a slight abuse of notation, we will now denote by D; and D, the corre-
sponding subgraphs of Df ,.

2. Add two arbitrary Hamiltonian cycles H; and Hs to Dy and Dy, respec-
tively, consisting of newly introduced edges. Note that this might result
in multiple edges.

3. Connect every pair of consecutive edges in H; and Hy by equality gadgets
Ey (resp. 1), see Figure 4.4.

4. Connect each edge in D; but not in H; with a designated edge of Hy by
an implies gadget Imp,.

The implies gadget is drawn in Figure 5.7. It is based upon two equality
gadgets. We can easily see that Imp, has the desired behavior, that is, when
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Figure 5.8: Case analysis of approximate implies gadget Imp,. Bad states
resulting from bad states of equality gadgets are omitted.

its left path u ~~ v is present in a cycle cover, then the right path v ~» v’
does also have to be present (apart from the negligible bad states due to bad
states of the equality gadgets), see Figure 5.8. Notice that all good states of
the gadget add exactly one additional cycle to the corresponding cycle cover.
The following lemma assures that our construction works sufficiently well.

LEMMA 5.7. Let Dy, Dy be two digraphs, y € Q, and r € N an error param-
eter. There exists k,{ < poly(|D1|,|Ds|,r) such that, for Df, as constructed
above, it holds that

Cg@O(Df% 0,y) = yk(CgeO<D1§ 0,y) + CgeO<D2§ 0,y) + 6)7
where |¢| < 27". Moreover, k and ¢ are computable in polynomial time.

Proor. Let ¢ € N be a positive integer that will be specified later. Let
ny = n(Dy), ng := n(Ds), my := m(D;), my := m(D,). First note that our
construction uses n; equality gadgets for Hy, ns equality gadgets for H, and
2my equality gadgets for the my implies gadgets. Furthermore, every original
edge of Dy and H; is split into at most four and three edges in DfQ, respectively.
Likewise, every original edge of Hj is split into into at most three edges except
for the designated edge of Hs which is split into 4my 4+ 2 edges. Since the cycle
cover of every gadget is uniquely determined by its outer edges, we thus have
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in total at most 24@miFmtn)T2 cycle covers of Df,. We will now consider the
two cases, y € (—1,0) and y < —1, separately. In each case, we determine the
weight contribution of the good cycle covers of DfQ, and bound the absolute
weight contribution of the bad cycle covers of DfQ.

Case y € (—1,0): In the good cycle covers, defined as before, the weight
contribution of the equality gadgets E, (with even ¢) is y™272™ since each
equality gadget adds one cycle. Besides, each implies gadget also adds one
cycle, incurring a factor of y™!. Finally, each good cycle cover of DfQ is a cycle
cover of Dy or Dy with an additional Hamiltonian cycle on the other subgraph,
respectively. In other words, there is a bijection between the cycle covers of
DfQ and the union of the cycle covers of Dy and Dy which almost preserves the
number of cycles. Hence, we get,

Z ya(C’) _ yn1+n2+2m1 5 yml . (ngeo(Dl; O, y) + ngeo(DQ; 0, y))

good
cycle cover C

— eSO (D3 0,y) + Cheo(Da: 0,7)).

In the bad cycle covers, at least one equality gadget is in a bad case, adding
{4+ 1 cycles. It follows,

‘ Z ya(C) S ‘yn1+n2+2m1—1 . yﬁ-‘rl‘ . 24(2m1+n1+n2)+2

bad
cycle cover C

ni+ngs+3mi+1 . Zﬁmlil’ . 24(2m1+n1+n2)+2

= |y y

In total, we get

Cao(Di5i0,) = > D4 > @

good bad
cycle cover C cycle cover C'

— L (O (D15 0,) + Cleo (D3 0, ) + €,

where |e| < |y|€_’”1_1 . 94(2m14ni+n2)+2.

It is now easy to choose an even £ € O(m; +n; +ny+71) such that |e| < 27".
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Case y < —1: Noting that each equality gadget I, adds “73 cycles in the

good cases (for odd ¢), we get for the good cycle covers by the same line of
reasoning as in the previous case,

o ni+n my) LS m
Z y ©) :y( 1Hn242mi) = syt (ycge()(Dl;O,y)+ngeo(D2;O7y)>

good
cycle cover C'

— y(n1+n2+2m1)e+73+m1+1 . (Cgeo(Dl; 0, y) + Cgeo(DQ; 07 y))

In the bad cycle covers, at least one equality gadget is in a bad case, adding
at most one cycle. Apart from that, each implies gadget adds at most one
cycle. It follows,

‘ E yO'(C) < ‘y(n1+n2+2m171)”T3 . y . yml . 24(2m1+n1+n2)+2
bad
cycle cover C
— ’y(n1+n2+2m1)%+m1+1 . y*% . 24(2m1+n1+n2)+2

In total, we have

Ceo(Dii0,y) = > D4 > y@

good bad
cycle cover C cycle cover C

= P I (O (D150,0) + Caal D2 0.1) + ),

443
where |e| < |y|” 2z 24@mitnmitn2)+2,
Again, for some odd ¢ € O(my + ny + ns + r), we have |e| < 27". 0

In the following, we denote by (Dy + D,)(r) the graph D, with error
parameter 7, as constructed above.

We will now turn to our second building block of the proof of Theorem 5.6.
Our goal is to construct a directed graph D, such that Cyeo(D.;0,y) & z, where
z € Q.

In case y is integer and z a non-integer value, we cannot hope to build a
digraph D, with Cyeo(D,0,y) ~ 2. Instead, we will relax our original goal and
show how to construct a digraph D, such that Cyeo(D,;0,y) = y© - z with ¢
being an easily computable value. This relaxation is also necessary for a generic
construction of D, for non-integer y.
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Figure 5.9: A digraph Dgy with 92 = 22 4 23 4 24 4 26 cycle covers. The edge
labels denote multiplicities.

As a first step in this direction, we construct a digraph D, such that Dy
has exactly k& € N cycle covers, each of which consists of the same number of
cycles.

LEMMA 5.8. Let y € Q and k € N be a non-negative integer. There exists a
digraph D, such that

CgF;o(Dk; an) = yc ' k7

for some positive integer ¢ < log, k. In particular, Dy and ¢ can be computed
in time logarithmic in k.

Proor. Consider the unique binary expansion k = E}%Q M ;20 Let ¢ be
the number of non-zero coordinates a; and let (I(1),...,1(c)) be their corre-
sponding indices. Figure 5.9 illustrates how the graph Dy, is built that contains
exactly k cycle covers, each of which consists of ¢ cycles. Notice that the i-th
upper path contains a path of length /(i) whose edges have multiplicity 2. In
cases, where (i) is odd, the path is extended by one more edge. Finally, each
path gets embedded in a separate cycle of opposite direction. It is easy to check
that every cycle cover of D consists of one outer cycle going through one of
the ¢ pathes and ¢ — 1 inner cycles. In particular, the path chosen for the outer
cycle uniquely determines the cycle cover of Dj. Furthermore, since the i-th

path can be traversed in 2/ different ways, D}, has exactly k cycle covers. [

For y € Z~, the above construction yields the following corollary.
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COROLLARY 5.9. Lety € Z™ and z € Z. There exists a digraph D, such that
Cgeo(Dz; 07 y) = yc 2

for some positive integer ¢ € O(log|z|). In particular, D, and ¢ can be com-
puted in time logarithmic in |z|.

Proofr. If z > 0, the claim directly follows from Lemma 5.8. Otherwise,
apply Lemma 5.8 to get a graph D, such that Cyeo(D,2;0,y) = y°-yz =y 2.
U

For y € Q~ \ Z, we can extend the above construction to any z € Q.

LEMMA 5.10. Let y € Q™ \ Z, z € Q be a rational value, and ¢ € N be an
error parameter. There exists a digraph D, such that

Ceeo( D0, y) = y*(z + ),

where ¢ < O(¢ + log|z]) and 27% > € > 0. In particular, D’ can be build in
time polynomial in ¢ and log z.

PROOF.
Again, we distinguish the cases y € (—1,0) and y < —1.

Case y € (—1,0): Assume for the moment that z > 0. Our goal is to
construct a digraph D, such that Cyeo(D.;0,y) = y°y*- [z-y~*], where ¢ € Z,
and k& € N is an even integer to be specified later. Applying Lemma 5.8, we first
construct a graph D, with exactly [z -y~*] cycle covers. Let ¢ € O(k + log 2)
be the number of cycles of each of these cycle covers. Then, we add k disjoint
loops to D,. Thus, we have Cyeo(D.;0,y) = yy* - [z - y~*]. By choosing
k € O(f) such that y* < 27 the claim follows.

If 2 < 0, we basically use the same construction, but choose k to be odd
and build D, such that it has |z - y~*| cycle covers.

Case y < —1: We use a similar construction as in case y € (—1,0). For that
purpose, we construct a generic digraph D, such that Cyeo(D,;0,y) € (—1,0).
This graph D, will take the role of the independent loops used in the previous
case.

Let y € (—i,—i + 1) for some i € Z*. Clearly, we have y +i € (—1,0).
Unfortunately, there exists no digraph whose cover polynomial is y + . In
particular, every cover polynomial has an absolute term of zero. We can fix
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a1

Figure 5.10: A digraph D, with Cyeo(D;;0,y) = a1 -y+as-y*+az-y* +aqs- y*.
The edge labels denote multiplicities.

this problem by considering the polynomial y(y + 7). While it is easy to find
digraphs having y(y + i) as their cover polynomial, it is not the case that
y(y + i) € (=1,0). However, we can choose j logarithmic in y such that
y(y+1i)? € (—=1,0). Set r := y(y + i)’ and let r = Zfill a;y' be the polynomial
expansion of 7. Note that for fixed y, 7 and hence r are constant. In particular,
all coefficients a; of the expansion are constants. We build a digraph D, with
Cleo(Dy;0,y) = S0 ayy as illustrated in Figure 5.10 for j = 3.

Assume that z > 0. Similar to the previous case, we now build a graph
D, with exactly [z - r~*] cycle covers, each of which contains ¢ € O(k + log 2)
cycles, for some even k € N. Adding k disjoint graphs D, as constructed
above, we get Cyeo(D.;0,y) = yr® - [z - 777], since Cyeo(z,y) is multiplicative
(see Lemma 2.8). By choosing k € O(f) such that r* < 27¢ the claim follows.

As before, for z < 0, we just choose k to be odd and build D, accordingly
such that Cgeo(D,;0,y) = yor¥ - [z - r7F].

OJ

We are now ready to prove Theorem 5.6.

PROOF (Proof of Theorem 5.6). Lety = §> with p € Z~ and ¢ € N relatively
prime.

For any directed graph D = (V, E), we have |Cyeo(D;0,y)| < (ly|+1)™-2™.
In other words,

Ceeo(D;0,y) € [=(ly[ +1)" - 2, (Jy[ + 1)" - 2].

We want to perform a binary search over this interval in order to determine
Coeo(D; 0,y) exactly. Since Cyeo(D;0,y) is an integer multiple of q%, it suffices
to consider all q% for ¢ € Z that lie in this interval. For that purpose, we will

show how, for a given pivot element z = %, we can determine whether z is

qn7
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less, equal, or greater than Cye,(D;0,y). If 2 = 0, this distinction is equivalent
to determine the sign of Cyeo(D; 0, y) which we can easily do having an FPRAS
at hand. Otherwise, let D_, be a graph as constructed in Corollary 5.9 or
Lemma 5.10 (depending on whether y is integer or non-integer, respectively),
such that

(5.11) Caeo(D—2;0,y) = y*(—2 +¢),
where ¢ € N is a polynomially computable integer and
(5.12) 0<e<iqg™

If y is integer we have ¢ = 0 by Corollary 5.9. If y is not integer, the last
inequality holds by Lemma 5.10 for £ € O(n) such that 27¢ < 1¢™". In any
case, we have ¢c € O(( +logz) = O(m +n).

Let D' be a copy of D with ¢ additional independent disjoint loops. Thus,

(5.13) Caeo(D";0,y) = y°Cheo(D; 0, 7).

W.lo.g. assume that ¢ is even. Otherwise, we add one more independent loop
to D_, and D', respectively.

We consider the ‘sum’ of D' and D_, with error parameter r € O(m + n)
such that

(5.14) 27 < ycqm.

We have,

Caeo (D' + D_)(r); 0,) = y*(Ceo(D"; 0, 9))
+ Cgeo(D—.;0,y) + e') by Lemma 5.7

= 4" (4°Cyeo(D; 0, 9)
+y(—z+e€) +€) by (5.13) and (5.11)

for some polynomially computable k& € N and by (5.14),
(5.15) €] < 1y°q ™
Equivalently,
(5.16) ¥ " Cuea((D' 4+ D_2)(r);0,y) = y*(Caeo(D; 0,y) — 2+ €) + €.

Now consider the three cases:
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Case z > Cyeo(D;0,y) + g™

Case z < Cyeo(D;0,y) — g ™:

Y ¥ Coeo (D' + D_.)(r); 0,y) > y°(¢7" +€)+€ by (5.16)
>y’ " — 2y’ by (5.12) and (5.15)

__ 3, ,,c. —n

=3Yyq -
Case z = Cgeo(D;0,y):

Y " Caeo (D' + D_2)(r);0,y) = y‘e+ € by (5.16)

< lyq " by (5.12) and (5.15)
and
™" Coeo (D' + D_)(r);0,y) = y°e + ¢ by (5.16)
> —1yq " by (5.12) and (5.15).

Note that this case analysis is exhaustive, since z is an integer multiple of
g
Clearly, an FPRAS can distinguish between the three cases with high prob-
ability. There are at most 2(|y| + 1) - 2 - ¢" multiples of ¢~ in the search
interval [—(|y| +1)"-2™, (ly|+1)™-2™]. Hence, the binary search takes at most
O(m + n) bisections until Cyeo(D;0,y) is determined. So, given an FPRAS
for Caeo(0,y), we can evaluate Cyeo(0,y) exactly with high probability, which
would entail RFP = #P. O

5.2. Inapproximability at Points with Graphs that Evaluate to Zero.
In this section, we consider points (x,y) € Q? for which there exists a graph
D such that Cyeo(D;z,y) = 0. We call such graphs roots. We will show
how to reduce Cgeo(0,y) t0 Cyeo(,y) Whenever Cyeo(x, y) has roots. Since this
reduction will be approximation preserving, it follows that we can extend the
inapproximability results of the y-axis to all these points.

Specifically, we get the following theorem.



Complexity and Approximability of the Cover Polynomial 43

THEOREM 5.17. Let (z,y) € Q* withy ¢ {1,0,—1} such that there is a root
in (z,y). Ify > 0 ory < 0, then approximating Cyeo(, y) is not possible within
any polynomial factor unless RP = NP or RFP = #P, respectively.

The above theorem directly follows from the following main lemma of this
section.

LEMMA 5.18. Let (z,y) € Q*. If there is a root in (x,y), then we have

Ceo(0, ) <ap Cieo(,4)-

Before we prove Lemma 5.18, we need the notion of a minimal graph.
Let D = (V, E) be a digraph and (z,y) € Q?. We call D edge-minimal in
(z,y), if there is no nonempty subset £’ C F, such that

C(geo(l) - E/,Jf,y) = Cgeo<D;x7y)

where D — E' = (V, E'\ E’). We call D node-minimal in (z,y), if there is no
nonempty subset V' C V such that

Cgeo(D - V’;IE,?/) - Cgeo(D;xay)

where D — V" is the subgraph of D induced by V' \ V’. Finally, we call a graph
minimal, if it is both edge-minimal and node-minimal.

FACT 5.19. Let (z,y) € Q2. If there is a root in (x,y), then there is also a
minimal root in (z,y).

We are now ready to prove Lemma 5.18.

PROOF (Proof of Lemma 5.18). Let R be a minimal root in (z,y) and D =
(V. E) be a digraph. Our goal is to compute Cyeo(D;0,y) from Cyeo(D;z,y)
using an approximation preserving reduction. For that purpose, we connect
each vertex in D with a suitable gadget such that the weight contribution
of the true path-cycle covers (i.e., those that have at least one path) of D
to Cgeo(D; 2, y) becomes zero, whereas the weight contribution of each cycle
cover of D remains basically untouched. It turns out that the following two
conditions are sufficient for such a gadget G:

1. G contains a vertex s with no incoming edges.

2. Gisaroot, but G—sisnot. In particular, we have o := Cyeo(G—s; 2, y) #
0.
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To see why these conditions are sufficient for our purpose, consider the
following construction.

1. Start with D.

2. Connect each vertex v € V' with a (separate) copy of G, by identifying v
with the vertex s of GG. For each vertex v € V| we denote its gadget by
Gy.

3. Denote the resulting graph by D’.

What is the value of Cyeo(D'; 2, y)? For each path-cycle cover FC of D, let
D'(PC) denote the set of all path-cycle covers of D" that agree with C on D,
i.e., yield PC when restricted to D. Assume C' is a cycle cover. Then, because
of the multiplicity of the cover polynomial (see Lemma 2.8), the total weight
contribution of path-cycle covers from D'(C) to Cyeo(D'; 7, y) is y7@) - ™ where
a = Cyeo(G—s; 2, y) as defined above. On the other hand, let 7C be a path-cycle
cover containing a path that ends in some v € V. We can extend this path by
any path-cycle cover on the gadget GG, because GG, contains no incoming edges
into v. Now, since Cyeo(Gy; @, y) = 0 and by multiplicity of the cover polynomial
(see Lemma 2.8), the total weight contribution of the path-cycle covers from
D'(PC) to Cgeo(D'; x, y) is zero. Note that {D'(TC) | path-cycle cover PC of D}
is a partition of all path-cycle covers of D’.

Hence, we get

Coeo( D' ,y) = > )7 (0) o n=p(C) p(C)
path-cycle cover C of D

_ Z ya(C)an

cycle cover C of D

= aaneo(D; 07 y)

It remains to show the existence of such a gadget that satisfies the two
above mentioned conditions given a minimal root R. Note that R must have
edges, since otherwise Cyeo(R;z,y) cannot be zero for  # 0. Consider the
graph G(R) depicted in Figure 5.11. Here, the subgraph R is connected with
the rest of G(R) through any of its vertices v that has incoming edges.

We will prove that, for a particular choice of the multiplicities p,q € N,
G(R) fulfills both conditions. Denote by R’ the digraph that is obtained from
R when all incoming edges to v are deleted. By edge-minimality of R, we have

(5.20) § 1= Cyeo(R';2,y) # 0.
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Figure 5.11: The gadget G(R) containing a minimal root R with incoming
edges at all nodes. The edge labels denote multiplicities.

We now prove that G(R) is a root for a particular choice of p and ¢q. Ap-
plying the contraction-deletion identities, we get

(5.21) Ceeo(G(R); 2, y) = q0(x + 1Y) + dx + po.
It is easy to see that for

(5.22) p—PXIY

qg+1

we get Cyeo(G(R); x,y) = 0.

Let z = ¢ with a € Z and b € N\ {0} relatively prime.

Assume that a # 0, as otherwise z = 0 and we are already at the y-axis.
Ifa<0,weset r:=0,p:= —aand q:=0b—1. If a > 0, there can only be
a root in (z,y), if y < 0. In that case, we set ¢ :==2b—1 >0, r := f%} and
p := —2a — qry. Note that because of our choice of r, it holds p > 0.

It is easy to check that, with this choice, Equation (5.22) is satisfied. Fur-
thermore, p, ¢, and r are constant for fixed x and y.

It remains to check the second condition, namely that G(R) — s is not a

root. By (5.20) and since R is a root, we get
(5.23) Coeo(G(R) — s52,y) =0 # 0.

]
REMARK 5.24. Many families of points have roots, e.g., every point (c-x, —x)

for all ¢ € N and x € Q has a root. On the other hand, not every point
(z,y) € Q? has a root. Consider, e.g., the point (—%,O). Let D be a digraph.



46  Bléiser, Dell & Fouz

W2

\y
()

\

7

Figure 5.12: Main components of equality gadgets. (a) is used for Cyeo(—1,0).
(b) is used for Cgeo(—1, —1).

Note that the weight of each path-cycle cover of D is a multiple of 27". Since
only the path-cycle cover that consists of n paths (independent vertices) has
weight exactly 27" and all other path-cycle covers have either weight zero or a
weight larger than 27", it follows Cgeo(D; —3,0) # 0.

5.3. Extending to y =0 and y = —1. Unfortunately, the above inapprox-
imability results do not directly carry over to the two lines y = 0 and y = —1
since the corresponding problems on the y-axis are computable in polynomial
time. Thus, we will establish the inapproximability of one point on each of
these two lines and give an approximation preserving reduction from these two
points to every point on the lines that has a root. Specifically, we consider the
problems Cyeo(—1,0) and Cyeo(—1, —1). The proof mainly follows the proof of
the inapproximability of the negative y-axis. So we will only give a rough proof
sketch.

LEMMA 5.25. For y € {0,—1}, approximating Cyeo(—1,y) is not possible
within any polynomial factor unless RFP = #P.

PROOF (sketch). The essential difference to the proof for the y-axis lies in
the equality gadgets. The main components of the gadgets are depicted in
Figure 5.12. On the one hand, they ensure that the total weight contribution
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Y Y

Figure 5.13: Equality gadget construction. Use graphs of Figure 5.12 in place
of diamond.

of all good cycle covers in which either both outer paths v ~» v and v’ ~ v are
present or both are absent have a non-zero weight contribution in total. On the
other hand, even though these graphs do not prohibit bad states completely,
all the other bad cycle covers sum up to zero. The reason why we still cannot
directly use these graphs as equality gadgets lies in the fact that the weight
factor stemming from all good states of the graphs where both outer paths
are present differs from the one stemming from all good states where both
outer paths are absent - but luckily only in sign. To overcome this problem
we connect two copies of these graphs in series to form the desired equality
gadgets, see Figure 5.13. Having an equality gadget, we can proceed to build
an implies gadget as well as a NAND gadget as done before, see Figure 5.7
and Figure 5.4. It is easy to adapt the inapproximability proof of the negative
y-axis using these newly constructed gadgets. 0

We can now carry over this inapproximability result to all points on the
lines y = 0 and y = —1 that have roots.

LEMMA 5.26. Let y € {0,—1} and « # 0. If there is a root in (z,y), then
Caeo(,y) is hard to approximate within any polynomial factor unless RFP =

#P.

Proor. We give an approximation preserving reduction similar to the one
used in Section 5.2. For that, we construct a digraph G with the following
properties:
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1. G contains a vertex s with no incoming edges.
2. Coeo(G2,y) = —Cleo (G — 552, y) With a 1= Cyeo (G 2, y) # 0.

Using G in the same construction as in Section Section 5.2 and by the same
reasoning, we get a digraph D’ with

Cgeo(D/; [L‘7 y) = Z o{P('PC)yO'(//XZ) (_Q)nfp('p(/’)
path-cycle cover PC of D
=a" Z (_1)p(PC)yo(PC)

path-cycle cover PC of D

= a"Cyeo(D; —1, ).

Given a minimal root R, we construct a digraph G(R) as shown in Fig-
ure 5.11. As before, denote by R’ the graph that is obtained from R when all
incoming edges to v are deleted. By edge-minimality of R, we have

(5.27) § 1= Cyeo(R';2,y) # 0.

We now prove Cyeo(G(R); x,y) = —Clgeo(G(R) — 552, y) # 0 for a particular
choice of the multiplicities p, ¢ € N. By (5.21) we have,

(5.28) Ceeo(G(R); 2, y) = qo(z + 1Y) + dx + po.

Let = ¢ with a € Z\ {0} and b € N'\ {0} relatively prime.

If y = 0, there is no root in (z,y) for x > 0. It follows a < 0. By choosing
r:=0,¢g:=b—1and p:=—a+1, we get Coeo(G(R);z,y) = —0. If y = —1,
let g:=2b—1>0,r:= (%} and p := gr — 2a — 1. Note that, because of our
choice of r, it holds p > 0 and Cyeo(G(R); z,y) = —9.

As for G(R) — s, we get by (5.23),

Cgeo(G<R) - ST, y) # 0. U

6. Inapproximability of the Factorial Cover Polynomial

Although the cover polynomial agrees with the geometric cover polynomial on
the y-axis and satisfies the same contraction-deletion identities (2.7), except for
the base case, it seems much more difficult to handle than its geometric version.
The reason is that while the geometric cover polynomial is multiplicative (see
Lemma 2.8), we only have a rudimentary product rule for the cover polynomial.
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LEMMA 6.1 (Chung & Graham 1995, Corollary 2). Let D, be the graph ob-
tained as the disjoint union of two digraphs Dy = (Vi, Ey) and Dy = (Va, E3)
together with all edges (vy,v) for vy € V; and vy € Vo.!' Then for all z,y € Q,
we have

C(DLQa x, y) - C(D17 x, y)C(D27 €, y)

Interestingly, there is a nice relationship between the cover polynomial of a
simple digraph D = (V| F) and its complement D = (V,V x V' \ E).

LEMMA 6.2 (Chung & Graham 1995, Chow 1996). Let D be a simple digraph
and D its complement. It holds,

(6.3) C(Djz,y) = (—1)"C(D; =z — y,y).

The lack of proper multiplicativity makes the task of finding gadgets for
approximation preserving reductions harder than for the geometric cover poly-
nomial. Still; since C' agrees with the geometric cover polynomial on the y-axis,
we get the following corollary.

COROLLARY 6.4. Let y € Q withy ¢ {1,0,—1}.
For y > 0 or y < 0 approximating C(0,y) is not possible within any poly-
nomial factor unless RP = NP or RFP = #P, respectively.

Note that this result also holds even if C'(0, y) is restricted to simple graphs,
since all reductions used either do not make any use of graphs with multiple
edges or can be easily adjusted appropriately. We can extend it a bit by using
the ‘horizontal reduction’ of (4.4) and the reciprocity formula of Lemma 6.2.

COROLLARY 6.5. Let y € Q'\ {1,0,—1} and ¢ € Z. Fory > 0 ory < 0,
C(c—y,y) and C(c,y) is not approximable within any polynomial factor, unless
RP = NP or RFP = #P, respectively.

Proor. Let r € N. If C is restricted to simple graphs, we have

C(0,y) <ap C(r,y) by (4.4)
<ap C(—r —1,7) by Lemma 6.2,

and furthermore,

!This is a kind of directed join.
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C(0,y) <ap C(—y,v) by Lemma 6.2
<ap C(r —y,9) by (4.4)
<ap C(—1,y) by Lemma 6.2.
By setting r := ¢ if ¢ > 0 and r := —c if ¢ < 0, the corollary follows. OJ

7. Conclusion and Further Work

In this paper, we completely characterized the complexity of evaluating the
cover polynomial and its geometric version in the rational plane. Our reductions
should also work for complex or algebraic numbers, but we do not have any
interpretation for such points yet.

We also gave a succinct characterization of a large class of points at which
approximating the geometric cover polynomial within any polynomial factor is
not possible. Furthermore, we extended this result to a grid of points for the
cover polynomial.

Further work is to be done until a full classification of inapproximable re-
gions is achieved. Although we conjecture all points apart from the positive
quadrant to be non-approximable, it is not clear at all whether such a result
can be established by a reduction from the y-axis. As for the positive quadrant,
the question of whether there exists, in general, an FPRAS seems wide open.
Specifically, it is unclear whether the FPRAS for the line y = 1 (with z > 0)
also works for the whole positive quadrant. We tend to conjecture that apart
from the line y = 1, only the line y = 0 is also approximable in the positive
quadrant. As a step in this direction, one could try to prove that any FPRAS
similar to the one used for the line y = 1 is doomed to fail elsewhere in this
quadrant, in line with such a result for the independent set counting problem
by Dyer et al. (2002).

One might conjecture that the connection between the Tutte and the cover
polynomial is solved because both are #P-hard to evaluate at most points,
so they can be computed from each other (where they are in #P). From a
combinatorial point of view, however, P-reductions are not really satisfying
steps towards a deeper understanding of the connection between the two graph
polynomials.

One promising approach might be to consider generalizations of the cover
polynomial. Very recently, Courcelle (unpublished) analyzed general contraction-
deletion identities analogous to those of the coloured Tutte polynomial, and he
found conditions for the variables which are necessary and sufficient for the
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well-definedness of the polynomial. Unfortunately, these conditions seem too
restrictive.

The contraction-deletion identities of Tutte and cover polynomial look as-
tonishingly similar, but contractions work differently for directed and for undi-
rected graphs. Explaining the connection between Tutte and cover polynomial
means overcoming this difference.
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