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Abstract

Recently, Brand et al. [STOC 2018] gave a randomized O(4*me=2)-time exponential-
space algorithm to approximately compute the number of paths on k vertices in a graph G
up to a multiplicative error of 14-¢, based on exterior algebra. Prior to our work, this has been
the state-of-the-art. In this article, we revisit the algorithm by Alon and Gutner [WPEC
2009, TALG 2010], and obtain the following results.

e We present a deterministic 4k+O(VE(log® k+10g” €™1)) py 160 m-time polynomial-space algo-
rithm. This matches the running time of the best known deterministic polynomial-
space algorithm for deciding whether a given graph G has a path on k vertices.

e Additionally, we present a randomized 4%+0(ogk(log k+log ™))y 160 time polynomial-
space algorithm. Our algorithm is simple—we only make elementary use of the prob-
abilistic method.

Here, n and m are the number of vertices and the number of edges, respectively. Additionally,
our approach extends to approximate counting of other patterns of small size (such as ¢-
dimensional p-matchings).
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1 Introduction

The objective of the #k-PATH problem is to compute the number of k-paths—that is, (simple)
paths on k vertices—in a given graph G. Unfortunately, this problem is #W/[1]-hard [21], which
means that it is unlikely to be solvable in time f(k)n®® for any computable function f of k.
Nevertheless, this problem is long known to admit an FPT-approximation scheme (FPT-AS),
that is, an f(k, e_l)no(l)-time algorithm that approximately computes the number of k-paths
in a given graph G up to a multiplicative error of 1 £+ e. More than 15 years ago, Arvind and
Raman [7] utilized the classic method of color coding [6] to design a randomized exponential-
space FPT-AS for #k-PATH with running time k9% n®1) whenever e~ ! < kO*). A few years
afterwards, the development and use of applications in computational biology to detect and
analyze network motifs have already become common practice [36, 39, 38, 20, 26]. Roughly
speaking, a network motif is a small pattern whose number of occurrences in a given network
is substantially larger than its number of occurrences in a random network. Due to their tight
relation to network motifs, #k-PATH and other cases of the #SUBGRAPH ISOMORPHISM problem
became highly relevant to the study of gene transcription networks, protein-protein interaction
(PPI) networks, neural networks and social networks [33]. In light of these developments, Alon
et al. [2] revisited the method of color coding to attain a running time whose dependency on k
is single-exponential rather than slightly super-exponential. Specifically, they designed a simple
randomized O((2e)¥me=?)-time exponential-space FPT-AS for #k-PATH, which they employed
to analyze PPI networks of unicellular organisms. In particular, their algorithm has running
time 2°® ), whenever e~! < 29() Here, n and m are the number of vertices and the number
of edges, respectively.

The first deterministic FPT-AS for #k-PATH was found in 2007 by Alon and Gutner [4];
this algorithm has an exponential space complexity and running time 20(kloglogk) log n when-
ever ¢t = 20(loghk), Shortly afterwards, Alon and Gutner [3] improved upon their previous
work, and designed a deterministic exponential-space FPT-AS for #k-PATH with running time
(26)””(9(10g3 ¥)mlogn whenever e 1 = k(). For close to a decade, this algorithm has remained
the state-of-the-art. In contrast, during this decade, the k-PATH problem (the decision version
of #k-PATH) has seen several improvements that were considered to be breakthroughs at their
time [16, 28, 9, 11, 23]. In 2016, Koutis and Williams [29] conjectured that #k-PATH admits
an FPT-AS with running time 25291, Recently, at the cost of reintroducing randomization,
Brand et al. [14] provided a speed-up towards the resolution of this conjecture. Specifically, they
gave an algebraic randomized O(4*me=2)-time exponential-space algorithm. In the context of
Parameterized Complexity in general, and the k-PATH problem in particular, the power of ran-
domization is an issue of wide interest [1]. Specifically for the k-PATH problem, an algebraic
randomized 2¥n°M-time algorithm has been found already a decade ago [41], and since then,
the existence of a deterministic algorithm that exhibits the same time complexity has been
repeatedly posed as a major open problem in the field. Both Koutis and Williams conjectured
this question to have an affirmative answer in several venues [41, 30, 29]. Clearly, this question
is simpler than the one of the design of a deterministic FPT-AS for #k-PATH with running time
2kpOM),

In this article, we modify the foundation of the work of Alon and Gutner [4, 3|, and with a
novel twist, obtain the following results (see Theorem 6.1 and Corollary 4.1).

e First, we present a randomized 4%+Oogk(log kHOgE_l))mlog n-time polynomial-space algo-
rithm. For this purpose, we only make elementary use of the probabilistic method.

e Additionally, we present a deterministic 4k+O(Vk(log? k-+log? 671))mlog n-time polynomial-
space algorithm. In particular, without compromising time complexity, we attain both the
properties of having a polynomial space complexity and being deterministic simultaneously.
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In fact, even though we deal with #k-PATH, the running time of our algorithm matches
the best known running time of a deterministic polynomial-space algorithm for k-PATH
(the decision version of #k-PATH) [16].

Thus, the algorithm by Brand et al. [14] runs in time 4¥+°(*)m whenever ¢! = 2°(%) while our

1
deterministic and randomized algorithms run in time 45T°*)m logn whenever e ! = 2°(5%) and

el= ZO(@), respectively.

The design of polynomial-space parameterized algorithms is an active research area in Pa-
rameterized Complexity. Even (sometimes) at a notable compromise of time complexity, the
property of having polynomial space complexity is sought (see, e.g., [22, 32, 31, 8, 25]). Indeed,
algorithms with high space complexity are in practice more constrained because the amount
of memory is not easily scaled beyond hardware constraints whereas time complexity can be
alleviated by allowing for more time for the algorithm to finish. Furthermore, algorithms with
low space complexity are typically easier to parallelize and more cache-friendly.

Additionally, we remark that our approach is embeddable in the classic framework of
divide-and-color, hence it immediately extends to approximate counting of graphs of bounded
treewidth; in comparison, Brand et al. [14] note that their approach is limited to graphs of
bounded pathwidth. Similarly, we can approximately count various other objects such as ¢-
dimensional p-matchings, ¢g-set p-packings, graph motifs, and more:

Theorem 1.1. The following problems admit deterministic AR+O(VE(log? ktlog? £))  O(1) g e (resp.

randomized 4%+0O(og® k)(%)o(logk)no(l)-time) FPT-ASs with polynomial space complezity: (i)
#SUBGRAPH ISOMORPHISM for k-vertex subgraphs of treewidth O(1); (ii) #¢-DIMENSIONAL p-
MATCHING with k = (¢ — 1)p; (iii) #¢-SET p-PACKING with k = qp; (iv) #GRAPH MOTIF and
#MODULE MOTIF with k = 2p where p is the motif size; (v) #p-INTERNAL OUT-BRANCHING
with k = 2p; (vi) #PARTIAL COVER for k-element solutions.*

Towards the design of our algorithms, our first conceptual contribution is the introduction
of the notion of an approximate parsimonious splitter. While a randomized construction of
such an object is simple, we do not know how (or whether it is even possible) to compute it
deterministically within the size and time bounds that we require. We believe that this gap in
knowledge of derandomization is the main reason why, for close to a decade, no progress has
been made upon the result by Alon and Gutner [4, 3]. Here, our second conceptual contribution
comes into play. We show that for recursive procedures, a weaker object that can only split
so-called nice sets suffices, since the recursion itself can keep track on the “niceness” of sets. We
believe that both the concept of approximate parsimonious splitters as well as our approach of
how to weaken a randomized object (to efficiently compute it deterministically) at the cost of
simple bookkeeping might find further applications in the future.

Related Work. The algorithms by Alon et al. [2] and Alon and Gutner [4, 3], just like our
algorithms, extend to approximate counting of graphs of bounded treewidth. (This remark is
also made by Alon and Gutner [4, 3].) In what follows, we briefly review works related to exact
counting and decision from the viewpoint of Parameterized Complexity. Since these topics are
not the focus of our work, the survey is illustrative rather than comprehensive.

The problem of counting the number of subgraphs of a graph G that are isomorphic to a
graph H—that is, #SUBGRAPH ISOMORPHISM WITH PATTERN H—admits a dichotomy: If the
vertex cover number of H is bounded, then it is FPT [42], and otherwise it is #W/[1]-hard [18].
The #W][1]-hardness of #k-PATH, originally shown by Flum and Grohe [21], follows from this

'For problems (i) and (iv), the basis 4 is replaced by the basis 4.001 (or, more precisely, 4 + & for any fixed
constant § > 0).



Table 1: State-of-the-art of #k-PATH and k-PATH.

’ Ref. ‘ Time ‘ Counting ‘ Deterministic | Poly. Space Extension ‘

[16] k+o(k)p,O) No Yes Yes Treewidth O(1)
[40] 2.554kp0M) No Yes No Treewidth O(1)
[41] 2kpO) No No Yes Treewidth O(1)
[11] 1.657Fp0M No No Yes No Extension
3] (2e)F+oF)pO) Yes Yes No Treewidth O(1)
[14] 4kpOM Yes No No Pathwidth O(1)

This Paper | 4k+o(k),00) Yes Yes Yes Treewidth O(1)

dichotomy. By using the “meet in the middle” approach, the #k-PATH problem and, more
generally, #SUBGRAPH [SOMORPHISM WITH PATTERN H where H has bounded pathwidth and
k vertices, was shown to admit an n3 O _time algorithm [10]. Later, Bjorklund et al. [13]
showed that % is not a barrier (which was considered to be the case at that time) by designing
an n0-495%+0()_time algorithm. Recently, a breakthrough that resulted in substantially faster
running times took place: Curticapean et al. [17] showed that #SUBGRAPH ISOMORPHISM WITH
PATTERN H is solvable in time ¢©©n0174 where ¢ is the number of edges in H; in particular,
this algorithm solves #k-PATH in time kO *) 0174k

The k-PATH problem (on both directed and undirected graphs) is among the most exten-
sively studied parameterized problems [19, 24]. After a long sequence of works in the past
three decades, the current best known parameterized algorithms for k-PATH have running times
1.657*n°M (randomized, polynomial space, undirected only) [11, 9] (extended in [12]), 2¢n®()
(randomized, polynomial space) [41], 2.597%n°(1) (deterministic, exponential space) [43, 23, 37],
and 4F+0(k)pOM) (deterministic, polynomial space) [16]. The 1.657*n°(-time algorithm of
Bjorklund et al. [11, 9] crucially relies on the symmetric structure of undirected k-paths. How-
ever, all other algorithms above directly extend to the detection of subgraphs of bounded
treewidth. In particular, if the running time of the algorithm is ¢*n®®), then the running
time of the extension is c*ntT@1) where ¢ is the treewidth of the sought graph. To ensure that
the constant c remains essentially the same? when dealing with the two deterministic algorithms
(of [43, 23, 37] and [16]), the “division into small trees” trick by Fomin et al. [23] can be used;
for the randomized algorithm (of [41]), no trick is required. For the sake of clarity, we explain
how this is done in our case in Appendix A.

2 Preliminaries

For the sake of readability, we ignore ceiling and floor signs. Given a graph G, we let V(G) and
E(G) denote the vertex set and edge set of G, respectively. For a positive integer k, a k-path
in G is a (simple) path on k vertices in G; in case G is directed, the path is directed as well.
We let n = |V(G)| and m = |E(G)|. For a subset U C V(G), G[U] denotes the subgraph of
G induced by U, G — U = G[V(G) \ U], and Ng(U) denoted the open neighborhood of U in
G. We extend these notations to also consider sets U that contain entities that do not belong
to V(G)—for such sets U, G[U] denotes the subgraph of G induced by U N V(G), and still
G-U =G[V(G)\U]. Given u,v € V(G) and k € N, let Pgi,k denote the set of k-paths in G
with endpoints u and v.

2More precisely, the constant ¢ becomes a new constant ¢’ that can be made arbitrarily close to ¢ (at the cost
of a higher degree of the polynomial factor).



Treewidth is a measure of how “treelike” is a graph, which is formally defined as follows.
Here, if the given graph is directed, we refer to its underlying undirected graph.

Definition 2.1 (Treewidth). A tree decomposition of a graph G is a pair (T,3) of a tree T
and a function B : V(T) — 2V (&) such that

1. for any edge {x,y} € E(G) there ezists a node v € V(T) such that x,y € B(v), and

2. for any vertex x € V(QG), the subgraph of T induced by the set T, = {v € V(T) : x € B(v)}
1S a non-empty tree.

The width of (T, B) is max,cy (r){|B(v)|} — 1. The treewidth of G is the minimum width over
all tree decompositions of G.

Given a tree decomposition (7', 3) of a graph G, for every v € V(T'), the set S(v) is called
the bag of v. A path decomposition of a graph G is a tree decomposition (7T, 3) of G where
T is restricted to be a path. Accordingly, the pathwidth of G is the minimum width over all
path decompositions of G. We define the treewidth of a directed graph as the treewidth of its
underlying undirected graph.

For a function f : A — B and subsets A’ C A and B’ C B, define f(A") = {f(a) : a € A’}
and f~Y(B') = {a € A : f(a) € B'}. For two functions f : A — B and g : B — C, the
notation go f : A — C refers to function composition. For two tuples X = (x1,z2,...,2p) and
Y = (y1,92,--.,Yq), denote their concatenation by X +Y = (z1,22,...,Zp, Y1,¥2,-.-,Yq)- By
standard Chernoff bounds, we have the following bounds.

Proposition 2.1 ([34]). Let X1, ..., X, be independent random variables, each assigned a value
in {0,1}. Let X =3 1" | X;, and let p = E[X] denote the expected value of X. Then, for any
2
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0 <0 <1, it holds that (i) Pr(X < (1 —-9d)pu) < eiéTH, and (ii) Pr(X > (14+)u) < e

Universal Families. For any k € N, a k-set is a set of size k. Given a universe U, denote
(g) ={S C U :|S| = k}. Given a family % over U and two subsets A, B C U, denote
F[A,B|={FeZ#:ACF,BNF ={0}. Next, we present the definition of a universal family.

Definition 2.2 (Universal Family [35, 23]). Let n,p,q € N. A family .F of sets over a universe
U of size n is an (n, p, q)-universal family if for each pair of disjoint sets A € (Z) and B € (g),
there is a set F' € F that contains A and is disjoint from B, that is, F[A, B] # 0.

In the classic setting by Naor et al. [35], p = q. However, as shown by Fomin et al. [23],
cases where p # ¢ are also of interest. Specifically, the following well-known proposition asserts
that small representative families can be computed efficiently.

Proposition 2.2 ([35, 23]). Let n,p,q € N, and k = p+ q. Let U be a universe of size n.
Then, an (n,p,q)-universal family F of sets over U of size (9((];) logn) can be computed with

success probability 1 — 1/n in time O((z)nlog n). Additionally, an (n,p,q)-universal family F

of sets over U of size (’;)20(k) logn can be computed (deterministically) in time (’;)2°(k)nlog n.
Both computations can enumerate the sets in F with polynomial delay.

Observe that the constructions above are essentially optimal since any (n,p, ¢)-universal
family must be of size at least (];) We later define a notion of “approximate parsimonious
universal families” that extends Definition 2.2 to be approximately parsimonious (so that, for
all A and B, |Z[A, B]| will be roughly the same), and present a computation for approximate
parsimonious universal families.



3 Approx. Parsimonious Universal Family: Randomized Con-
struction

For any pair of disjoint sets A € (g) and B € (g), Definition 2.2 guarantees that #[A, B] # 0.
However, the number of sets in .#[A, B] can be arbitrary. In our applications, the number of
sets in .#[A, B] will be tightly linked to the number of solutions whose “first half” is in A and
whose “second half” is in B; thus, to avoid over-counting some solutions, we need all families
F|-,-] to be roughly of the same size. For this purpose, let us first extend Definition 2.2 to be
approximately parsimonious.

Definition 3.1 (d-Parsimonious Universal Family). Let n,p,q € N and 0 < 6 < 1. Denote
k=p+q. A family F of sets over a universe U of size (at most) n is a d-parsimonious
(n, p, q)-universal family if there exists T = T(n,p,q,d) > 0 such that for each pair of disjoint
sets A € (g) and B € (g), it holds that (1 —0)-T < |F[A,B]| < (1+9)-T.

We call the value T above a correction factor, and suppose it to be given along with the
family .#. Our randomized computation of a J-parsimonious (n, p, ¢)-universal family is based
on the probabilistic method, inspired by [35, 23|. Specifically, we prove the following.

Theorem 3.1. Letn,p,q € Nand0 < § < 1, and denote k = p+q. Let U be a universe of size n.
k" 1
A 0-parsimonious (n, p, q)-universal family F of sets over U of sizet = O (pq -klogn - (52> 3
P q

100k i, time O(t -n). In particular, the

can be computed with success probability at least 1 —1/n
sets in F can be enumerated with delay O(n).

We note that the choice of 100 is arbitrary; it can be replaced by the choice of any fixed
constant c¢. Crucially, we gain the extra property of being d-parsimonious while essentially
having the same time complexity and upper bound on the size of the output as in the non-
parsimonious construction. We note that our computation is the first proof that approximate
parsimonious of small size universal families exist.

Towards the proof of Theorem 3.1, we state a simple observation by [23]. For the sake of
completeness, we also present the proof.

Observation 3.1. Let n,p,q € N, and denote k = p+ q. Let U be a universe of size n. In
addition, let A € (g) and B € (g) be two disjoint subsets of U of sizes p and q, respectively.
Then, for a set F C U constructed by inserting (independently at random) each element u € U

q
into F with probability p/k, the probability that AC F and FN B =1 is pzz .

Proof. For every element u € A, the probability that w is inserted into F'is p/k. Moreover, for
every element u € B, the probability that u is not inserted into F is 1 — (p/k) = q/k. Since
|A| = p and |B| = ¢, the probability that A C F and F N B = () is (p/k)P(q/k)?. Because

q
(p/k)P(q/k)? = p%’ the observation follows. O

We are now ready to prove Theorem 3.1.

1 Kk
Proof of Theorem 3.1. Denote T = 3(100k + k + 1)Inn - 52 For t = —— - T, we construct a
pq
family % = {F}, Fy, ..., F}} as follows. For i = 1,2,...,t, we construct the set F; by inserting
each element v € U into F' with probability p/k. Distinct elements are inserted (or not) into

F; independently, and the construction of the different sets in .# is also independent. This

3Note that as p + ¢ = k, the value pkk is upper bounded by 2* rather than being of the magnitude of k*.

Pqd

5



completes the construction. Clearly, the sets in .% can be enumerated with delay O(n), and the
total time spent is O(t - n).

In what follows, we show that with success probability at least 1 — 1/n100k, F is a 0-
parsimonious (n, p, ¢)-universal family. To this end, choose (arbitrarily) two disjoint sets A € (g)

and B € (Y). By Observation 3.1, for any ¢ € {1,2,...,t}, the probability that A C F; and
q

F;NB = () is pPq?/kF. Since the construction of the different sets in .Z is also independent, the
linearity of expectation implies that the expected number of sets in .# that contain A and are

q
disjoint from B is ¢ - p% =T, that is, E[|.Z[A, B]|] = T. By Proposition 2.1, we have that

2
Pr(|.Z[A,B]| < (1—0)T) <e 'z < p~(100k+k+1)

|
82T (100k+k41)
Pr(|Z[A,B]|>(14+0)T)<e 3 =n .

IN

Thus, the probability that either |#[A, B]| < (1—0)T or |#[A, B]| > (1+49)T is upper bounded
by 2n~(100k+k+1) < p—(100k+k) ~ For the last inequality, we implicitly assumed that 2/n < 1,
since otherwise the proof is trivial.

Recall that the choice of A and B above was arbitrary. This means that by union bound,
the probability that there exist disjoint sets A € (g) and B € (Z) such that either |7 [A, B]| <
(1=9)T or |Z#[A,B]| > (14 6)T is upper bounded by

<n> . <”>  p~(100kR) kL —(100K4K) _ 7,100k,
p q

nlOOk

Thus, the success probability is at least 1 — 1/ as required. This completes the proof. [

4 Randomized Algorithms for #k-PATH

For the sake of simplicity, we suppose that k is a power of 2. Otherwise, it is required to use
ceiling and floor notations in appropriate places, which obfuscate the proofs.

4.1 Warm Up Application: Simple Randomized FPT-AS for #k-PATH

Before we delve into more technical and less intuitive definitions related to our deterministic
construction, we find it important to understand the relation between Definition 3.1 and #k-
PaTH. For this purpose, we present a simple randomized polynomial-space FPT-AS for #k-
PaTH. The dependency of the time complexity on n is made almost linear in Section 4.2).
While the improved algorithm is still short and simple, it is somewhat less intuitive and hence
presented separately later. For the sake of illustration, suppose that G is undirected.

Algorithm. Let { =In(1+¢€)/(k —1). Our algorithm, denoted by A, is recursive. Each
call to A is of the form A(G’, k') where G’ is an induced subgraph of G and k" € {1,...,k}. For
all u,v € V(G"), the call A(G', k) should output an integer a,,, that approximates the number
of k’-paths with endpoints u and v in G’. The initial call to the algorithm is with G’ = G and
k" =k, and the final output is (32, ey (q) @uw)/2-

We turn to describe a call A(G',k"). In the basis, where ¥’ = 1, we return a,, = 1 for all
v e V(G), and ay, = 0 for all u,v € V(G') (with u # v).

Now, suppose that ¥’ > 2. By Theorem 3.1, for a ¢-parsimonious (n, k’/2, k' /2)-universal
family .# of sets over V(G), we can enumerate the sets F' € % with delay O(n). For each
set F' € .7, we proceed as follows. We first perform two recursive calls: (i) we call A with
(G'[F],K'/2); (i) we call A with (G’ — F,k'/2). For any u,v € FNV(G), let bf, denote

6



the number returned by the first call. Similarly, for any u,v € V(G') \ F, let ¢f, denote
the number returned by the second call. Then, for all u € F and v € V(G') \ F, define

F _ F F
auyv - Z buvp ’ quv :
{pr,a}€E(G’)

s.t. peF,q¢F
Let T be the correction factor of .%. After all sets F' € .# were enumerated, for all u,v €

1
V(G'), we output a,, calculated as follows: a,, = — - Z ai »- Note that we do not store

Fez
s.t. ueF,v¢F

P simultaneously, but we merely store one such value at a time and delete it

u,v
immediately after af’ »/T is added. This completes the description of A. The pseudocode of the
algorithm is given in Algorithm 1.

all the values a

Algorithm 1 Simple randomized FPT-AS for #k-PATH.

Llet E=In(l1+¢€)/(k—1);

2: call SIMPLERAND(G, k): let a,, be the output for u,v € V(G);

3: return ZU,UEV(G) Ay /2;

4: function SIMPLERAND(G', k)

5: if ¥ =1 then

6: return a,, = 1 for v € V(G’), and a,,, = 0 for u,v € V(G’) where u # v;
7 end if
8
9

initialize a,, = 0 for u,v € V(G’);
let I be an iterator of an &-parsimonious (n,k’'/2, k’/2)-universal family % over V(G)
with correction factor T', given by Theorem 3.1;
10: for all F' € .# (iterate with /) do

11: call SIMPLERAND(G'[F], ¥ /2): let b}, be the output for u,v € F N V(G');
12: call SIMPLERAND(G' — F, k'/2): let civ be the output for u,v € V(G') \ F;
13: letafivz Z bip‘cgyv foru e Fand v e V(G')\ F;

{p,a}eE(G"):

pEF,qEF

14: update ayp = Ay + aiv/T forue F and v e V(G')\ F;
15: end for
16: return a,,, for u,v € V(G');

17: end function

Analysis. The main part of the analysis is done in the proof of the following lemma.

Lemma 4.1. For some fized constant n > 0, any call A(G', k") has polynomial space complex-

ity and running time nlogk,élklk’logk/ (log n)logk/an(g%)logk/. Additionally, if all constructions

of approzimate universal families were successful, then for all u,v € V(G'), the number a,,
returned by A(G', k') satisfies (1 —5)’“"%%’“' <y, < (1 —I-f)k/_lmﬁlﬁk/ where :Eflvkl = |77u;k/|
Proof. Let A\ be a fixed constant that bounds from above those hidden by the O-notations in
Theorem 3.1. Let n be a fixed constant such that SIMPLERAND(G”, k") for any G” and k" it
may be called with, with the exception of the recursive calls that it makes, can be executed in
time 7 - [.Z| - mn%.* We remark that the dependency on n and m is such due to Statement (i.e.,
Line) 13 in the pseudocode. We choose 1 = 10 max{\,7}.?

“This bound does not depend on G” and k", which is why we use n (being |V(G)|) and m (being |E(G)|)
rather than |V(G")| and |E(G’)|.

®We choose 10 just because it is a large enough constant so that the last inequality that concerns time
complexity holds.



Let k' = k/2¢. The proof is by backwards induction of d. In the basis (k¥ = 1), the claim is
trivial. Now, let d < log, k — 1, and suppose that the claim holds for d + 1. Clearly, A(G’, k')
has a polynomial space complexity. By Theorem 3.1 and the choice of A, we have that

K 1 : 1
FI< A ; — Klogn-— =X-2" . klogn - =.
‘ ’ (k//2)k /Q(k’//Q)k /2 é‘? 52

Moreover, by the inductive hypothesis, for a fixed constant 7 > 0, the running time of A(G’, k')
’ ’ k/ ’ ’ 1 ’

is upper bounded by |.Z| - <2 - los 4% (5)log B (logn)'°e %an(?)log % +7mn? ). Note that

7 is independent of 7. Because n = 10 max{\, 7}, this means that the running time of A(G’, k)

is upper bounded by

K 1
5 )log 2 (log n)log zZmn (52)1Og 7 4 Tmn2>

1 ' Aokt slog k' —1 - 1
< EQk L logn£2 <2 . nlogk 12k L''°8 (log n)logk l,rnn2(£72
1

< nlog k'4k/ k/logk (log n)logk mn (52

This completes the proof of the first item of the claim.
Towards the proof of the second item of the claim, suppose that all constructions of ap-

proximate universal families were successful, and consider some u,v € V(G'). By the inductive
hypothesis, we have that

21 (2o ee
)log k'—1 + 177()mn2>

)log K ]

1 F 1 F F
Ay = T : Z au,’u = T ’ Z Z b’qu ’ C‘LU
FeF FeF {p,a}€E(G’)
s.t. uEFWgF s.t. uEF,vgF s.t. peF,q¢F
1 ’L/_ G/[F} K G F k/
<7 2 S 0T e, g
FeZF {p,qa}€E(G’)
s.t. ueF,vgF s.t. pEF,q¢F
1 2 ¢'FE  @-FE
ER RIS DU N DR L P

FeZ {p.a}€E(G")
s.t. ueF,v¢F s.t. peF,q¢F
For any subset FF C V(G'), let Pﬁ;’k/ [F] denote the set of paths P € qu;’k/ such that F €
F[A, B] where A (resp. B) is the set of k'/2 vertices on P closest to u (resp. v) including
G K
woo 2res [Pud” [F]]
T

u (resp. v). Thus, the last expression above is equal to (1 + &)
implies that

, which

auvg(1+§)k ZFEQ‘Puv [ ”

Since .# is an ¢-parsimonious (n K'/2,K [2)- universal family, for any path P € PS " it holds
that the number of sets F' € .# such that P € Pu v /[ F] is upper bounded by (1 + £)T'. Thus,

L (L4 TIPS

up < (1+ Y -

_ G/k/
= (1+ &M 1aGM.

Symmetrically, we derive that (1 f)k/_l g Uk < @y,y- This completes the proof. O

We now conclude the following theorem.



Theorem 4.1. There is a randomized (4k+0(k)mn2+mn2+°(1))(%)0(log k) time polynomial-space
algorithm that, given a graph G, a positive integer k and an accuracy value 0 < € < 1, outputs
a number y that (with high probability, say, at least 9/10) satisfies (1 — )z < y < (1 + €)x
where x is the number of k-paths in G. In particular, if% = 20(k/10gk) " then the running time
is 4k+o(k)mn2 + mn2+o(1)‘

Proof. By Lemma 4.1 with G’ = G and k' = k, we know that the total running time of A(G, k)
is bounded by 4k+O(log k) (log n)logkmn2(%)logk and uses polynomial space. Additionally, if all
constructions of approximate universal families were successful, then for all u,v € V(G), the
number a,, computed by A(G, k) satisfies (1 — &)¥~ lejf < ayy < (14 6k lscgf

If logn < 2‘/E, then (logn)lee® < 2°%)  Otherwise, when logn > 2f, it holds that
k< 10g2 logn. It follows that 4k+(’)(log2 k)(log n)logk < 4log2 log n+0O(logloglog n) (log n)2loglog logn <
O(log2 log n

n®Clen ) < e In addition, by Taylor series In(1 4+ z) = S20°,(—1)"1E it follows
that €/2 < € — €2/2 < In(1 + €) < ¢, which means that (%)logk = 20(10g? R)(1)00oek) - Thus,
4k+(9(log2 k) (log n)log kan(%)logk — (4k+o(k)mn2 + an—l—o(l))(%)O(logk).

We now claim that with high probability, all constructions of approximate universal families
were successful. By Theorem 3.1, the probability that a single construction is successful is
at least 1 — 1/n'0% . Thus, the probability that all constructions are successful is at least
(1 — 1/nt0%)# where 4 is the number of constructions. Clearly, the number of constructions is
upper bounded by the running time of A. In turn, we can assume w.l.o.g. that the upper bound
proven on this running time is, in itself, upper bounded by n*, since otherwise the problem
can be solved exactly by brute force within it. Thus, u < n*. From this, we know that the
probability that all constructions are successful is at least (1 — 1/ nlOOk)"k. As n grows larger,
this value approaches 1. In particular, the success probability can be assumed to be at least
9/10 (otherwise n is a fixed constant), which proves our claim.

Thus, we know that for all u,v € V(G), it holds that (1 —¢&)* 1z Gk < ayp < (1+EF 1:U§f

Substituting ¢ by 204 we have that for all u,v € V(G), it holds that (1—1In(1+e)zSF <

(1- ln,£1+e))k LGl <y, < (14 (H'e))k LGk < em49,G%  Since (1—€) < (1—In(1+¢)) and

e"(1+€) = (1 +¢), we have that for all u,v € V(G), it holds that (1— e)xﬁ’vk <ay, < (1 +e)x§’v]€.
Thus,

y= > aw |25 DY Q+eaff|2=0+o| Y 20F]|/2=(0+eu

u,veV(G) u,veV(G) u,veV(G)

Symmetrically, we obtain that (1 — €)x < y. This completes the proof. O

4.2 Improved Randomized FPT-AS for #k-PATH

As our improved randomized FPT-AS is less intuitive, we first discuss the intuition behind it.
Here, in addition to G’ and k’, every call to the recursive algorithm A is given an assignment
B:V(G)\ V(G') — Np of a non-negative integer to each vertex outside G'. Roughly speaking,
for each vertex v € V(G) \ V(G'), the value 3(v) is an approximation of the number of k-paths
that end at v and are completely contained in G — U for a certain integer k € {1,2,... .k —k'}
and a subset U C V(G) that contains V(G’).® In particular, given that now the goal of each
call is to output such an assignment for G — (U \ V(G’)) (a precise definition of the goal of a
call is given in the formal description of the algorithm), we do not need to consider every pair of

5To be more precise, when we reach a recursive call, some part of the graph G and of k has already been
processed, some part is to be processed in the current call, and some part is to be processed in future calls to be
made by ancestor calls of the current one; then, U and k are the vertex set and part of k£ already processed.
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vertices u,v € V(G') and compute a value a,, ,; instead, we only compute one value per vertex.
Additionally, recall that in the previous algorithm in order to compute a,,,, we considered every
edge {p,q} € E(G") while computing ai » and hence divided our task into the computation of
k' /2-paths between u and p in one recursive call and k’/2-paths between ¢ and u in the other.
Here, we do not store the two endpoints of paths, but their “middle”. More precisely, the flow
of information differs: to compute the assignment we need to output in the current call, we
perform one recursive call to which the assignment 3 is given as input; this call will return an
assignment that “handles” the first k + k’/2 vertices on the paths being counted, and be sent

as input to the second recursive call to handle the next k’/2 vertices.

Algorithm. Let { =In(1+¢€)/(k—1). We add a new vertex s to G and connect it to all
vertices in GG. Thus, rather than counting the number of k-paths in the former graph G, we can
count the number of (k + 1)-paths with s as an endpoint in the new graph G. In what follows,
we focus on this goal.

Our algorithm, denoted by A, is recursive. Each call to A is of the form A(G’, k¥, B) where G’
is an induced subgraph of G, k' € {1,...,k}, and 8 : V(G) \ V(G') = Ny. The call A(G', K, )
should output an assignment « : V(G') — Ny with the following property: For each vertex
v € V(G), it holds that «(v) approximates the following number:

§ : G’k
5(17) : :Uq,v )
{p,qa}€E(G)
s.t. pgV(G'),qeV(G)

where xg;;k, = \PG/’]C/\.

The initial call to the algorithm is with G’ = G — {s}, ¥ = k, and SB(s) = 1. The final
output is >, cy (g 53 (V)

We turn to describe a call A(G', k', 8). In the basis, where ¥’ = 1, we return an assignment
a: V(G") — Ny defined as follows: For each vertex v € V(G'), define

a) = > Bl
A
Intuitively, the meaning of this sum is to extend each path “considered by ” by one vertex,
so the number of paths that end at v is the sum, over every neighbor u of v, of number of
paths “considered by ” that end at u (and so it only makes sense to consider the case where
u ¢ V(G)).

Now, suppose that ¥’ > 2. By Theorem 3.1, for a &-parsimonious (n, k’/2, k' /2)-universal
family .7 of sets over V(G), we can enumerate the sets F' € .# with delay O(n). For each set
F € Z, we proceed as follows. We first recursively call A with (G'[F], k"/2, Br) where SF is the
extension of § that assigns 0 to every vertex in V(G’) \ F. Let yp be the output of this call,
and extend it to assign 0 to every vertex in V(G) \ V(G’). Then, we recursively call A with
(G"— F,K'/2,vF). Let ap be the output of this recursive call.

Let T be the correction factor of .%. After all sets F' € .% were enumerated, the output
a:V(G") — Ny is computed as follows. For all v € V(G’), we calculate

a(v) = Z ap(v) | /T.

Fez
s.t. vgF

Note that we do not store all the assignments ar simultaneously, but we merely store one such
assignment at a time and delete it immediately after ap(v)/T, for every v € V(G’), is added.
This completes the description of A. The pseudocode is given in Algorithm 2.

10



Algorithm 2 Improved randomized FPT-AS for #k-PATH.

Llet E=In(l+¢€)/(k—1);

2: add a new vertex s to (G, and connect s to all vertices in G;

3: let B : {s} — Ny assign 1 to s;

4: call IMPROVEDRAND(G — {s},k + 1, 3): let a be the output;

5: return Zvev(a)\{s} a(v);

6: function IMPROVEDRAND(G', K/, 3)

7 if ¥ =1 then

8: return « : V(G') — Ny where for v € V(G'), a(v) = wevien. B(u);

o endif e

10: initialize a : V(G') — Ny to assign 0 to each v € V(G');

11: let I be an iterator of an &-parsimonious (n, k’'/2, k'/2)-universal family % over V(G)
with correction factor T, given by Theorem 3.1;

12: for all F € .# (iterate with I) do

13: let B be the extension of 3 that assigns 0 to each v € V(G') \ F;

14: call IMPROVEDRAND(G'[F],k'/2, Br): let vr be the output;

15: extend g to assign 0 to each v € V(G) \ V(G');

16: call IMPROVEDRAND(G’ — F, k' /2,~vF): let ar be the output;

17: update a(v) = a(v) + ap(v)/T for v e V(G') \ F;

18: end for

19: return «;

20: end function

Correctness. The proof of correctness of our algorithm roughly follows the same lines as
the proof of correctness of Theorem 4.1. The main part of the analysis is done in the proof of
the following lemma.

Lemma 4.2. For some fized constantn > 0, any call A(G', k', 8) satisfies the conditions below.

o A(G' K, B) takes time n'°® K 4R orlos k! (log n)'os k/m(g%)log K and polynomial space.

o If all constructions of approximate universal families were successful, then for all v €
V(G"), the number a(v) assigned to v by the assignment o returned by A(G', k', B) satisfies
the following inequalities:

’_ i ’_ 1 7.0
(1=~ > B2l | <alv) < (1M > Blp) -Gt
{pr,a}€E(G) {p,a}€E(G)
s.t. pgV(G’),qeV(G’) s.t. pgV(G’),qeV(G')

G K G' k'
where xgy" = |Pgw" |-

Proof. Let X\ be a fixed constant that bounds from above those hidden by the O-notations in
Theorem 3.1. Let 7 be a fixed constant such that IMPROVEDRAND(G”, k") for any G” and k"
it may be called with, with the exception of the recursive calls that it makes and the basis (that
takes time O(m)), can be executed in time 7 - |.Z#| - n.

Let k' = k/2¢. The proof is by backwards induction of d. In the basis, where k&' = 1, the
claim trivially holds.

Now, let d < log, k — 1, and suppose that the claim holds for d + 1. Clearly, A(G’, k', 3) has
a polynomial space complexity. By Theorem 3.1,we have that

, 1
. Z| <X-2¥ . K'logn - =
11



By the inductive hypothesis, the running time of A(G’, k¥, 3) is upper bounded by

7] [ 2-nom 4t k,k%gl o (L)°
: n 5 (logn) 2m e +71n

As in the proof of Theorem 4.2, because n = 10 max{\, 7}, we obtain that the running time of
A(G' K, B) is upper bounded by

/ /- log k/ / 1 log K
nlogk 4k: L og (log n)logk m <§2> )
Towards the proof of the second item of the claim, suppose that all constructions of ap-
proximate universal families were successful, and consider some v € V(G’). By the inductive
hypothesis, we have that

1
a(v) = T Z ar(v)
FeZF
s.t. vgF
1 Ky G'-F
ST Z (1+&=2""- Z vr(a) -z,
FeZF {a,b}€E(G)
s.t. vgF s.t. agV(G'—F),beV(G'—F)
¥y 1 K G'[F], % G-FE
<A+OTo Y > 1+5 1Y B0) wga 7 | wy,
FeZ {a,b}EE(G) {p,a}€E(G)
s.t. vgF s.t. agV(G/'—F),beV(G'—F) s.t. pgV(G’),qeF
| G'IFLE @R
S DY > > Bp)-wga % a7
FeZ {p,qa}€E(G) {a,b}€E(G)

s.t. v€F  \s.t. pgV(G’'),q€F s.t. a¢V(G'—F),beV(G'—F)

In addition, for any subset F' C V(G'), let 775 o [F'] denote the set of paths P € 735 ' such that
F € Z|A, B] where A (resp. B) is the set of k’/2 vertices on P closest to g (resp. v) including ¢
(resp. v). Thus, with the last expression above being equal to the one below (that bounds a(v)
from above), we have that

o) U+ X | Y 8w IPEMIE)

FeZ {r,a}€E(G)
s.t. vgF s.t. pgV(G’),qeF

L AT SR VT B DI fal

{p,qa}€E(G) FeZF
s.t. p@V(G!),qeV(G') s.t. vgF,qEF
Since .Z is a &-parsimonious (n, k'/2, k' /2)-universal family7 for any vertex ¢ € V(G’) and path
P e ng’ the number of sets F' € .% such that P € Pq v [ ] is upper bounded by (1 + &)T
Thus, we have that

alv) <@+&F2. — > Bp) - (1 + TIPS

{p,q}€E(G)
s.t. pgV(G'),qeV(G')

ﬂ

(146" B(p) - aGy¥

{p, q}EE G)
s.t. pGZV(G') qeV(G")



Symmetrically, we derive that (1 —¢&)¥ 1. Z B(p) - z5F | < a(v). This com-

qiv
{p,a}€E(G)
s.t. pgV(G'),qeV(G’)

pletes the proof. O
We now conclude the proof of Theorem 4.2.

Theorem 4.2. There is a randomized (4k+°(k)m+mn°(1))(%)o(log k) _time polynomial-space al-
gorithm that, given a graph G, a positive integer k and an accuracy value 0 < e <1, outputs a
number y that (with high probability) satisfies (1 — €)x < y/2 < (1 + €)x where x is the number
of k-paths in G. In particular, if% = 90(k/1ogk) then the running time is 480k mpo)

Proof. For the sake of simplicity, we let G denote the graph obtained after the addition of s
(rather than the input graph G). Then, it is sufficient to show the inequalities (1 — €)z < y <
(1+€)x where x is the number of (k+ 1)-paths in G with s as an endpoint. (To see this, observe
that the number of (k + 1)-path in G with s as an endpoint is exactly twice the number of
k-paths in the original graph.)

Let Binit be the assignment finiy : {s} — Np that satisfies Sinit(s) = 1. Observe that for
all v € V(G) \ {s}, it holds that }_ {p.a}€B(G) Binie(p) - 2w M is simply equal to

s.t. pgV(G—{s}),qeV(G—{s})

2 Thus, by Lemma 4.2 with G/ = G, k' = k and 3 = Bini, we know that

o A(G,k, Bini) Tuns in time 45+00g” k) (1og n)logkm(%)logk and uses polynomial space.

e If all constructions of approximate universal families were successful, then for all v €
V(G)\ {s}, the number a(v) assigned to v by the assignment « returned by A(G, k, Binit)
satisfies (1 — £)k*1st,{,k+1 <al)<(1+ {)kilst,bkﬂ.

As in the proof of Theorem 4.1, 4k+0(108* k) (og n)l‘)gkm(%)log k= (4k+o(B)mpmpe))(1)Olosk),
Moreover, as in the proof of Theorem 4.1, with high probability (say, higher than 9/10), all
constructions of approximate universal families were successful. Thus, we know that for all
v € V(G)\ {s}, it holds that (1 — &)* 1z < a(v) < (14 &)F125F. As in the proof of
Theorem 4.1, for all v € V(G) \ {s}, it follows that (1 — e):zcsGﬂ’)kJrl <aw) <(1+ e)xSG,;,kH.

We thus obtain that

y= Z a(v) < Z (1+ e)wS;,kH =(1+¢e) Z :ES;,I“H =(1+e¢€)z.
veV(G)\{s} veV(G)\{s} veV(G)\{s}
Symmetrically, we obtain that (1 — €)x < y. This completes the proof. O
The time complexity bound above can be easily reduced to 4k+0(log? K)mlog n(%)o(log k),
Indeed, it is only required to utilize Proposition 5.2 to reduce the universe size from n to k2
before calling the algorithm in Theorem 4.2; then, the term that gives rise to n°) above is
2

subsumed by 4°0°8” %) - Since this is precisely what our deterministic algorithm does to obtain

such dependency, we do not repeat these details. Here, we directly restate Corollary 4.1.
Corollary 4.1. There is a randomized Ak+0(log? k)mlog n(%)o(logk)-time polynomial-space al-
gorithm that, given a graph G, a positive integer k and an accuracy value 0 < e <1, ‘outputs a
number y that (with high probability) satisfies (1 — €)x < y/2 < (1 + €)x where x is the number

of k-paths in G. In particular, if% = 20(k/1ogk) then the running time is 4F°*)mlogn.
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5 Approx. Parsimonious Universal Family: Deterministic Con-
struction

5.1 Definitions and Statements

We do not know how to deterministically construct small J-parsimonious universal families.
Indeed, the best construction that we are aware of is the one based on bipartite Paley graphs
(see Theorem 11.9 in the book by Jukna [27] and the historical notes behind the result). This
construction leads to families of size 4+°(%) for p = ¢ = &, whereas we would like size 28+°(*),
Instead, we provide an efficient deterministic computation of a small §-parsimonious universal
family that is suitable for handling so-called “nice pairs”. The crucial point is that with respect
to our applications, this relaxed construction suffices. In this section, we present the definition
of this relaxation, its construction as well a main property that this definition satisfies (Lemma
5.2). To allow the reader to see the “big picture”, we defer the proofs of the two lemmas and
the theorem stated in this subsection to the next subsections.

To simplify the following definitions, we introduce the following notation. To see the intuition
behind this notation in the context of applications, throughout this section h can be thought
of as a function that reduces the size of the universe from n to z, by coloring each of the n
elements of the universe in one of z colors. These z colors are then partitioned into ¢ parts, and
we indicate the parts of the partition as f~1(i), i € {1,2,...,t}. We will pick f to partition the
reduced universe evenly into parts of size k/t. For bookkeeping purposes, we write down the
sizes of intersections of “partial solutions” with each part in a vector p = (p(1),...,p(t)), with
0 <p(i) <k/t.

Definition 5.1. Let n,p,q,t,z € N, and k = p+ q. Let U be a universe of size n. A
t-dimensional vector p = (p(1),p(2),...,p(t)) such that p(i) € {0,1,...,k/t} for each i €
{1,2,...,t} and 22:1172' = p is called (p,q,t)-compatible. When p is clear from context, for
each i € {1,2,...,t}, denote p; = p(i) and q¢; = (k/t) — p;.

A triple (h, f,p) is called (n,p,q,t, z)-compatible if h : U — {1,2,...,2}, f:{1,2,...,2} —
{1,2,...,t}, and p is (p,q,t)-compatible. (The universe U will be clear from context.)

We begin by defining what is a nice pair. Intuitively, it is a pair of disjoint sets (A, B) whose
union is reduced “properly” by h so it does not map two elements in the union to the same
element in the reduced universe, and which “comply” with p, where A is thought of as the set
of elements we “currently use” to construct partial solutions, and B is thought as the set of
elements we will “use next” to extend them.

Definition 5.2 (Nice Pair). Let n,p,q,t,z € N. Let U be a universe of size n. Let (h, f,p) be
(n,p, q,t, z)-compatible. A pair (A, B) is nice (with respect to (h, f,p)) if A € (g) and B € ((q])
are disjoint sets, and the following conditions hold.

1. The function h is injective when restricted to AU B.

2. For each i € {1,2,...,t}, it holds that [{u € A : f(h(u)) = i}| = p; and |[{u € B :
f(h(u)) =i} = (k/t) — pi.

Towards the definition of a J-parsimonious universal family for nice pairs, we first present

a weaker definition of this notion where we have a triple (h, f,p) at hand. Essentially, this

definition can be thought of as a restriction of the definition of a parsimonious universal family
that works only for nice pairs.

Definition 5.3 (Specific §-Parsimonious Universal Family for Nice Pairs). Let n,p,q,t,z € N.
Let U be a universe of size n. Let (h, f,p) be (n,p,q,t,z)-compatible. Let 0 < § < 1. A family
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F of sets over {1,...,z} is a d-parsimonious (h, f, p)-universal family (for nice pairs) if there
exists T = T(h, f,p,0) > 0 such that for every nice pair (A, B), it holds that (1 — ) -T <
\F(h(A), h(B)]| < (1+6)T.

Before we show how to extend Definition 5.3 to the notion useful for applications, we argue
that small -parsimonious (h, f, p)-universal families can be computed “efficiently”.

Lemma 5.1. Let p,q,t,z € N, and denote k = p+ q and s = k/t. Let (h, f,p) be (n,p,q,t,z)-
compatible. Let0 < § < 1. A 0-parsimonious (h, f, p)-universal family F of sets over {1,...,z}

of size £ = O ((2) - (k -log z - %)Qt) can be computed in time € - 25T sOWt. In particular, the

sets in .F can be enumerated with delay 251 s@M¢.

Towards the definition of our general construction, we need to present the definitions of a
balanced splitter and a balanced hash family. Constructions of such a splitter and a family were
given by Alon and Gutner [4, 3].

Definition 5.4 (Definition 2.2 [4]). Suppose that 1 < ¢ <k <n and0<e <1, and let ¥ be a
family of functions from {1,...,n} to {1,...,L}. For a set S € ({1",‘%’”}), let split o (S) denote
the number of functions f € . that split . into equal size parts, that is, |f~1(i)NS| = k/L.
Then, . is an e-balanced (n,k,{)-splitter if there exists T = T(n,k,l,e) > 0 such that for
every set S € ({1"1‘6""}), we have (1 — )T < split ,(S) < (1 —€)T.

Definition 5.5 (Definition 2.1 [4]). Suppose that 1 < k <{<n and0<e < 1. A family A
of functions from {1,...,n} to {1,...,¢} is an (e, k)-balanced family of hash functions if there
exists T =T(n,k, €, €) > 0 such that for every set S € ({1",;“}), the number of functions in
that are injective when restricted to S is between (1 —e)T and (1 + €)T.

We are now ready to define our general derandomization tool. Here, instead of considering
a single triple (h, f, p) as in Definition 5.3, we have two families to generate all such triples that
are relevant to us, and store a parsimonious universal family with respect to each of them.

Definition 5.6 ((General) §-Parsimonious Universal Family for Nice Pairs). Let n,p,q € N
and 0 < 6 < 1, and denote k = p+q, z = %,t:\/g, s =k/t =k, and e = §/3. Let
U be a universe of size n. A d-parsimonious (n,p, ¢)-universal tuple (for nice pairs) is a tuple
(A, {ﬁh’f’p}he%ﬂ,fey’p), where the enumeration is over every (p,q,t)-compatible p, that

satisfies the following conditions.

o J is an (e, k)-balanced family of hash functions from {1,...,n} to {1,...,z} (with cor-
rection factor T,y ).

o .7 is an e-balanced (z, k,t)-splitter (with correction factor Ty ).

e For every hash function h € A, splitter f € .7 and (p, q,t)-compatible function p, it holds
that FMIP is a §-parsimonious (h, f, p)-universal family (with correction factor Ty).

We define the collection of quadruples of (H,.7, {ﬂ\h’f’p}]he;ﬁfey’p) as the collection of
every quadruple (h, f,p, F) such that h € 7, f € . and F € #™'P. By enumerating the
quadruples of (H,.7, {ﬁh’f’pﬂhejf’fey,p), we refer to the enumeration of every quadruple in
this collection. We remark that below, for the sake of brevity, when we write k, z,¢,s,¢, T, T &
and Tp, we refer to the notations given in Definition 5.6. Let us now state our construction.

Theorem 5.1. Let n,p,q € N and 0 < § < 1. Denote k = p + q. Let U be a universe of size
n. A d-parsimonious (n,p,q)-universal tuple (H,.7, {9h’f’p}\h€%’f€y,p) whose collection of

quadruples is of size £ can be computed in time %—i—ﬁ-A. In particular, after preprocessing
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(@)
time %, the quadruples of (A, {ﬂh7‘f’p}|hejf7f6rjﬂyp) can be enumerated with delay

A. Here,
! = <k> . 9O(Vk(log? k-+log” })) logn, and

p
A = 20(\/%(10g k+log %)) ]

In order to state the property of a d-parsimonious (n,p,q)-universal tuple that makes it
useful for applications, we need one last definition.

Definition 5.7. Let n,p,q € N and 0 < d < 1. Let U be a universe of size n. Furthermore, let
(A, {yh’f7p}|hejf7fey7p) be a d-parsimonious (n, p, q)-universal tuple. Finally, let A € (g)

and B € (g) be disjoint sets. We say that the pair (A, B) fits a quadruple (h, f,p,F) of
(A, S AT P pew rerp) if (A, B) is nice with respect to (h, f,p), and F € F[h(A), h(B)].

Finally, we state the promised property.

Lemma 5.2. Let n,p,q € N and 0 < 6 < 1. Let U be a universe of size n. Furthermore,
let (A, S {F"PY e tesp) be ad-parsimonious (n,p, q)-universal tuple. Then, there ezist
T =T(n,p,q,0) > 0 and for every p that is (p,q,t)-compatible, Ty, = Tp(n,p,q,) > 0, such
that for any A € (g) and B € (Z) that are disjoint, the following conditions hold.

1. The number of triples (h, f,p) with respect to which (A, B) is nice, where h € J, f € ./
and p is (p,q,t)-compatible, is between (1 — )T and (14 9)T.

2. For any triple (h, f,p) with respect to which (A, B) is nice, where h € S, f € % and p is
(p, q,t)-compatible, the number of quadruples (h, f,p, F) of (,.7, {9h’f’p}\h€%z,f€y7p)
that fit (A, B) is between (1 — 0)Tp and (1 + 6)Tp.

5.2 Proof of Lemma 5.1

Since we will reduce n to O(k?/¢) later on, our computation is allowed to be inefficient for
large n, and we will now present such a procedure. To this end, we use an adaptation of the
proof of Theorem 4.1 in [4] (based on the method of conditional probabilities). For the sake of
completeness, we give the full details of this proof below.

Lemma 5.3. Let n,p,q € N and 0 < § < 1, and denote k = p+ q. Let U be a universe of size
k

n. A d-parsimonious (n,p, q)-universal family .F of sets over U of size { = O(pﬂ -klogn-
q

52)
can be computed in time £ - n*TEOD)  In particular, the sets in F can be enumerated with
nkH1EOD) delay.

Proof. Denote t = 2 ZZQ, M = % and A\ = §/2. Consider a choice of M independent
random sets F1, Fo, ..., Fiyy C U: Every set F; is obtained by inserting each element u € U into
F with probability p/k. This choice will be derandomized in the course of the algorithm. For
every pair (A, B) of disjoint sets A € (lp]) and B € (g), define X4 p) = Zi\il X(a,B),i» Where
X(A,B), is the indicator random variable that is equal to 1 if and only if the i-th set F; contains
A and is disjoint from B. Consider the following potential function:

P — Z Z (6)\(X(A’B)—tM)+6)\(tM—X(A’B))>‘
Ae(Y) Be(V)Y)
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By Observation 3.1, its expectation can be calculated as follows:

Bo] <n> (n —p) (oo ﬁ K] 4 ﬁ e,

p q Pl -1

We now give an upper bound for E[®]. Since 1+ u < e* for all u, and e™% < 1 — u + u?/2
for all u > 0, we get that te > + (1—-1) < ete™ =1 < et AA2/2) - Define € = e — 1, that is
A =In(1+¢€). Thus te* + (1 —t) = 1 + et < e*. This implies that

66

o )tM +6A2tM/2>_
€

E[®] < n*((
Since e* < 1+ u + u? for all 0 < u < 1, we have that 16—;6 — 1A < e**. We conclude that

E[®] < ane/\2tM < e2(kInn+1)

We now describe a deterministic algorithm for finding M sets so that E[®] will still obey
the last upper bound. This is performed using the method of conditional probabilities (c.f., e.g.,
[5]). The algorithm will have M phases, where each phase will consist of n steps. In step i of
phase j, the algorithm will determine whether the i-th element in U is inserted into F;. Out of
the two possible options (inserting the element or not inserting the element), we greedily choose
the value that will decrease E[®] as much as possible. We note that at any specific step of the
algorithm, the exact value of the conditional expectation of the potential function can be easily
computed in time nFkOM),

After all the M functions have been determined, every pair (A4, B) of disjoint sets A € (g)
and B € ([q]) satisfies the following:

eA(X(A,B)_tM) +€)\(tM—X(A7B)) S 62(k1nn+1)

This implies that
—2(klnn+1) < AM(X(4,5) —tM) < 2(klnn +1).

Recall that A = §/2, and therefore

4(klnn+1)
StM

4(klnn+1)

— < < .
(1 JEM < Xap) < (14 =0 )tM

Plugging in the value of M and t, we get the desired result
(1-— (5)tM < X(A,B) <(1+ 5)tM
This completes the proof. ]

Having Lemma 5.3 at hand, we turn to present the efficient computation required to prove
Lemma 5.1.

Lemma 5.1. Let p,q,t,z € N, and denote k = p+ q and s = k/t. Let (h, f,p) be (n,p,q,t,z)-
compatible. Let 0 < § < 1. A 0-parsimonious (h, f, p)-universal family F of sets over {1,...,z}

of size £ = O ((2) - (k -log z - O((Sl))%) can be computed in time € - 251 sOWt. In particular, the

sets in .F can be enumerated with delay 251 s@M¢.
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Proof. Denote Z = {1,2,...,z}. Define the partition (2, Za, ..., Z;) of Z as follows: for each
ie{1,2,...,t}, Zi={u e Z: f(u) =i}. By Lemma 5.3, for any choice of p € {1,2,...,s}

1(1+)

and ¢ = s — p, we compute a -parsimonious (z, p, ¢)-universal family 755 of sets over Z

s

of size l55 = O(—==-slogz - with correction factor T5 . In particular, we need not

PECESIYY
( n(]t ))2
compute %5z at once, but we can enumerate its sets with delay 251500,

Let us now construct the family .. For every choice of F\ € %), ¢, F» € Fpygoy---, F1 €
Fpe.q, We insert the set (F1 N Z1) U (FoNZg) U--- U (F; N Zy) into #. Observe that the sets

in . can be enumerated with delay z5T1s?M¢. Since s -t = k, the size of ., denoted by ¢, is

upper bounded as follows.
. t
pale} p;Piq; % (ln(1t+(5) )2
! s) ( 2.0(1) >t
H . S . log Z . 27
iy \Di In“(1+ ¢)

o) (e 5225))

The last bound follows from Taylor series In(1 + z) = Ef;’zl(—l)”*l%, which implies that
In(1+0) > 68— (62/2) > §/2.

Define T' = ngl Tp,.q:- To conclude the proof, it remains to prove that .# is a d-parsimonious
(h, f,p)-universal family. To this end, we let (A, B) be an arbitrary nice pair, and show that
(1-0)-T < |Z[h(A),h(B)]| < (1+9)-T. By the construction of .# and because (Z1, Za, ..., Z;)
is a partition of Z, it holds that |Z[h(A), h(B)]| = [T'_, | Zpi.e:[M(A) N Zi, (B)N Z;]|. Moreover,
since h is injective when restricted A U B as well as [{u € A : f(h(u)) = i}| = p; and [{u €
B : f(h(u)) = i} = (k/t) — p; for every i € {1,2,...,t} (because (A, B) is a nice pair),
the construction of .%,, 4, implies that (1 — M) s ai < | Fpigs[MA) N Zi, h(B) N Zy]| <
(1+ ln(1+§)) Tp,.q.- We thus derive that

In(1+0)
+ 7) C A pisgi

:<1+ - )HTp“ql

In addition, it holds that
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Z[h(4) 1_1 R 1,
( n(1 + 0) ) HTpl,qz

> (1 =In(1+4)) HTpuql

>(1-6)-T
The last inequality follows from Taylor series In(1 +z) = >°0° | (=1)"*1£% which implies that
In(1 4+ 6) < 6 and therefore 1 —In(1 + ) > 1 — 4. This completes the proof. O

5.3 Proof of Theorem 5.1

In order to prove Theorem 5.1, we make use of the following propositions.
Proposition 5.1 (Theorem 4 [3]). For any 0 < € < 1, an e-balanced (z, k,t)-splitter .7 of size

t (log 2) O(log 2)
— can be constructed in time | — . Moreover, the functions in . can be
€ €

enumerated with polynomial delay.

Proposition 5.2 (Theorem 4.2 [4]). For any 0 < € < 1, an (e, k)-balanced family of hash
unctions from {1,...,n} to {1,...,£}, where { = %, of size % can be constructed in
€ EO( )
. kO
time %.
We are now ready to prove Theorem 5.1.

Theorem 5.1. Let n,p,q € N and 0 < § < 1. Denote k = p+ q. Let U be a universe of size
n. A d-parsimonious (n,p, q)-universal tuple (F,.7, {yh’f’p}‘hejf’fey,p) whose collection of

quadruples is of size £ can be computed in time %—i—ﬁ-A. In particular, after preprocessing

time %7 the quadruples of (H,.7, {yh’f’p}‘hejf’fey),p) can be enumerated with delay

A. Here,

- <k> . 20(\/E(log2 k+log? %)) . 10g n, and
b
A — 20(\/E(logk+log %))

Proof. We construct 5 and . by making use of Propositions 5.1 and 5.2, respectively. For ev-
ery h € A, f €. and p, we construct .Z /P by making use of Lemma 5.1. By Proposition5.1,

.. o(1) . .
we compute 7 in time %. We need not construct . and {F/P} e re.v p explicitly,

but we can enumerate the quadruples of (/.7 {ﬁh’f’p}]heyf,fey,p) with delay A, where A
is upper bounded as follows.

e By Proposition 5.2, the functions in .¥ can be enumerated with delay polynomial in k
and %
e All (p, q,t)-compatible vectors p can be enumerated with delay polynomial in k.

e By Lemma 5.1, for every h € 57, f € . and p, the sets in .# can be enumerated with

6k2 f‘i‘l )
delay z5t1s0M¢ = < 5 > (VE)OW = 9O(VE(log k+log ).
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Thus, A = 9O(Vk(log k+log 1))
The assertion that (, 7, {fgh’f’pﬂhe%’,fey,p) is indeed a d-parsimonious (7, p, ¢)-universal

tuple follows directly from Propositions 5.1 and 5.2 and Lemma 5.1. Moreover, by these propo-
sitions and lemma, it holds that:

KW logn  EOW logn

i\ Ollog=) [ g2 Vi 0108 %) Vi Ollog %)
° ’y’ _ ﬁ _ 5 _ L _ 2(’)(\/E(log2 k+log? %))
€ 5/3 5 )

e the number of (p, q,t)-compatible vectors p is equal to

pti—1 k+ vk VE _ 50(Vklogk
< < = ogk),
(t_1>_<\/%>_(k+\/E) 2 ;

o for every h € 77, f € . and p, it holds that

|FhfP| =0 (@) : <k: logz - (9((;))”)
() e ()27 ) - ) i

Thus, the number of quadruples of (., {fh’f’they,fey,p), denoted by ¢, is upper bounded
as follows.

— ko(z(lggn . 9O(Vk(log? k-+log” §)) | <k> . 90(Vk(log k+log 1))
0 p

_ (k) . 20(\/E(log2 k+log? %)) . IOg n.
p
This completes the proof. O

5.4 Proof of Lemma 5.2
Finally, we prove Lemma 5.2.

Lemma 5.2. Let n,p,q € N and 0 < 6 < 1. Let U be a universe of size n. Furthermore,
let (H,.7, {jh’f’p}|hee%”,f€§ﬂ7p) be a d-parsimonious (n,p, q)-universal tuple. Then, there exist
T =T(n,p,q,6) > 0 and for every p that is (p,q,t)-compatible, T, = Tp(n,p,q,0) > 0, such
that for any A € (g) and B € (g) that are disjoint, the following conditions hold.

1. The number of triples (h, f, p) with respect to which (A, B) is nice, where h € J, f € ./
and p is (p,q,t)-compatible, is between (1 — )T and (14 9)T.

2. For any triple (h, f,p) with respect to which (A, B) is nice, where h € 5, f € % and p is
(p, q,t)-compatible, the number of quadruples (h, f,p, F) of (H,.S {F"I'PY hew terp)
that fit (A, B) is between (1 — )Ty and (14 0)Tp.

Proof. Define T'= T - T'», and for every p that is (p, ¢, t)-compatible, let the definition of T}
be given by Definition 5.6. Let us consider some A € (g) and B € (g) that are disjoint. Then,
we know that

e the number of hash functions h € 57 that are injective when restricted to AUB is between
(1 — G)ij and (1 + G)T;g/,
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e for every hash function h € 4 that is injective when restricted to A U B, the number of
splitting functions f € . such that for every i € {1,2,...,t}, {u € h(AUB) : f(u) =
i}| = s, is between (1 — €)T'» and (1 + €)Ty, and

e for every pair (h, f) of a hash function h € 5 that is injective when restricted to AU B
and a splitting function f € . such that for every i € {1,2,...,t}, {u € h(AU B) :
f(u) =i}| = s, the number of vectors p such that for every i € {1,2,...,¢}, [{u € h(A) :

f(u) =i} = p(i), is exactly 1.

Thus, the number of triples (h, f, p) with respect to which (A, B) is nice, where h € J#, f € ./
and p is (p, ¢, t)-compatible, is between (1 —€)T - (1 —€)T'» and (1+ €)1, - (14 €)T. Recall
that € = §/3, and note that 6> < §. Therefore, (1 —€)> =1— (2e—€*) =1— (30— §6%) > 19,
and (14+¢€)?2 =1+ 2e+€2) =1+ (%5 + %52) < 14 6. However, this implies that Condition 1 is
satisfied.

Now, we know that for every hash function h € 7, splitter f € .¥ and (p, ¢, t)-compatible
function p, it holds that .#"/P is a §-parsimonious (h, f, p)-universal family with correction fac-
tor Tp. This means that the number of quadruples (h, f,p, F) of (J,.7, {yh,ﬁp}‘he%’fey’p)
that fit (A, B) is between (1 —0)7} and (1 + 6)Tp. Thus, Condition 2 is satisfied as well. Since
the choice of A and B was arbitrary, the proof is complete. O

6 Deterministic FPT-AS for #k-PATH

Our deterministic FPT-AS builds upon the scheme of our second randomized FPT-AS, but it is
more technical. We first discuss the main idea that underlies the design of this algorithm. Like
our previous algorithm, this algorithm (denoted by .A) is recursive. However, in addition to G’,
k" and 3, every call to A is also given two tuples R and V. The number of elements in R and
W equals the depth d of the current recursive call in the recursion tree.

Roughly speaking, every element in R is a quadruple (h;, f;, pi,o;) where (i) the triple
(hs, fi, P:i) corresponds to the interpretation preceding Definition 5.1, and (ii) o; € {left,right}
indicates whether we should count paths that consist of p;(j) (in case o; = left) or s; — p;(J)
(in case o; = right) vertices of the j-th part of the reduced universe split by f;. Thus, we
“keep track” of all triples considered along the current recursion branch. The reason why we
have to store this information is to ensure that, in the current recursive call, we only count
paths P whose vertex set has the following property: when we will return to the i-th recursive
call, the partition (A, B) of V(P) where A consists of the first k vertices of P (for a certain
ke {1,2,...,k} that depends on the location of this i-th call in the recursion tree) is nice
with respect to (h;, fi, pi), see Definition 5.2. This simple (though perhaps slightly tedious)
bookkeeping sidesteps the fact that Lemma 5.2 only suits nice pairs.

The tuple W is meant to keep track of how many vertices the paths that we currently count
have used “so far” from the j-th part of the universe split by f; for every choice of ¢ and j. For
this purpose, W is defined to have the form (wy,wa, ..., wy) such that for each i € {1,2,...,d},
the following condition holds: For each j € {1,2,...,¢;}, if 0, = 1left then w;(j) < p;(j), and
otherwise w;(j) < s; — pi(j). Here, s; = /(k/2%) is the number of vertices the paths that we
currently count should use (in total) from each part split by f;.

Accordingly, the value returned by a call A(G', k', 3, R, W) is an assignment a : V(G') — Ny
with the following property: For each vertex v € V(G’), it holds that a(v) approximates

Z B(p) - ]775 KRW| - Roughly speaking, Pg FRW s the collection of all &/-paths

{p,a}€E(G)
s.t. pgV(G!),q€V(G')

in G’ with endpoints ¢ and v that “comply” (in a sense that will be made formal later) with
the constraints imposed by R and W.
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6.1 Algorithm Specification

Let £ = l;((kljf)) As in Section 4.2, we add a new vertex s to G and connect it to all vertices in
G. Thus, rather than counting the number of k-paths in the former graph G, we can count the
number of (k + 1)-paths with s as an endpoint in the new graph G. In what follows, we focus
on this goal.

Our algorithm, denoted by A, is recursive. We first specify the arguments with which A is
called. Then, we specify the value returned by a recursive call. Afterwards, we note how A is

initially called, and then we turn to describe the computation executed by a recursive call.

Arguments. FEach call to A is of the form A(G', k', 3, R,W) where G’ is an induced
subgraph of G, k' = k/2¢ for some d € {0,1,...,logy k}, B : V(G)\ V(G') — Ny, and R =
((h1, f1,P1,01), (h2, fo, P2,02), ..., (ha, fas Pds04))- (The argument W is defined later.) For
each i € {1,2,...,d}, it holds that

L] ki = %, Zp = 2]?2, t; := \/E and S; = /fz/tz

e h;isafunction from {1,2,..., 2,1} to {1,2,...,2}ifi > 2, and from V(G) to {1,2,..., 21}
otherwise,

e f; is a function from {1,2...,z} to {1,2,... ¢},
e p; is a function from {1,2,...,¢;} to {1,2,...,s;} such that Z§;1 pi(j) = ki/2, and
e 0; € {left,right}.

Additionally, define zg = n. Roughly speaking, the tuple R stores the sequence of parsimonious
universal tuples that were considered along the branch of the recursion tree that leads from the
initial call to A to the current call to A. We need to keep track of this information in order to
ensure that the paths we count in the current call behave “nicely” with respect to this entire
sequence of parsimonious universal tuples—indeed each of these parsimonious universal tuples
has the behavior we want only with respect to nice pairs (see Definition 5.2 and Lemma 5.2).
Let us now explain what is the argument W. To this end, we need the following definition.

Definition 6.1. For the arguments G', k' and R of a call to A, the collection of relevant tuples
Wer i » is the collection of all tuples W = (W1, Wa, ..., Wq) such that for eachi € {1,2,...,d},
the following condition holds:

e For each j € {1,2,...,t;}, if o; = left then wi(j) < pi(j), and otherwise w;(j) <
si — Pi(Jj)-
In case d =0 (that is, the initial call), Wg 1) = {()}-

Having this definition at hand, we note that the argument W in a call A(G', K, 3, R, W)
is a tuple from Wgr 1 2. Intuitively, the reason why we need such a tuple W can be roughly
explained as follows. Each parsimonious universal tuple (h;, f;, pi,0;) in R can be thought of
as a “demand” to make sure that each of the paths counted when we go back to the i-th call
on the current branch tree (mentioned earlier) uses exactly p;(j) (or s; — pi(j)) vertices from a
particular set for each j € {1,...,t;}. However, in the current call, we do not need to exhaust
all of this budget of p;(j) vertices—it should only be exhausted later, when we eventually return
to the i-th call; instead, we need to keep track of every possibility of how this budget should be
exhausted. The argument W is meant to serve this purpose.
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Output Value. Before we can state the value returned by a call, we need another defini-
tion. Here, we make the definition of which paths “comply” with all of the demands imposed
by R and W precise. Since our parsimonious universal tuples only work properly for nice sets,
it will be crucial that we only count paths that fit this definition.

Definition 6.2. For a call A(G',K',3,R,W) with W = (wi,w2,...,wq) € Wer g, and

vertices u,v € V(G'), the collection of relevant paths PuG,;,’k/’R’W is the collection of all k'-paths

P in G' with endpoints u and v such that the following conditions holds:

o For each i€ {1,2,...,d}, denote h} := (hjo---o(hgo(hgohy))). Then, the function h}
is injective when restricted to V(P).

e For each i € {1,2,...,d}, denote fF := f; o h¥. Then, for all i € {1,2,...,d} and
JeA{1,2,...,t;}, it holds that |[{v € V(P): fr(v) = j}| = wi(j).

Note that for W = (), PS;’M’R’W is the collection of all k'-paths P in G' with endpoints u and
v. (The two conditions are vacuously satisfied.)

The value returned by each call A(G', k', 3, R, W) is an assignment « : V(G') — Ny with the
following property: For each vertex v € V(G’), it holds that a(v) approximates the following

number:
> B(p) - [P M.

{p,a}€E(G)
s.t. pgV(G'),qeV(G)

Initial Call. The initial call is A(G — {s}, k, Binit, (), ()) (that is, R and W are 0O-length
tuples), where Sinit(s) = 1. The final output, returned by the initial call, is 3, cy () (53 @(0)-

Computation: Basis. Now, we turn to describe a call A(G', k', 3, R,W). In the basis,
where k' = 1, we compute the integer «(v) for all v € V(G') as follows.

e Ifforalli € {1,2,...,d} and j € {1,2,....t;}, [{v} N {r € V(G") : f£(r) = j} = wi(4),”

then
aw)= > Blu).

ugV(G’)
s.t. {u,v}€E(G)

e Otherwise, a(v) = 0.

Computation: Step. Next, suppose that k&’ = k/2¢ > 2. Denote R = ((h1, f1,p1,01), (h2,
f2yp2,02), ..., (ha, fa, Pd, 0q)) and W = (w1, wa, ..., wg). By Theorem 5.1, for an £-parsimonious
24, k' /2, k' /2)-universal tuple (J,.7,{F"IPYcw rcr ) with universe U = {1,2,...,24
Jesp
1O(1)
for d = 0, we mean U = V(G)), after spending preprocessing time kzidllogzd, we enumerate
o)

the ¢ quadruples @Q = (h, f,p, F) € (,.7, {ffh’f’pﬂh@f’fey’p) with delay A, where

/ _ 2k’+O(\/P(log2 k' +log? %))
A — 9O(VF (log? K'+log? ¢))

log z4, and

For each quadruple Q = (h, f, p, F'), we proceed as follows.

"That is, for each i € {1,2,...,d} there is a single j € {1,2,...,t} such that w;(j) = 1 (for any other
7 €{1,2,...,t;}, wi(4) = 0), and for this j it holds that f;(v) = j.
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Denote F* = (ho h%)™}(F) N V(G'), that is, F* is the set of vertices in V(G’) that ho h}
maps to integers in F'.

Denote Riest = R + ((h, f, p, left)).

Denote Rrignt = R + ((h, f,p,right)).

— left left left _ right right
For all W]_eft = (Wle ,W2e yeen ,Wdil ) € WG’[F*Lk’/Q,Rmft and Wright = (Wl , Wo s

. ,Wziglh t) € War_pr b /2, Rysgue» WE SAY that (Whiest; Wrignt) fits W if two conditions hold:

1. foralli e {1,...,d} and j € {1,...,t}, it holds that w;(j) = wi*ft(j) + w &% (});

7

2. for all j € {1,...,tq41}, it holds that p(j) = w S (j) and sqp1 — p(j) = w:liflht(j).

Note that if W = (), then the first condition is vacuously satisfied.

Having established the notations above, for every Wiett € Wi+ 1/ /2,R10s,» W Perform two
recursive calls as follows:

1. First, we call A with (G'[F*],k'/2, BO Wiete s Riett, Wiett) Where 5o wi.,, is the extension
of 8 that assigns 0 to every vertex in V(G’) \ F*. Let agw.,, be the output of this call,
and extend it to assign 0 to every vertex in V(G) \ V(G').

2. Second, we call A with (G'—F*, k' /2, «Q wrose» Rrignt, Weignt) where Weigne is the unique
tuple in Wer_pe pr/2 R, SUCh that (Wiest, Wrignt) fits W. Let agw,,,,, be the output
of this recursive call.

After all quadruples @) were enumerated, the output o : V(G’) — Ny is computed as follows.
First, for all v € V(G’) and a quadruple Q = (h, f, p, F'), we define

ag(v) = > QQ Wisgne ()

(Wleft 7Wright) ﬁtS W

We stress that we do not store all the assignments aQ w.;, ¥QWeige and @@ simultaneously,
but we only need to store one such assignment at a time in order to compute the assignment
mentioned below “on the go”.

Let T > 0 and for every p, Tp > 0, be the correction factors of (', ., {F"/PY e tes p)
(see Lemma 5.2). For all v € V(G’), we calculate

a(v) = Z ;Q(Tvlz

Q=(h.f,p,F)(H S {F NI P} hew jesp)

This completes the description of A. (The pseudocode of A is given in Algorithm 3.)

6.2 Analysis

The main part of the analysis is done in the proof of the following lemma.

Lemma 6.1. There exists a fized constant n > 0 such that for any call A(G', k', 3, R, W) where
k' = k/2%, the following conditions hold.

o A(G' K B, R,W) runs in time

4kl+n\/P(log2 k' +log? %) . 810g k' Vklogk M

where M = m if k' < k and M = mlogn otherwise (i.e., k' = k). Moreover, A(G',K', 3, R,
W) has a polynomial space complezity.
24



Algorithm 3 Deterministic FPT-AS for #k-PATH.

10:
11:

12:
13:

14:
15:
16:
17:
18:
19:

20:
21:
22:
23:
24:
25:
26:

_ In(1+e),
let & = 50h=1)
add a new vertex s to G, and connect s to all vertices in G;

let 5: {s} — Ny assign 1 to s;
call DET(G — {s},k+1,5,(),()): let a be the output;
return Y, ey (e gs) ©(0);
function DET(G', k', 3, R, W)
if ¥’ =1 then
return « : V(G') — Ny where for v € V(G'): if for all i € {1,...,d} and j €
{1t} {oy{r e V(G') : f+(r) =7} = wi(j), then a(v) = 3" wgven. B(u); otherwise,

{u,v}€E(G)
a(v) = 0; > See notation in Arguments and Definition 6.2

end if
initialize o : V(G') — Ny to assign 0 to each v € V(G');
let I be an iterator of a ¢&-parsimonious (zg,k'/2,k'/2)-universal tuple
(A, {ﬁh’f’p}|heyﬂf€y’p) over U = {1,2,...,24} with correction factor T and for
p, 1p > 0, given by Theorem 5.1;
for all Q = (h, f,p, F) € (o, ,{F"/P}ew e p) (iterate with I) do
let F* = (h o hz)_l(F) N V(G/), Riett = R + ((h, f,p, left)), and Rright =R+

((h, f,p,right)); > See Definition 6.2
initialize g : V(G') — Ny to assign 0 to each v € V(G');
for all Wit € WG/[F*],k,/Q,Rleft do > See Definition 6.1

let B Wi, be the extension of 3 that assigns 0 to each v € V(G') \ F*;
call DET(G'[F*], k' /2, BQ Whese » Riest, Whett): let ag ..., be the output;
extend ag ., to assign 0 to each v € V(G) \ V(G');
let Wrigne is the unique tuple in Wer_ g« /2 Ry, SUch that (Wiett, Wrignt) fits
W; > See Conditions 1 and 2 in Computation: Step
call DET(G" — F*, k' /2, 0Q Wieer » Rrignt, Wrignt): let aQ Wy, be the output;
update ag(v) = ag(v) + Agv (1) for v € V(G)\ F*;
end for
update a(v) = a(v) + ag(v)/(T - Tp) for v € V(G);
end for
return «;
end function
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e For all v € V(G'), the number a(v) assigned to v by the assignment « returned by

A(G' K, B, R, W) satisfies the following inequalities:

aw) > 1 - KD pe B) - PSRN

s.t. pgV(G’),qeV(G)

av) < 1+2F-DS  Laene  Bp)- [PEFRW,

s.t. pgV(G’'),qeV(G')

Proof. The proof is by induction of d. In the basis, where k¥’ = 1, the claim easily holds. Now,
let d <log, k — 1, and suppose that the claim holds for d + 1.

Time and Space Complexities. It is clear that A(G’, k¥, 3, R,W) has a polynomial

space complexity. Note that zg = n if d = 0, and zg = O(k’) otherwise. Denote N =n if d = 0,
1O0(1)

and N = 2 (so log N = 1) otherwise. Then, after preprocessing time bounded by ]"’50#,

for some fixed constant A > 0, the ¢ quadruples Q = (h, f,p, F) € (o, {F"P} e tesp)
are enumerated with delay A, where

¢ = ok +AVE (log? K +log? ¢) log N, and

A — 2)\\/y(log K +log %)

The number of pairs (Wiest, Wrigne) that fit W, which equals |WG/[F*]7,€, /27R19ft‘7 is upper
bounded by

d d log k

k‘ K k_ Nlogk 1 vi

r= [T+ 0% =T 5 + DVF < T (Vi)Y < 2VFIsh i Ga) < gviiont,
=1 =1 =1

Thus, by the inductive hypothesis, for fixed constant ¢ > 0 (that does not depend on the
inductive hypothesis), the running time of A(G’, k', 8, R, W) is upper bounded by

L E (1og2 k. 21 %
/- (C.T.42+77\/:(l°g 5 +log ,’:)810g7~\/Elogkm

IN

/ 21 21 K K/ 21 21
ok + AV (log? K'+log g)lOgN.C.g\/Ebgk‘_47‘*"7\/7(108‘ k'+log® ¢)g(log k' ~1)Vklogk )

/
C4k’+)\\/y(log2 k' 4log? %)Jr%\/y(logz %+10g2 %) . glog K VEklogk | M.

Thus, by choosing 7 to be a large enough constant that depends only on ¢ and A (say, n =
10 max{(, A}), the expression above is upper bounded by

/ / 2 1./ 21
4k +nVE (log? k' +log 5) . Slogk/-\/Elogk .M.

Accuracy. Towards the proof of the second item of the claim, consider some vertex v €
V(G'). By definition, we have that

OQ Wrign: (V)
a(v) = Z Z Q;V%TP.

Q:(hufvpap)e(%aya{yh'f’P}|h€%,f€.§’,p) (Wleft7wright) fits W
By the inductive hypothesis, for each term ag w,,,,. (v) in the sum above, we have that

K= G'—F* k' /2, Reigne, Wes
Qe () S AHOF T 3T agu(a) [Py, e ey,

{a,b}€E(G)
s.t. a€F*,beV(G/)\F*
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By applying the inductive hypothesis again, we have that

aQ,Wri t (U) S
g;(k’—Q) G'[F*],k' /2, R1est , Whett G'—F* k' /2, Rrignt,Wrignt
(1+¢) > Y. B -IPL 1Py .

,U
{p,a}€E(G) {a,b}€E(G)
s.t. pgV (G’),qeEF* s.t. a€F*,beV(G')\F*

For each quadruple Q = (h, f,p, F) € (H, S {F"IPY) hew tes p, Wwe let PG k RW denote

the collection of paths P & PG KR that satisfy the following conditions:

L. h} , := ho hj is injective when restricted to V(P);
2. for all j € {1,2,...,t411}, it holds that |V(P)N{v e V(G) : (fohy )W) =7} =p);

3. the first £’/2 (closest to q) vertices of P belong F*, and the last (closest to v) vertices of
P belong F™.

To proceed, observe that for each quadruple @ = (h, f,p, F) € (', .7, {ﬂh’ﬁp}ﬂhejﬁfey,p, it
holds that
G'[F*],k' /2, Riett,Whe G'—F* k' /2, Rrignt,Wrign G k RW
Z Z |7D / left 1ft|"7jb’v ght gt|_| ‘
(Whett,Wrignt) fits W {a,b}€E(G)
s.t. a€F*,beV(G/)\F*

Thus, we have that

a(v) < (1+€)**F 2 > B(p) >

{p,a}€E(G) =(h F S A FhfPp )
ot pRIG]) 0oV (") Q=(h,f,p,F)E(H,S {FI P} e tesp)

G' k' RW
| q,v,Q |
T Ty

G' k' RW

By Lemma 5.2, for each path P € Py, , it holds that

e the number of distinct triples (h, f,p) (from which the quadruples consist) with respect
to which P satisfies Properties 1 and 2 above is upper bounded by (1 + zi) - T', and

e for each triple (h, f,p) with respect to which P satisfies Properties 1 and 2 above, the
number of sets F € .Z™'P with respect to which P satisfies Property 3 above is upper
bounded by (1 + &) -1,

Thus, we have that

[P e POKRW]
7 <(1+¢)3
2 T-Tp

Q:(h7f)p7F)e(%7y7{‘g;h’f’p}‘he%,fey,p)

where [P € Pf;’g’R’W] is1if P e Pf;’g’R’W, and 0 otherwise. Since the choice of P was
arbitrary, we get that

o) SA+YTH 3 B+ PG
{p.a}€E(Q)
, s.t. pgV(G'),qeV(G’) .
=1+ 5)2(14: -1) Z B(p) - |pgv,k RW|
{p.ga}E(G)

s.t. pgV(G’),qeV (G')
Symmetrically, we derive that

a(v) > (1-¢)>2"-Y > B(p) - [PEF R,

{p,a}€E(G)
s.t. pgV(G’),qeV(G’)

This completes the proof. ]
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Finally, we conclude the proof of Theorem 6.1.

Theorem 6.1. There is a deterministic 4%+0(Vk(og? k+log? %))mlog n-time polynomial-space al-
gorithm that, given a graph G, a positive integer k and an accuracy value 0 < € < 1, outputs a
number y that satisfies (1 — €)x < y/2 < (1 + €)x where x is the number of k-paths in G. In

1
particular, Zf% = 2°0%) then the running time is 457°F)m logn.
Proof. As in the proof of Theorem 4.2, for the sake of simplicity, we let G denote the graph
obtained after the addition of s (rather than the input graph G). Then, it is sufficient to show
the inequalities (1 — €)x < y < (1 + €)z where z is the number of (k + 1)-paths in G with s as

an endpoint.
Moreover, observe that for all v € V(G) \ {s}, it holds that

> Buit(p) - [PGE0-0)

{r,a}€E(G)
s.t. pgV(G—{s}),qeV(G—{s})

is equal to |73G k+1| denoted by xG M1 Thus, by Lemma 6.1 with G’ = G, k¥ = k and 8 = Binit,
we know that

o A(G,k, Buit, (), () runs in time

FHO(WVE(log? ktlog ), 10y

Moreover, A(G, k, Binit, (), ()) has a polynomial space complexity.

e For all v € V(G), the number a(v) assigned to v by the assignment « returned by
A(G, k, Binit, (), () satisfies the following inequalities:

(1= )E Dl < afv) < (14 ) Dal il

First, by substituting €’ and since § < In(1 +€) < ¢, we have that A(G, k, Binit, (), () runs
in time
7))
In(1+e€) mlog

4k+(’)(\f(10g k+log? n < 4k+0(\/E(10g2 k-+log? %))m log n.

Thus, we obtain the claimed running time.
For the accuracy, substituting € by €, we have that for all v € V(G), it holds that

In(1+€) o In(1+€) o
1— Gk+1 < (1— 2(k—1),. G k+1 <(1 2(k=1),Gh+1 < Gk—i—l‘

Having these inequalities at hand, as in the proof of Theorem 4.2, we obtain that

y= > aw< Y (teadfl=(01+e¢ > aff=(1+ea
veV(G)\{s} veV(G)\{s} veV(G)\{s}

Symmetrically, we obtain that (1 — €)x < y. This completes the proof. O

7 Extensions and Other Applications

Finally, we briefly discuss extensions and other applications of our work. For the sake of illus-
tration, we also present the proof of one of the claimed applications in detail (in Section 7.1).
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Extensions. The framework of divide-and-color [16] is well known to solve (the decision
version of ) SUBGRAPH ISOMORPHISM where the pattern graph is a graph of bounded (by a fixed
constant) pathwidth. In particular, our algorithms immediately extend to provide the following
theorem.

Theorem 7.1. Let e > 0. There is a deterministic 45+0(/k(log® ktlog? ) pt+0(1) iy e (resp. ran-

domized 4k+0(log® R)(1)0Us knt+OM) time) nt+OW) _space algorithm that, given a graph G and a
graph H of pathwidth t on k vertices, outputs a number y that satisfies (1 —e€)x <y < (1 +¢€)z
where x is the number of subgraphs of G isomorphic to H.

When we deal with k-vertex paths (resp. k-vertex graphs of pathwidth t), we know that
there exists a vertex (resp. ¢ + 1 vertices) whose removal results in two paths (resp. graphs of
pathwidth ¢) on at most k/2 (resp. k/2+t+ 1) vertices. However, when we deal with trees (or,
more generally, graphs of treewidth t), k/2 is replaced by 2k/3. In turn, this means that at a
recursive step, k is ensured to decrease by k/3 but not by k/2, hence the recursive formula to
upper bound the running time of an algorithm yields a worse result. However, the “division
into small trees” trick introduced by Fomin et al. [23] to solve the k-TREE problem (that is, the
extension of k-PATH where the pattern graph is a tree) easily resolves this issue and thereby
extends divide-and-color to solve SUBGRAPH ISOMORPHISM where the pattern graph is a graph
of bounded (by a fixed constant) treewidth with a negligible loss in time complexity. Roughly
speaking, the idea behind this trick is as follows. Having a tree (or forest) 7" at hand, we do not
remove only a single vertex, but ¢ = O(1) vertices that result in the partition of 7" into O(1)
small trees. Then, we can group these small trees together into two sets that correspond to two
forests on “almost” k/2 vertices. The largest c is, the closer to k/2 these sizes are, yet additional
bookkeeping (to remember which ¢ vertices were selected) is required. For the sake of clarity,
we briefly sketch the details of how this trick can be used to extend our improved randomized
algorithm for #k-PATH from Section 4.2 to solve #k-TREE (or, more generally, patterns of
bounded treewidth) in Appendix A. By applying this trick to our deterministic algorithm for
#k-PATH from Section 6 in the same manner, we obtain the following theorem.

Theorem 7.2. Let ¢ > 0. There is a deterministic 4.001¥TOVE108” ) pt+0(1) i e (resp. ran-
domized 4.001'“(%)000% Fnt+OM) time )nt+OW _space algorithm that, given a graph G and a graph
H of treewidth t on k vertices, outputs a number y that satisfies (1 — €)x <y < (1 + €)x where
x is the number of subgraphs of G isomorphic to H.

The technical details of the extensions are those of completely standard bookkeeping on
graphs of bounded treewidth (see, e.g., the Chapters on treewidth in [19], which teach dynamic
programming over tree decompositions). Indeed, Alon and Gutner [4, 3] have skipped them
altogether. Still, we provide some more details in Appendix A.

Other Applications. As mentioned earlier, the approach employed in Section 4.2 and
Section 6 readily works for (essentially) all problems amenable to the framework of divide-and-
color [15]. Thus, we obtain Theorem 1.1 (restated below) where the list of problems stated in
it is illustrative rather than comprehensive.

Theorem 1.1. The following problems admit deterministic 4k+O(Vk(log? k+log? £)) , O(1) i e (resp.
randomized 4%+0(og® k)(1)0Uoek)nOW) time) FPT-ASs with polynomial space complexity: (i)
#SUBGRAPH ISOMORPHISM for k-vertex subgraphs of treewidth O(1); (ii) #¢-DIMENSIONAL p-
MATCHING with k = (¢ — 1)p; (iii) #¢-SET p-PACKING with k = qp; (iv) #GRAPH MOTIF and
#MODULE MOTIF with k = 2p where p is the motif size; (v) #p-INTERNAL OUT-BRANCHING

with k = 2p; (vi) #PARTIAL COVER for k-element solutions.®

8For problems (i) and (iv), the basis 4 is replaced by the basis 4.001 (or, more precisely, 4 + ¢ for any fixed
constant § > 0).
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7.1 Algorithms for #¢-DIMENSIONAL p-MATCHING

In this section, we exemplify the additional applications of our approach by developing FPT-ASs
for a problem on set families rather than graphs, called #¢-DIMENSIONAL p-MATCHING, whose
decision version has been extensively studied in Parameterized Complexity (see [19]). Here, the
input consists of positive integers p and ¢, a partition (U, Us, ..., U,) of a universe U, a family
S of sets over U where [{SNU;}| =1 for every S € S and ¢ € {1,2,...,q}, and an accuracy
parameter € > 0. In this context, a p-packing in S is a subfamily of S that consists of p pairwise
disjoint sets. Our goal is to approximately count the number of p-packings in S, that is, if x
is the (unknown) number of p-packings in S, then the goal is to return a number y such that
I-ez<y<(l+ex.

In what follows, we choose an arbitrary order on Uj, hence comparison between elements
in Uy will be well defined. Additionally, we suppose w.l.o.g. that the smallest element in U,
denoted by s, does not belong to any set in §. (If this is not the case, we can add such an
element as a dummy element and hence ensure this property). Let n = |U| and m = |S|.

7.1.1 Randomized FPT-AS for #¢-DIMENSIONAL p-MATCHING

Algorithm. Let £k = (¢—1)p and £ = In(1 +€)/(k — 1). Our algorithm, denoted by \A,
is recursive. Every call to A has the form A(U’,S’,p,3) where U' C U and U; CU’, §' is a
subfamily of S over U’, p’ € {1,...,p} and 3: U; — Np.?

The output of a call A(U’,S’,p’, 3) should be an assignment « : U; — Ny with the property
that for each element v € Uy, it holds that a(v) approximates the following number:

Z /B(U) * Ty v,

uely
s.t. u<v

where z,, is the number of p’-packings H in S’ where the largest element in ((JH)NU; is v
and the smallest element in (| J#) N U; is larger than u.

The initial call to the algorithm is with U' = U, &’ = S, p’ = p, and 3 that assigns 1 to s
and 0 to all other elements in Uy. The final output is >~ 1, (53 (v).

We turn to describe a call A(U', S’ p’, 8). In the basis, where p’ = 1, we return an assignment
« : Uy — Ny defined as follows: For each element v € U;, define

Here, x, is simply the number of sets in S’ whose intersection with Uj is {v}.

Now, suppose that p’ > 2. Denote k' = (¢ — 1)p’. By Theorem 3.1, for a &-parsimonious
(n,k'/2,k'/2)-universal family .# of sets over U, we can enumerate the sets F € % with
delay O(n). For each set F' € .7, we proceed as follows. We first recursively call A with
(U'NnF)UUy,S'[F),p'/2,5) where S'[F] = {S € S’ : S\ U; C F}. Let vr be the output of
this call. Then, we recursively call A with (U"\ F)UU;,S'[U’'\ F,p'/2,~vF) where S'[U’\ F] =
{§e€8:(S\Ui)NF =0}. Let ar be the output of this recursive call.

Let T be the correction factor of .%. After all sets F' € % were enumerated, the output
« : U; — Ny is computed as follows. For all v € Uy, we calculate

a(v) = (Z aF(v)> /T.

FeZ

“Roughly speaking, for each element v € Uy, the value B(v) would be an approximation of the number of
p-packings H in S where the largest element in (|JH) N U; is v, for a certain integer p € {1,2,...,p—p'} and a
subfamily S C S that satisfies ((JS) N (US’) C Us.

30



Note that we do not store all the assignments ar simultaneously, but we merely store one such
assignment at a time and delete it immediately after ap(v)/T, for every v € Uy, is added. This
completes the description of A.

Analysis. The main part of the analysis is done in the proof of the following lemma.

Lemma 7.1. For some fized constant n > 0, any call A(U',S',p',B) satisfies the conditions
below . Here, k' = (¢ — 1)p’.

o A(U',S',p,B) takes time n'°® K gK' frlos kl(log n)losk’ (n—l—qm)(g%)log " and polynomial space.

e [f all constructions of approximate universal families were successful, then for all v € Uy,
the number a(v) assigned to v by the assignment a returned by A(U',S',p', ) satisfies
the following inequalities:

Q=" | N B auy | <a) <A+OF | Y Bu) wuw |

uelUy uelUy
st u<v s.t. u<v
where Ty, is the number of p'-packings H in S’ such that the largest element in ((JH)NUy
is v and the smallest element in (\JH) N Uy is larger than w.

Proof. Let p’ = p/2%. The proof is by backwards induction of d. In the basis, where p’ = 1, the
part of the claim that concerns the space complexity and the second condition trivially holds.
For the running time bound, notice that the computation can be performed in time O(n + m).
Indeed, to this end, we first compute z, for all v € U; in time O(n + m). Then, we iterate over
U1 from its smallest element to its largest element: when we consider an element v after we have
just considered an element v', we can compute «(v) easily by observing that the computation
stated in the specification of the algorithm is equivalent to a(v) = x, - (B(v') + a(v')/xy) in
time O(1).

Now, let d < log, p — 1, and suppose that the claim holds for d + 1. Clearly, A(U’,S’,p’, 3)
has a polynomial space complexity. By Theorem 3.1, for some fixed constant A > 0, we have that

/ 1
.F| < X-2F ~k'logn-§—2.
By the inductive hypothesis, for a fixed constant 7 > 0, the running time of A(U’,S’,p’, 5) is
upper bounded by

ar log’i K K log% logk—/ 1 log%
|Z|-|2-n%® 74z ) (logn)°® = (n + gm) 3] + 7(n + gm)

In particular, the term 7(n 4 gm) above subsumes the computation of a single family S’'[F] and
a single family S'[U’\ F)|. Similarly to the proof of Theorem 4.2, by choosing n = 10 max{\, 7},
we obtain that the running time of A(U’,S’,p’, 8) is upper bounded by

/ | 1% / ]. log K
o8k 4k froe (log n)logk (n+qm) <§2> )

Towards the proof of the second item of the claim, suppose that all constructions of ap-
proximate universal families were successtul, and consider some v € U ’. For a subfamily S C S
and a,b € Uy, let :cf , denote the number of p’/2-packings H in S where the largest element
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in (UH) N U is v and the smallest element in ((JH) N U; is larger than u. By the inductive
hypothesis, we have that

1 ki/_ SIU/F
STZ (1+¢="" Z Yr (D) - Jibv[ M

Fez beU;
s.t. b<wv
¥ 01 K S/F S'[U\F
SRLIED DN I DI KEERIE s SO R Ll REH
FeZz beUy a€lUy
s.t. b<w s.t. a<b

<(A+h % S S Bla) oS
FeZ \ ik,
For any element a € Uy, let Py, denote the set of p’-packings H in &’ such that the largest
element in (| JH)NU; is v and the smallest element in (| JH)NU; is larger than u. In addition,
for any subset F' C U’, let P, ,[F] denote the set of packings H € P,, such that the p’/2 sets
in H whose elements in U are smallest have the property that their intersection with U’ \ Uy
belongs to F', and the other p'/2 sets in H (whose elements in Uy are largest) have the property
that their intersection with U’ \ U; has no element that belongs to F. Thus, we have that

o 21+ 1 Y |2 8@): [PalF)

FeZ ac€Uy
s.t. a<wv

Y (6 > |PanlF )

acUy Fe7z

s.t. a<v

= (1+&F 2

'ﬂ\*—‘

Since .Z is a {-parsimonious (n, k’/2, k' /2)-universal family, for any element a € U; and packing
H € Pqp, the number of sets F' € .F such that H € P, [F] is upper bounded by (1 + &)T
Thus, we have that

a(v) < (1+&F? Y Ba): 1+ T Payl

aclUy
s.t. a<v

= (1 + f)klil ’ Z ﬁ(a) *Law

acUy
s.t. a<v

Symmetrically, we derive that (1 —¢&)F 1. Z Ba)-xqy | < a(v). This completes the

acUy
s.t. a<v

proof. O
Now, we conclude the proof of correctness of our algorithm.

Theorem 7.3. There is a randomized (4F+0(k) (n—l—m)-l—(n—{—m)no(l))(%)o(bg k) _time polynomial-
space algorithm that, given positive integers p and q where k = (¢—1)p, a partition (U1, Us, ..., Uy)
of a universe U, a family S of sets over U where |{S NU;}| = 1 for every S € S and
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i€ {1,2,...,q}, and an accuracy value 0 < € < 1, outputs a number y that (with high prob-
ability) satisfies (1 —€)x <y < (1+€)x where x is the number of p-packings in S. In particular,
if L= 20(k/1ogk) " then the running time is 45T°F) (n 4+ m)n°®),

Proof. Let Binit be the assignment Sinit : {s} — Np that assigns 1 to s and 0 to all other elements
in U;. Observe that for all v € Uy \ {s}, it holds that ) wev; Binit(u) - Ty is equal to xg,.
Here, for any two elements a,b € Uy, x4y is the number Sotf ;ff)ackings ‘H in S such that the
largest element in (| J#H) N U; is a and the smallest element in (| J#H) N U; is larger than b. In
particular, by the choice of s, x,, is the number of p-packings H in S such that the largest
element in ((JH)NU; is v. Thus, by Lemma 7.1 with U' =U, 8" =S, p' = p and 8 = Binit, we
know that

o A(U,S,p, Binit) takes time Ak+0(log? k) (log n)o8* (n 4 m)(%)logk and polynomial space.

o If all constructions of approximate universal families were successful, then for all v € Uy,
the number a(v) assigned to v by the assignment « returned by A(U, S, p, Binit) satisfies
(1—8Flag, <alv) < (1+8&Flag,.

As in the proof of Theorem 4.1, 4k+0g® k) (1og p)logk (4 m)(%)logk = (4Ftek) (n 4+ m) +
(n+ m)no(l))(%)o(log k). Moreover, as in the proof of Theorem 4.1, with high probability (say,
higher than 9/10), all constructions of approximate universal families were successful. Thus, we
know that for all v € Uy, it holds that (1 — §)k*1:cs7v <a(v) <1+ 5)]“*11'371,. By substituting
¢ as in the proof of Theorem 4.1, for all v € Uy, it follows that (1 — €)xs, < a(v) < (14 €)xs .

We thus obtain that

y = Z a(v) < Z(1+6)$5’U = (1+€) Z Tspy = (1"_6)55'

vely vel; veU
Symmetrically, we obtain that (1 — €)x < y. This completes the proof. O

The time complexity bound above can be easily reduced to 48+ (log” k) (n+m)log n(%)o(log k),
Indeed, it is only required to utilize Proposition 5.2 to reduce the universe size from n to k2
before calling the algorithm in Theorem 7.3; then, the term that gives rise to n°Y) above is
subsumed by 40008 k) - Gince this is precisely what our deterministic algorithm does to obtain

such dependency, we do not repeat these details and directly state the result.

Corollary 7.1. There is a randomized 4k+0(10g? k) (n+m)log n(%)o(log k) _time polynomial-space
algorithm that, given positive integers p and q where k = (¢q—1)p, a partition (U1, Us, ..., Uy) of a
universe U, a family S of sets over U where |[{SNU;}| =1 for every S € S andi € {1,2,...,q}
and an accuracy value 0 < € < 1, outputs a number y that (with high probability) satisfies
(1—€)z <y < (14¢€)x where x is the number of p-packings in S. In particular, zf% = go(k/logh)

then the running time is 4%t°(®) (n 4+ m)logn.

7.1.2 Deterministic FPT-AS for #¢-DIMENSIONAL p-MATCHING

Algorithm Specification. Let k= (¢ —1)p and £ = gl(kljf)) Our algorithm, denoted by
A, is recursive. We first specify the arguments with which A is called. Then, we specify the
goal of a recursive call. Afterwards, we note how A is initially called, and then we describe the

computation that is executes.

Arguments. FEach call to A is of the form A(U',S’,p’, 8, R, W) where U’ C U and U; C
U', S is a subfamily of S over U’, p/ = p/2% for some d € {0,1,...,logy k}, #: Uy — N, and
R = ((h1, f1,P1,01), (h2, fo,P2,02), ..., (ha, fasPd,04)). (The argument W is defined later.)
For each i € {1,2,...,d}, it holds that
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2
k; == %, zi = %, t; = Vk; and s; 1= k; /t;.

e h; is a function from {1,2,...,z;—1} to {1,2,...,%} if i > 2, and from U \ U; to
{1,2,..., 21} otherwise,

e f;is a function from {1,2...,z} to {1,2,...,t},
e p; is a function from {1,2,...,¢;} to {1,2,...,s;} such that 2?:1 pi(j) = ki/2, and
o 0; € {left,right}.

Additionally, define zg = n.
Towards the description of W, we introduce the following definition.

Definition 7.1. For the arguments U',S',p’ and R of a call to A, the collection of relevant
tuples Wy o/ v = s the collection of all tuples W = (w1, wa,...,Wq) such that for each i €
{1,2,...,d}, the following condition holds:

e For each j € {1,2,...,t;}, if 05 = left then w;(j) < pi(j), and otherwise w;(j) <
si — Pi(J)-
In case d = 0 (that is, the initial call), Wy s, ) = {()}-

Having this definition at hand, we note that the argument W in a call A(U',S’,p/, 3, R, W)
is a tuple from WU’,S’,p/,R-

Output Value. Before we state the value returned by a call, we define which packings
“comply” with the demands imposed by R and W precise. Since our parsimonious universal
tuples only work properly for nice sets, it will be crucial that we only count paths that fit this
definition.

Definition 7.2. For a call A(U',S",p/, B, R, W) with W = (w1, wa,...,wq) € Wyr sy g, and
elements u,v € Uy, the collection of relevant packings ng’s PRW s the collection of all p'-
packings H in S' where the largest element in ((JH) N Uy is v and the smallest element in

(UH) NUy is larger than u, such that the following conditions holds:

o For eachi€ {1,2,...,d}, denote h} := (h;jo---o (hgo(haohy))). Then, the function h},
is injective when restricted to (JH) \ Uy.

e For each i € {1,2,...,d}, denote fF := f;ohX. Then, for all i € {1,2,...,d} and
JeA{1,2,...,t;}, it holds that [{v e (UH)\ Ui : fF(v) =} = wi(j).

Note that for W = (), Pg;’sl’p/’R’W is the collection of all p'-packings H in S’ where the largest
element in ((JH)NU; is v and the smallest element in (|JH) N Uy is larger than u.

The value returned by each call A(U',S',p’, 3, R, W) is an assignment « : U; — Ny with
the following property: For each vertex v € Uy, it holds that «(v) approximates the following

number:
! ! /
E B(u) - ’73371}73 P RW‘

uelUy
s.t. u<v

Initial Call. The initial call is A(U, S, p, Binit, (), ()) (that is, R and W are 0O-length tuples),
where Binie assigns 1 to s and 0 to every other vertex in U;. The final output, returned by the
initial call, is )y, a(v).
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Computation: Basis. Now, we turn to describe a call A(U',S',p/,8,R,W). In the
basis, where p’ = 1, for every element v € Uy, we compute the integer «(v) as follows. First,
we compute 7951 ,’S,’R’W, defined to be the collection of sets S € &’ that satisfy the following
conditions: (i) S NU; = {v}; (ii) A} is injective when restricted to S\ Uy; (iii) for all ¢ €
{1,2,....d} and j € {1,2,...,t;}, it holds that [{v € S\ U1 : f}(v) = j}| = w;(j). Then, we

set a(v) = |PY SR,

Computation: Step. Next, suppose that p’ = p/2¢ > 2. Denote R = ((h1, f1,p1, 1), (h2,
f2,P2,02), ..., (ha, fa,Pd,0q)) and W = (w1, wa,...,wg). Let ¥’ = (¢ —1)p’. By Theorem 5.1,
for an &-parsimonious (zg, k' /2, k' /2)-universal tuple (7, .7, {?h’f’p}|h€yﬂf€y7p) with universe

. . . r0(1)
{1,2,...,24},'0 after spending preprocessing time kgozw, we enumerate the £ quadruples

Q = (h’ fa p’F) € (%7‘y’ {‘gh”f’thEJf,ny,p) with delay Aa where
¢ — ok +O(VK (log? k' +log? ¢))
A — 9O/ (log? k' +1og? 1))

log z4, and

For each quadruple Q = (h, f,p, F'), we proceed as follows.

e Denote F* = (ho h%)™'(F) N (U’ \ Uy), that is, F* is the set of elements in U’ \ U; that
h o b}y maps to integers in F.

e Denote Ricer = R+ ((h, f,p,1eft)), and Rrigne = R + ((h, f, p,right)).
e Denote S'[F*|={S eS8 :S\Uy CF*},and S'[U'\ F*|={S €S :(S\Ui)NnF*=0}.

_ left  left left _ right
o For all Wierr = (W%, w3 ..., WiSTT) € Weeiu, 8174 0 /2, Raere A0 Weigne = (W70,

right right .
wy B w8 € WU pe SHUNF*] ! /2. Resgner WE SAY that Wiess, Wrigne) fits W if two

conditions hold:

_l’_

1. foralli € {1,...,d} and j € {1,...,t;}, it holds that w;(j) = w}*t*(j) wfight(j);
2. for all j € {1,...,tq11}, it holds that p(j) = wi5F(j) and sq1 — p(j) = W5 (j).
Note that if W = (), then the first condition is vacuously satisfied.

Having established the notations above, for every Whest € Wps_y, /[F+],p/ /2, Ries» W€ Perform
two recursive calls as follows:

1. First, we call A with (F* U Uy, S’ [F*],p'/2, B, Riett, Whest). Let ag ., be the output
of this call.

2. Second, we call A with (U"\ F*,S'[U"\ F*|,0'/2, 0Q Wreze» Rright, Weignt) Where Weigne
is the unique tuple in Wy pr s/ F*) p/ /2, Rusgne SUCH that (Whiest, Weignt) fits W. Let
QQ Weigne D€ the output of this recursive call.

After all quadruples ) were enumerated, the output « : Uy — Ny is computed as follows.
First, for all v € U; and a quadruple Q = (h, f,p, F'), we define

ag(v) = > QQ Wisgns (V)

(Wleft 7Wrigh\:) fits W

Note that we do not store all the assignments aQ wy.s., ¥Q Weige a01d g simultaneously, but we
only need to store one such assignment at a time in order to compute the assignment mentioned
below “on the go”.

OFor d = 0, we refer to the universe U \ U;.

35



Let T' > 0 and for every p, Tp > 0, be the correction factors of (¢, .7, {gh’f7p}‘h€jf7f€y7p)
(see Lemma 5.2). For all v € Uy, we calculate

a(v) = Z C;Q(;z

Q:(h7f7p7F)€(¢;f7yv{3zh7f’p}|h€.9ia,f€y,p)

This completes the description of A.

Analysis. The main part of the analysis is done in the proof of the following lemma.

Lemma 7.2. There exists a fized constant n > 0 such that for any call A(U',S',p/, 5, R, W)
where (¢ — 1)p' = k' = k/2¢, the following conditions hold.

e AU',S,p,B,R,W) runs in time

4k/+n\/ﬁ(10g2 k' +log? %) . glog K \VElogh M,
where M = (n+qm) if ¥ < k and M = (n+qgm)logn otherwise (i.e., k' = k). Moreover,
AU, S, p', B, R, W) has a polynomial space complexity.

e Forallv € Uy, the number a(v) assigned to v by the assignment « returned by A(U', S, p', B, R, W)
satisfies the following inequalities:

o(v) > (1 - 2K DY ev, Blu)- [Py P RMY),

s.t. u<v

o(v) < (L+ €KDY wew, Blu) - [Py P RWY),

st u<v

Proof. The proof is by induction of d. In the basis, where p’ = 1, the claim easily holds. Now,
let d <logyp — 1, and suppose that the claim holds for d + 1.

Time and Space Complexities. Tt is clear that A(U',S',p’, 3, R, W) has a polynomial space

complexity. Note that zg = O(n) if d = 0, and 24 = O(k’) otherwise. Denote N = n if d = 0,
10(1)

and N = 2 (so log N = 1) otherwise. Then, after preprocessing time bounded by k;(g#,

for some fixed constant A > 0, the ¢ quadruples Q = (h, f,p, F) € (4,7, {ﬂh’f’p}\h@f’feyp)
are enumerated with delay A, where

¢ = ok +AVE (log? K +log? ¢) log N, and
A — 2)\\/y(log K +log %)

The number of pairs (Wiest, Wrignt) that fit W, which equals |Wpwypr, /(74 p7 /2,R1es: | 18 UPpPeEr
bounded by

logk

d d
k k log k i
ri=TTs+ 00 =TI/ 5+ DVE < TTOVRYS < oFIsk i G o gk
i=1 =1

i=1

Thus, by the inductive hypothesis, for some fixed constant ¢ > 0, the running time of A(U’,S’,p’, 3, R, W)
is upper bounded by

- (C a5 (g K o? oglos %l'\/mogk(n + qm)

K +AVE (log? k' +log? % Koy B (1002 K 4102 L ;o
9 +AVE (log? k' +log E)IOgN'C'gx/Elogk'éLQJrT] 5 (log” k' +log? ) g (log k 1)\/Elogk(

IN

n+qm)
/
C4k/+>‘ VK (log” k' +log? %)“‘% VK (log? %"‘10%2 %) . glog K Vklogk . M.
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Thus, by choosing 7 to be a large enough constant that depends only on ¢ and A (say, n =
10 max{(, A}), the expression above is upper bounded by

/ / 2 1. 21
4k +nVE (log? k' +log £) . Slogk'-ﬂlogk .M.

Accuracy. Towards the proof of the second item of the claim, consider some vertex v € U;. By
definition, we have that

AQ Wiign: (V)
a(v) = Z Z %.

Q:(h7f7p7F)e(%7y7{gjh’f’p}|h€%,‘f€y,p) (Wleft,wright) fits W
By the inductive hypothesis, for each term a®@ e (v) in the sum above, we have that

aQ,Wright (’U) < (1 + g)k/—Q Z aQ>W1eft( ) |7Db \NF*S'[UN\F*],p' /2, erght,anht|
beU,
s.t. b<wvw

By applying the inductive hypothesis again, we have that

Q erght (U) <
(1 + é— 2(1{: 2) Z B F UUl S,[F*] D /2 Rleft7Wleft| |PUI F* SI[UI\F*]zp /2 erghtywrlght

a,belUy
s.t. a<b<w

For each quadruple Q = (h, f,p, F) € (5,5, {F"PY hew. tes p, We let Pav Q’p "RV denote

US,pRW

the collection of packings H € Py v that satisfy the following conditions:

L. h%,, := ho h} is injective when restricted to ((JH) \ Us;
2. for all j € {1,2,...,tq41}, it holds that [{v € (UH) \ U1 : (fohj,)(v) =} =pU);

3. the p//2 sets in H whose elements in Uy are smallest have the property that their inter-
section with U’ \ U; belongs to F™*, and the other p’/2 sets in H (whose elements in U; are
largest) have the property that their intersection with U’\ U; has no element that belongs
to F™*.

To proceed, observe that for each quadruple Q = (h, f,p, F) € (J,.7, {gh7‘f’p})|h6%7‘fey7p, it
holds that

Z Z | F*UUl 73/ F*],p /2 Rleftvwleft| |Pb \F* S/[U'\F*],p /2 erght7erght|
v
(Waett,Wrigns) fits W S.t'biZ}KU
_ 1pU.S"p RW
- ‘Pa ,Q |
Thus, we have that
| U/»S/7pl7R7W|
o) < 1+ Y | 4(a) > e
il Q=(h,f,p,F)E(H S LTI P} nere fesp) p

By Lemma 5.2, for each packing H € PU S RW , it holds that

e the number of distinct triples (h, f,p) (from which the quadruples consist) with respect
to which H satisfies Properties 1 and 2 above is upper bounded by (1 + &) - T, and
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e for each triple (h, f,p) with respect to which H satisfies Properties 1 and 2 above, the
number of sets F € .#"/P with respect to which H satisfies Property 3 above is upper
bounded by (1 + &) - 1,

Thus, we have that

HE,PUSpRW
2. | % Foaver,

Q=(h.f,p,F)e(H,S {F P} eow fer.p)

! e ! 1 o/
where [H € PaU v% P ’R’W] islifH e Pg U";’p "W “and 0 otherwise. Since the choice of H was

arbitrary, we get that

a(v) <@+ WD 3" Ba)(1+ &) PYS PR

acUq
s.t. a<wv

=1+ N B(a)|PLS TR,

acUq
s.t. a<v

Symmetrically, we derive that

/ I gl o/
a() > (1= 3 Ba) Py .

acUq
s.t. a<wv

This completes the proof. O
Finally, we conclude the proof of correctness of our algorithm.

Theorem 7.4. There is a deterministic 4k+O(Vk(log® k+log? %))(n + m)log n-time polynomial-
space algorithm that, given positive integers p and q where k = (¢—1)p, a partition (U1, Us, ..., Uy)
of a universe U, a family S of sets over U where |{S NU;}| = 1 for every S € S and
i€{1,2,...,q}, and an accuracy value 0 <e <1, outputs a number y that satisfies (1 — )z <
y < (14 €)x where x is the number of p-packings in S. In particular, z'f% = 2°(k%‘f), then the
running time is 457°F) (n, 4 m)logn.

U737p,(

Proof. Observe that for all v € Uy, it holds that E uevy Binit (w) + [Py )’()\ is equal to the

number of p-packings in S such that the largest element they contain from U, is v; we denote
this number by x,. Thus, by Lemma 6.1 with U’ = U, 8’ = S, p’ = p and 8 = Binis, we know
that

o A(U,S,p, Binit, (), () runs in time F+O(Vh(log® ktlog® %))(n—i—m) log n. Moreover, A(U, S, p,
Binits (), ()) has a polynomial space complexity.

e Forall v € Uy, the number «(v) assigned to v by the assignment « returned by A(U, S, p, Binit, (), ()
satisfies the following inequalities:

(1 -6V, <a(v) < 1+ Ve

First, by substituting £ and since § < In(1+¢) <€, we have that A(U, S, p, Biit, (), ()) runs
in time
4k+o(\/E(10g2 k+log? %)) (n + m) logn < 4k—|—0(\/§(10g2 k+log? %)) (n + m) log 7.

Thus, we obtain the claimed running time.
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For the accuracy, substituting £ by €, we have that for all v € Uy, it holds that

In(1 +¢)
S 2(k—1)

In(1+¢)

2 T) )2t Nz, < (1 + €.

(1—eaz, <(1 26D, < av) < (1+

Having these inequalities at hand, as in the proof of Theorem 4.2, we obtain that

y=> a@) <> (I+ez,=(1+6 > w = (l+e

veUy velUy veUy

Symmetrically, we obtain that (1 — €)x < y. This completes the proof. O
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A Extension to Trees (and Bounded Treewidth Graphs)

We will make use of the following notation. Given a tree 7" and a vertex p € V(T'), we let T},
denote the subtree of T rooted at p, and let Tp be the tree obtained when Tj, is removed from 7.
Our algorithm for #k-TREE will rely on two parts. The first is an extension of the algorithm
from Section 4.2 to solve #k-TREE in time 6.75”“‘“’(’“)710(1)(%)O(lOg k). To this end, we will make
use of the following well-known (folklore) proposition about separators in trees.

Proposition A.1 (Folklore). Let T' be a t-vertex tree. Then, there exists a vertex p € V(T)
such that both |V(Tp,)| < 2t and |V(T,)| < %t. Further, such a vertez p can be computed in
polynomial time.

So, we will consider the following lemma in Appendix A.2. Here, we solve a slightly more
general problem than #k-TREE, where the mapping of some vertices is fixed, as this generaliza-
tion will come in handy for our main algorithm. Clearly, the success probability can be boosted
by repetitions.

Lemma A.1. There is a randomized 6.75’7“”’(’“)no(l)(%)O(log k) time polynomial-space algorithm
that, given a graph G on n vertices, a tree T' on k vertices, an injection f: U — V(G) for some
U C V(T), and an accuracy value 0 < € < 1, outputs a number y that (with high probability,
say, at least 9/10) satisfies (1 — €)x < y < (1 + €)x where x is the number of isomorphisms
between T' and all subtrees of G such that every vertex p € U is mapped to f(p).

We will only call this algorithm with a parameter &’ that is extremely small (yet linear in k),
and so the fact that the constant is 6.75 rather than 4 will essentially have no consequence (as
we eventually strive to derive the base 4.001 rather than exactly 4). This will be done by our
main algorithm, where we apply the “division into small trees” trick, and which is an extension
of the algorithm from Section 4.1. This trick is based on the following result.

Proposition A.2 ([23]). For any ¢ > 1 and t-vertex tree T, there exists a subset W C V(T') of
size O(c) such that each tree R in T—W contains at most O(t/c) vertices and |Np(V (R))NW| <
2. Moreover, such a set W can be computed in polynomial time.

For us, ¢ will be some fixed constant. So, we will consider the following theorem in Ap-
pendix A.1.

Theorem A.l. There is a randomized 4.001’%0(1)(%)O(logk)-time polynomial-space algorithm
that, given a graph G on n vertices, a tree T on k wvertices and an accuracy value 0 < € < 1,
outputs a numbery that (with high probability, say, at least 9/10) satisfies (1—€)x <y < (1+€)x
where x is the number of isomorphisms between T and all subtrees of G.

We will skip formal proofs of correctness (which are essentially the same as the proofs in
Sections 4.1 and 4.2), but we will fully describe the algorithms in the next two subsections. We
remark that if we would like to count the number of subtrees of G that are isomorphic to T,
then the number output by our algorithms should be divided by the number of automorphisms
of T.

A.1 Proof of Lemma A.1

We root T at some arbitrarily chosen vertex, and in what follows, we treat T accordingly as a
rooted tree. For a vertex p € V(T'), we let parent(p) denote the parent of p in 7. For a subtree
T of T, we let root(7”) denote the root of T, which is the (unique) vertex of 7" that is closest
(in T') to the root of T'. Additionally, we let children(7") denote the set of vertices in Np(V (T"))
that are descendants of root(7”) in T (these are all vertices in Np(V(T")) expect for at most
one, which is the parent of root(7”) in T', unless root(T") = root(T)).
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Algorithm. Let & =In(1+¢€)/(k—1). Our algorithm, denoted by A, is recursive. Each
call to A is of the form A(G’,T', B) where G’ is an induced subgraph of G, T” is a subtree of T,
and B = {8, : p € children(T")} where for every p € children(T”), 8, : V(G)\ V(G’) = Ny. (The
supports of different functions 3, can be assumed to be disjoint.) To see the correspondence to
the algorithm in Section 4.2, let k' = |V (T")].

The call A(G',T’, B) should output an assignment « : V(G’') — Ny with the following
property: For each vertex v € V(G’), it holds that «(v) approximates the following number:

> I e | -5 .

g:children(T") =V (G)\V(G’) \ \p€children(T")
where xg;’T/ is the number of isomorphisms h between 7" and all subtrees of G’ such that:
1. For all p € V(T") ndomain(f), h(p) = f(p).
2. For all p € children(T"), h(parent(p)) is a neighbor (in G) of g(p).

We note that if children(7”) = (), then the above expression only corresponds to g with empty
domain, and then we just mean that «(v) approximates xg;’T/ (where g is the function with
empty domain), which is the number of isomorphisms h between 7" and all subtrees of G’ such
that for all p € V/(T") Ndomain(f), h(p) = f(p).

The initial call to the algorithm is with G’ = G, T = T, and B = (). The final output is
2 wev(a) (v)-

We turn to describe a call A(G',T', B). In the basis, where k' = 1, we return an assignment
a: V(G') — Ny defined as follows: If root(7”) ¢ domain(f), then for each vertex v € V(G'),
define

a(v) = > | I )

g:children(T”)—=Ng (v)\V(G’) \péEchildren(T”)

This expression is computed in polynomial time using dynamic programming. To this end, we
denote children(T") = {q1,¢2,...,q:} where t = |children(T")|, and observe that the aforemen-
tioned expression is equal to:

Z Bai (ve) - Z Bage—r (Ve—1) -+ Z B, (v1)

vtENg(v)\V(G') vi—1ENg(V)\V(G') @ ENG(V\V(G)

So, it can be compute using a table with an entry for every ¢;, i € {1,2,...,t}.

If root(7") € domain(f), then we use the aforementioned expression only when v = f(root(7”)),
and for every other v € V(G’), we set a(v) = 0.

Now, suppose that &’ > 2. We use the algorithm in Proposition A.1 to obtain a vertex p. By
Theorem 3.1, for a &-parsimonious (n, [V (T3})|, |V (T})|)-universal family .# of sets over V(G),
we can enumerate the sets F' € .% with delay O(n). For each set F' € .#, we proceed as follows.

1. We first recursively call A with (G'[F], T, BL,) where By, is obtained from B by taking
only the functions (3, where ¢ € children(T, ,;), and extending each such function to assign
0 to every vertex in V(G') \ F. Let 3, r be the output of this call, and extend it to assign
0 to every vertex in V(G) \ V(G').

2. Then, we recursively call A with (G’ — F, T}, B%) where B% is obtained from B by taking
only the functions 8, where ¢ € children(T7) \ {p}, and extending each such function to
assign 0 to every vertex in F, as well as inserting (8, r. Let apr be the output of this

recursive call.
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Let T be the correction factor of .%. After all sets F' € % were enumerated, the output
a: V(G") — Ny is computed as follows. For all v € V(G'), we calculate

a(v) = Z ap(v) | /T.

Fes
s.t. vgF
Note that we do not store all the assignments ar simultaneously, but we merely store one such
assignment at a time and delete it immediately after ap(v)/T, for every v € V(G'), is added.
This completes the description of A.

Analysis. It should be clear that the space complexity is polynomial. Now, let us briefly
explain why we get the base 6.75. Let T(k’) denote the time complexity of the algorithm when
called with 7" such that |V(7")| = k’. Observe that by Proposition A.1 and Theorem 3.1, we
can bound T(k') as follows:

T(K) = | <’z) A(T() + T(K —1t)) - nOD

/
_ <2kk/> 'T(gk') O
3 9

max
L <t< %k/

= ()F - T(EK) -nOW
23 3
_ (TG 00
23
3. o) _ B ow K o)
(=) n :(ﬁ) ‘n =6.75% -~
23

A.2 Proof of Theorem A.1

Algorithm. Let& =In(1+€)/(k—1). In preprocessing, we use the algorithm in Proposition
A .2 to obtain W where the constant ¢ > 1 will be determined later. Let C be the set of connected
components (which are trees) of T'— W. For every injective function f : W — V(G), we make a
call to our recursive algorithm, denoted by A. Each call to A is of the form A(G’,C’, f) where
G’ is an induced subgraph of G (that contains the image of f) and C’ C C. The call A(G',C’)
should output an integer a that approximates the number of isomorphisms between the forest
Twe = TIW UUgeer V(CO)] and all subforests of G” such that for all p € W, p is mapped to
f(p). The algorithm A is initially called with G’ = G and C’ = C. After all initial recursive
calls to A (corresponding to each choice of f) have been made, the algorithm returns the sum
of the integers a that they return.

Let d be a constant that upper bounds those hidden in the O notations in Proposition A.2
(which is independent of ¢). We now turn to describe a call A(G’,C’, f). In the basis, where
|Uceer V(C)| < 3dk/c, we call the algorithm from Lemma A.1 on graph H, tree R and function
fu,Rr, defined as follows. Let D be the set of connected components (trees) of the forest Tyy .
Let H be the graph obtained from G’ be adding a new vertex v and making it adjacent to all
vertices in G'. Let R be the tree obtained from Ty by adding a new vertex p and making
it adjacent to exactly one vertex from each tree in D (which is chosen arbitrarily). Lastly, let
fu,r be the extension of f that assigns v to p.

Now, suppose that |Jgocer V(C)| > 3dk/c. Then, |C'| > 3. Partition C’ into two sets, Cy
and Cz, such that |Ucce, V(O)| = [Ugee, V(C)| is minimized (this can be done in polyno-
mial time using dynamic programming). Notice that |Joce, V(C)| = |Ugee, V(CO)| < dk/ec,
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|Ucee, V(O)| = dk/c and [Ugee, V(C)| = dk/c. By Theorem 3.1, for a §-parsimonious
(n; [ Ucee, VO [Ucee, V(O)])-universal family .# of sets over V(G), we can enumerate the
sets I’ € . with delay O(n). For each set ' € .%, we proceed as follows. We perform two
recursive calls:

1. We call A with (G'[F Uimage(f)],C1, f). Let zr denote its output.
2. We call A with (G' — (F \ image(f)),Ca, f). Let yp denote its output.

Let T be the correction factor of .%. After all sets F' € .% were enumerated, we output a

1
calculated as follows: a = T Z xp - yr. This completes the description of A.
Fe7

Analysis. It should be clear that the space complexity is polynomial. Now, let us briefly
explain why we get the base 4.001. Let T(k’) denote the time complexity of the algorithm when
called with C" such that |{Jocer V(C)| = K. Observe that, by Lemma A.1, when k' < 3dk/c,
we can bound T(k') = 6.753%/¢ . n®() " Moreover, by Theorem 3.1 when k' > 3.dk/c, we can
bound T (k') as follows:

k/
max (
(G-Dr<t<(G+Hw \ 1
K 1 d
— TS + 2K -nPW),
(g2) TG+ 00

c

T(K) = ) A(T() + T —1)) - nOD)

kl 1 d / O(l)
1 + d)k") T((i—f_g)k)n

Notice that the larger cis, the smaller 6.7 53dk/c is and the closer is < ( 5
2T ¢

K 1

to <1k:’> ~T(§kz’) -n®M). So, by picking a larger ¢, then time complexity can be bounded by
2

¢*-n°W) where ¢ can be made arbitrarily close to 4 (though the polynomial factor n®® becomes

larger because O(1) hides c).

Patterns of Bounded Treewidth. We briefly remark that in order to extend our al-
gorithms to patterns of bounded treewidth, firstly, the set of vertices W obtained by applying
Proposition A.2 (as well as the vertices obtained when applying Proposition A.1) are nodes of
the tree T' of the tree decomposition (7', ) of the input pattern graph. Further, when we map
them to G (when we choose f), we need to map all the vertices that belong to the sets assigned
to them by 8 so that existing adjacencies between them are preserved. Several similar modifica-
tions should be made. In particular, when we consider the algorithm in Appendix A.2, instead
of considering vertices v, we need to consider sets of vertices (of size at most the treewidth) that
preserve existing adjacencies, and in the basis, existing adjacencies between all vertices mapped
to the root of 7" and all vertices mapped to its children should be verified.
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