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ABSTRACT

The present work is a study of the paper by Andreas Bjorklund, Thore Husfeldt and
Mikko Koivisto, "Set partitioning via inclusion-exclusion” [1]. The main aim of the writer
was for the ideas presented to be as accessible as possible to undergraduate students.

We prove the principle of inclusion-exclusion and define the zeta transform while also
giving an algorithm that computes it.

Given a n element set N and a family F of subsets of N we provide an exact algorithm
that computes the number of k-partitions in time O(2"poly(n)). We also provide others
that solve similar problems like k-covers, sum of weighted partitions and max-weighted
partition.

We then provide examples of problems which are reducible to the ones solved above
and for which the reduction does not dominate the time complexity.

The aforementioned algorithms are optimized for time with the space complexity being
also exponential. Considering that the responsibility for this falls squarely on the calcu-
lations for the z-transform, we provide alternate ways of solving the previous problems
where we substitute the z-transform by polynomial space tools with the drawback of them
being more costly on time.

We conclude with an approximation algorithm for the Chromatic Number Problem in
polynomial space.

SUBJECT AREA: Exact Algorithms

KEYWORDS: set partition, graph coloring, exact algorithm, zeta transform, inclusion-
exclusion



NEPIAHWH

To mmapdv €pyo atmoTeAei peAETN Tou paper Twv Andreas Bjorklund, Thore Husfeldt
kal Mikko Koivisto, "Set partitioning via inclusion-exclusion” [1]. KUplog oT10X0¢ Katd Tn
ouyypa@r ATavV va KATaoTOUV 01 £VVOIEG TTOU TTAPOUCIAfoVTal 000 TO dUVATOV TTEPICOOTEPO
EUANTITEG ATTO TTPOTITUXIAKOUG POITNTEG.

ATTOOEIKVUOUNE TNV ApXH EYKAEICHOU-ATTOKAEIOUOU KAl OPICOUNE TO Z-JETAOXNMATIOUO
evw Oivoupe Kal Evav aAyopiOuo TTou ToV UTTOAOYiICEL.

Aedopévou evog ouvolou N, n OTOIXEIWV KAl PIAG OIKOYEVEIAG F UTTOOUVOAWYV TOU
N KoBWwg Kal evOog akepaiou k, TTAPEXOUPE €vav akpIfr] aAyopiBuo 1Tou uttoloyilel To
TTANB0G TwV k-kKaTaTuAoewv oe O(2"poly(n)) xpdvo. ETmiong mapéxoupe kai GAAOUG ol
oT1T0iolI AUVOUV TTapopola TIPORAAUATA OTTWG N KATAPETPNON TWV K-KAAUPPATWY, N dBpoion
KAaTaTuAoewyv Pe Bapn Kai n eUpeon TNG o BapIds KATATUNONG.

2TN OUVEXEIQ TTAPEXOUME TTapadEiypaTa TTPORANPATWY T OTToId avAyovTal 0€ auTd
TTOU AUCQOUE TTOPATTAVW KAl YIO TO OTTOIA Ol avaywyEG OEV aTTAITOUV TTOAU XPOVO.

O1 Trpoava@epBEVTEG aAYOPIBUOI OTOXEUOUV OTOV EAAXIOTO XPOVO, HE TN XWPIKK TTOAU-
TTAOKOTNTA va €ival €KOETIKA. Agdopévou OTI TRV €UBUVN yIa AUTO YEPOUV ATTOKAEIOTIKA
Ol UTTOAOYIOUOI TOU Z-UETAOXNUATIOUOU, divouue eVAANOKTIKOUG TPATTOUG €TTIAUCNG TWV
TTOPATTAVW XWPIG TN XPAON TOU Z-JETAOXNKATIOPOU O€ TTOAUWVIKIKO XWEO. To PEIOVEKTNUA
QUTWV Eival 0TI XPEIAlovTal TTEPICTOTEPO XPOVO.

KAgivoupe pe €vav TTpooeyYIOTIKO AAYOPIBUO TTOAUWVUHIKOU XWPEOU O OTT0I0G AUVEI TO
MpdéBAnua Xpwpuatikou ApiBuou Ipa@ruaTtog.

OEMATIKH MNMEPIOXH: AkpiBeig AAyopiOuol

AEZ=EIZ KAEIAIA: katdunon ouvoAou, XpwHaTiIopdg ypagruaTtog, akpipng aAyopibuog,
Z-JETAOXNMUATIONOG, apX EYKAEIOPOU-ATTOKAEICHOU
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PREFACE

Given a n element set N, a family ¥ of subsets of N and an integer £ we will count all
possible partitions, sum the product £,(S1) - - - fi(Sx) and maximize the sum f,(S1) +... +
fx(Sy) over all partitions (S4,...,S) of N.

To achieve the above we will first prove the principle of inclusion-exclusion and define
the z-transform. Besides these tools we will also use dynamic programming and self
reducibility.

While at first we optimize for time, we will also provide alternatives to the z-transform
which is our main space bottleneck. In both cases we provide examples of interesting
applications like graph coloring and other partitioning problems that are reducible to the
above. Unless otherwise mentioned all proofs that follow come from [/1]].

An outline of the thesis follows in list format:

1. INTRODUCTION
We begin laying our infrastructure in the form of tools which we will be using through-
out the rest of this work. These include the zeta transform and the principle of
inclusion-exclusion.

2. RESULTS
Our most general results which consist of algorithms that compute interesting set
properties. We begin with an algorithms that finds the number of set covers of a set,
followed by another one for the number of set partitions. We then solve the more
general Sum of Weighted Partitions problem and conclude with a way to find the
heaviest among the possible partitions of a set.

3. APPLICATIONS
We apply the algorithms from the previous chapter to solve problems defined on
graphs. We begin with several problems related to graph coloring and then move
to graph partitioning problems. We conclude this chapter with an application on
bayesian model-based clustering.

4. POLYNOMIAL SPACE
We prioritize space complexity and substitute the zeta transform, which is our most
space-hungry tool, by others that are cheaper on space yet costlier on time. It is in
this spirit that we solve the Chromatic and Domatic Number problems anew.

5. APPROXIMATION
We prioritize speed over accuracy and provide a quick approximate solution to the
Chromatic Number problem. We then generalize this in the form of guidelines aimed
at tackling a class of similar problems.

6. CONCLUSION
We briefly note what has be shown up to this point and provide references to related
work done by other researchers after the publication of the paper under study. We
close with some suggestions on where further research on this specific area should
possibly focus.



Set Partitioning via Inclusion-Exclusion

1 INTRODUCTION

We will provide a description for each one of the tools that we will be using, namely the
Inclusion-Exclusion principle from combinatorics, the zeta transform and a slightly different
big O notation along with the model of computation that we will follow.

1.1 The Principle of Inclusion Exclusion

Let B be a finite set and F = {A4,,A,,...,A,} a family of subsets of B. Let w : 22 - R
be a weight function defined as w(A) = Y4 w(a), where A € Band w : B — R is another
weight function. The Principle of Inclusion Exclusion posits that

w(B\UAi):w(B)—i— > (=DMw(()4)

Xc{l1,...n} ieX

Proof. We will sum the appearances of w(a) for each a € B on each side and show that
they are equal on both sides of the equation. If a ¢ A; for all A; € ¥ then it appears once
in the left side’s w's sum expansion. On the right side it also appears only once and that
is in w(B). On the other hand, if a € A; for some iy,...,i, such that {i},...,i,} = I, then
w(a) doesn’t appear on the left side while on the right side it's added for each even-sized
i-combination of I and substracted for each odd-sized one and that is for all i € I, formally

I
Z(—l)'xlw(a) = w(a)Z(ljl)(_l)i =0

XcI i=0
by the binomial theorem.

In the case where w is the indicator function of B we get the version of the principle of
inclusion-exclusion that counts elements of subsets.

1.2 Zeta Transform

Let NV be a n-element set, we define a function z : {2V — R} — {2V — R}, in relation to
all functions 1 : {2V — R}, such that

df)=Ff and  f(¥)= ) f(S)fory c N
Scy
We say that f is the zeta transform of f.

The naive way of computing the zeta transform takes O(3") additions but we can reduce
this to O(n2") using Yate’s method [51] [32, Section 4.3.4]. We term the resulting algorithm
the fast zeta transform.

Proof. Let A = {ay,...,a,} be a set of n elements. We define gg,...,g, for Y C A by

go(Y) = f(¥) and

i-1(Y i-1(Y i}), ifaeY .
gi-1(Y), otherwise
We can show by induction that
gi(Y) = Z f(X), with each X appearing only once in the sum
X=Y\I
IC{ay,....a;}

D. Koutsoulis 8



Set Partitioning via Inclusion-Exclusion

For i = 0 the above is obiously true. We suppose that it’s true for i = k— 1 and try to prove
the case where i = k. If a; ¢ Y then

a¥)=ga()= > fX)

X=y\I
IC{ay,....ax-1}

from the inductive hypothesis, which is equal to

sinceaq, ¢ Y.

On the other hand, if a; € Y, then we can partition the set of all X into two sets, one given
by removing subsets I C {a,...,a;_1} from Y, accounted for by the first summand and the
other given by removing 7 U {a,} from Y, accounted for by the second summand of the first
branch. Thus the proof by induction is complete.

From the above we have that

We can compute all g, (Y) from g,_1(Y) in O(2") additions which gives us O(n2") additions if
we iterate from i = 1to n. If maxycaf(Y) = M for our selection of f then the integers that will
occur in our computations are within the bounds [-2"M, 2" M], since it's O(2") additions of at
most M sized integers. Therefore, if we use schoolbook addition, we need O(log(2"M)) =
O(log(2") +log(M)) = O(n+log(M)) time for each one which gives us O(n?2" + 2" log(M))
total time abbreviated as O*(2" log(M)) as we will soon see.

1.3 Model of Computation

We can will be using another variant of the big O notation symbolized O* where for a
function f(n) which is the product of which one or more factor are polynomial functions
and at least one is an exponential function, we can ignore all the polynomial factors e.g.
O(2"polynom(n)) = O*(2"), the following is also implied O(nlog(n)) = O(2'°"polylog(n)) =
O*(Qlog(n)) — O*(I’l)

We use the random access machine model of computation. We add 2 »-bit integers in
O(D) time and multiply them in O(blog(b) log(log(b))) = O*(b) time [44].

D. Koutsoulis 9



Set Partitioning via Inclusion-Exclusion

2 RESULTS

In this chapter we will provide algorithms that compute interesting and somewhat fun-
damental properties of sets, alongside informal proofs of their correctness. We will opti-
mize for time complexity and prove an upper bound for each one of them.

2.1 Set Cover

Let N be a n-element set and # a family of subsets of N. A k-coveris atuple (S4,...,S;)
where S; € F such that S; U --- U S, = N, where there is overlap and each §; may
appear more than once in a tuple. We want to compute ¢, (%) the number of k-covers. To
that end we can use the principle of inclusion-exclusion where w is the indicator function
of B, which B is the set of all k-tuples mentioned above. We define a family of subsets
{A1,...,A,}, A; € Bsuchthat A, includes all k-tuples but those the i-th element of N belongs
to. We can see that ¢, (F) is the number of k-tuples in B that appear in none of the A;.
Therefore from the principle of inclusion-exclusion we have that

al

ieX

c(F)=1Bl+ >, (-1

Xc(1,....n}
[X]>1

Leta(X) =|{S € F : S N X = @}, intuitively the number of sets in ¥ that don’t overlap with
X. Since our definition of a k-cover allows for overlap and repetition and since each A; is
a k-tuple we have that | Nn,.x A;| equals the number of k-permutations with repetition on the
number of sets in F that avoid X, therefore | Nicx A;| = a(X)*. Note that |B| = a(2 ).

From the above we have that

c(F) = |Bl + Z (-=1)Ma(x)*
xcll )
X>1

which we will prove that we can compute in O*(2") time. We need O(n2") = O"(2") time
to compute the zeta transform f of the indicator function of # and then another O*(2") to
compute all a(X) like this
(Think of N as the n-element set of the first n natural numbers for now to simplify the
notation)

aX)= ) f(S)=FIN\X).

SCN\X

Finally we raise them to the k-th power and sum all of them still in O*(2") time to compute
Ck<T>.

2.2 Set Partition

Let N be a n-element set and ¥ a family of subsets over N. We call a k-partition a
tuple (S4,...,S«) over ¥ suchthatS,;uU---US, =NandS;NS; = (i # j). Note that any
S € ¥ may appear more than once in a single tuple. We will prove that we can count the
number p, () of k-partitions in O*(2") time.

We define a,(X) to be the number of k-tuples (S1,...,S;) where forevery S;, S;:NX = 2
and |S1] + ...+ 1S« = n. Now lets recall the unweighted principle of inclusion-exclusion
where in our case B is substituted by the set of k-tuples over ¥ that satisfy the second

D. Koutsoulis 10



Set Partitioning via Inclusion-Exclusion

condition from above. We define a family of subsets {A;,...,A,}, A; € B such that A;
includes all k-tuples but those the i-th element of N belongs to. We can see that p,(F) is
the number of k-tuples in B that appear in none of the A;. Therefore from the principle of
inclusion-exclusion we have that

p(F) = 1B+ . (-1

Xc{1,...,n}
[X1>1

a

ieX

But since we have that | Niex Ail = a(X) from the definition of a,(X), we can rewrite the

above as such
p(F) = 1B+ > (-1)Ma(X).

Xc(1,....n}
[X]>1

Note that |B| = a,(@). We calculate functions ) : 27 — {0, 1} for all /, defined as

f(l)(S): 1, fSeFand|S|=1
0, else

and then we build a table containing all zeta transforms f) of the above using the Fast
zeta transform, all that in O*(2") time. Now let us define

gimN.X) = > ﬂfWwa

l,++lj:m c=1

informally g(j, m, N, X) equals the number of j-tuples (S4,...,S;) over ¥ for which S;nX =
oforalliand S|+ ...IS ;| =m.

Itis clear that a,(X) = g(k,m, N, X). We also have that g(1,m, N, X) = f (N \ X) at no
cost and from that we can compute g(k,m, N, X) using the recursion

m

g(m N, X) = D g(j=1m=LN,X)fO(N\X)

=0

by dynamic programming in under O*(2") time. We now got everything we need and are
ready to apply the principle of inclusion-exclusion.

2.3 Sum of Weighted Partitions

In the previous section we counted the number of partitions of a given set. In this one
we will assign a weight to each partition and try to find the sum of the weights of all valid
partitions.

We use the same definitions as before for set N, tuples S = (S4,...,S,)on Y C N and
family #. Additionally we have that kK may be larger than n and any S; element of any S
may be empty. our intuition about weight is formalized by a function f : S — IN which for
some given functions fi,...,fi : S; & N, §; C N, is defined as f(S) = fi(S1) - fi(Sk)
where § = {S4,...,S;}. Therefore what we need to compute is

pe(f) =D f(S).

(As a side note we consider f1,..., f; to be bounded as such |f}| < M for some integer M.)
We will prove that we can do so in O*(2"klog(M)) time.

D. Koutsoulis 11



Set Partitioning via Inclusion-Exclusion

We define b,(X) to be the sum of all f(S) where S are the k-tuples whose elements are
subsets of '\ X and for which such tuple the following (1) is true |S 1|+ ...+ S| = n. Now
recall the weighted principle of inclusion-exclusion from before but let the set of k-tuples
on N satisfying (1) substitute for B. Likewise our subsets A; C B are going to be the sets
of k-tuples that for each A; avoid the i-th element of N. Given that the p,(f) we are looking
for equals the number of k-tuples including all elements of N out of B, we have that

pf)= ), f(S)=w(An--nA,).

Se(Ain-NA,)

It is also clear that w(NexA;) = bk( ) and w( ) = bi(@). Therefore we can compute

pe(f B) + Z )b (X

XN
[X|>1

in time O*(2") given every b,(X). We will now show that we can compute all b,(X) in time
O*(2"klog(M)) dominating the above.

We begin with the computation of all

Y(¥)= > £(S), YCN,

Scy
IS|=1

which equals the complexity of computing the zeta transform of all f1, ..., fi on N which is
O*(2"klog(M)). We will now use the above to compute all b,(X) by dynamic programming
in time O*(2"klog(M)).

To simplify our proof we raise k to the nearest greater power of 2 namely 27 such that
k < 27 < 2k by introducing additional f;'s that evaluate to 1 at @ and to 0 elsewhere. We
define for some given set N \ X

t
g(s,t,m) = Z H(N\X), l. >0,
ly+...+l=m c=s

less formally it is the sum of the products f,(S;)--- f,(S,) where (S,,...,S,) are all the
(s —t+ 1)-tuples on N \ X constrained by the equation |S | + ... + S, = m. It's clear that
b (X) = g(1,k,n) and we’ll use the following recursion to compute it

gls.tom) = > gls,L(s +1)/2]mo)g(L(s +1)/2] + 1, t,m1)

mo+mip=m

and from our definition of g(s,7,m) we have g(c,c,m) = f (N \ X) already available from
our previous computations. We save time by not having to compute g(s,¢,m) for all s, ¢
and m but only the 2411 — 1 required by g(1, k,n) and that is including itself and the already
computed base cases (think of them as the nodes of a binary tree). In the dynamic pro-
gramming context where in the step of some g(s,7,m)’s computation, all other g(s,z,m’)
required for it are known, the time needed for this operation equals the number of addi-
tions times the complexity of each multiplication. The former is n(n+1)/2, since m iterates
through 1,...,n and for each we have m additions. The latter depends on the size of the
multiplied integers which are bounded by n"M"~*"'m'~s. The proof by induction on ¢ — s is
trivial. It is now clear that the time T'(j) required for the step of our dynamic programming
algorithm where we compute g(s,¢,m) for any s, ¢ such thats— s+ 1 = j is bounded by

O*((n(n+1)/2) log(n"))
= 0" (n*log(n) + n*jlog(M) + n*jlog(n™"))
= O (n® + n*jlog(M)).

D. Koutsoulis 12
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As we noted before we can think of g(1,k,n) = g(1,29,n) and the other g’s transitively
required for its computation as the nodes of a binary tree. Therefore the total time is

T(29) 4+ 2'T(2771) + 2°T(2972) + ... + 29T (2°).

The first part of n® + n? jlog(M), that is, n® is constant among all summands above so we
have 2(4t1-1)n® = 2¢7n® = 29n3. To calculate n?jlog(M)’s contribution to the total time
we note that each summand adds exactly 2¢n* log(M) to the sum and there are ¢ such
summands. Therefore the time needed to calculate g(1,k,n) is

O (2'n° + q2'n*log(M))
= 0" (2%n* + 2n* log(M))
= O"(kn’ + kn® log(M))
We need to compute one g(1, k, n) for each b,(X), x C N, so
O*(2"kn* + 2"kn? log(M))
= 0" (2"klog(M))

time for all b,(X) and thus for p.(f).

2.4 Finding a Heaviest Partition

We define the same objects as in the previous section. We now want to find a partition
whose weight is the maximum out of all partitions’ weights for our given set system. We
start with an algorithm that computes the greatest weight in time O*(2"kM) and use it to
construct another one that finds the partition in question, in time O*(2"k*M).

To make our work easier constraint our function f,..., f, to the range [0, M] down
from [-M, M]. We define a new set of functions {f/,..., £/} such that f/(S;) = ") where

B =k"+ 1 so that
kM

() = ﬂfl(sl)-i-...-‘rfk(sk) — a,B"

() Z Z

where kM equals the maximum number of different possible weights, r iterates through
these weights and «, is the number of partitions S = {S4,...,S,} such that r = f1(S1) +
...+ fi(Sx). Itis important to note that the maximum number of partitions, in the case
where ¥ is the powerset of N, is k*. From that and the definition of «, it's implied that
a, < k" <k"+1=B. We now posit that for the largest r that a, > 0, denoted by r’,

kM

p(f) =) ap <p.

r=0

To prove it we in turn prove that }?_,a,8" < ' by induction. The base case where
>0 s aoB’ < B is obviously true. Now suppose that Y2\ a,8” < § is true. We have that

—_

Z =

Naf = af +aff <f+af <f+ (B 1B =+ - =,

r=0 r

Il
o

we've consequently proven that pi(f') = S a,8” < g”*1. Itis now clear thatlogg(pi(f')) =
r’ the maximum weight. We use the previous section’s algorithm to compute p,(f’) and

D. Koutsoulis 13



Set Partitioning via Inclusion-Exclusion

since f/ are bounded by ¥ we can do it in O*(2"k log(p")) = O*(2"kMnlog(k)) = O*(2"kM)
time.

Finding a partition for the given max weight W is rather easy. We iterate through the
elements of N and we assign each one to a part (color it in a sense) and then use the above
algorithm to calculate the max weight of our set system without taking into account the
weight of partitions that disagree with our assignment. We can achieve that by temporarily
setting f.(S.) = 0 for every S that doesn’t include our element with ¢ being the number of
our chosen part, effectively nullifying the weight of partitions that we are not interested in.
After assigning and calculating the new possible maximum weight, if it is lower than the
old maximum then we assign the element to a different part and repeat the above. When
for an assignment the new and old max weights coincide, we lock the element to the part
and move to the next element repeating the steps above. the partition we reach to after
assigning all the elements to subsets of NV is a maximum weight one. At each step of the
iteration through the elements of N’ we use the algorithm of the first half of the section &
times. Thus the total time is

O (k2"kM + k2" kM + ... + k2°kM) = O*(K*(2"™ — 1)M) = O*(2"k’M).

D. Koutsoulis 14
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3 APPLICATIONS

In contrast to the work in the previous chapter, where we focused on solving problems
defined on sets, in this one we focus on graphs. We use the previous results to construct
algorithms that compute useful to know graph properties. We conclude with a section on
Bayesian model-based clustering, which strays somewhat in content from the rest of the
chapter.

3.1 Graph Coloring

We call k-coloring of a graph G = (V,E), |V| =namapping C : V — {1,...,k} where for
every vi,v, € Vand C(v;) = C(v2) we have that (v,,v,) ¢ E. in order to reuse our previous
results we let N = V and ¥ to be the family of all non empty independent sets of G.

3.1.1 Chromatic Number

We call chromatic number x(G) of a graph G the smallest number k for which there
exists a k-coloring of G. We now define the problem where for a given graph G = (V,E)
and number k£ we want to know if y(G) < k. This is easily reduced to the counting set
covers problem, since if ¢,(¥) > 0 then there exists some covering {S1,..., S} so that we
can assign colors C(v) = min{c : v € S .} which is a valid at most k-coloring. in addition we
provide a alternate way to compute a(X) for all X ¢ N for our special case of 7.

Let N(v) = {v}U{u € V: (v,u) € E} denote the set of v and all its neighbors. We have
a(X) =a(XUv)+a(XUN())+1, (v¢X)to be true. To make it clearer how this is true
we rewrite it as a(X) —a(X U {v}) = a(X UN(v)) + 1, (v ¢ X). The left hand side of the
equation evaluates to the number of independent sets that avoid all of X and at the same
time include v. The right hand side of the equation evaluates to the number of independent
sets that avoid v and all its neighbors, plus the empty set. If we add v to every set above
we reach independent sets that avoid X and obviously include v thus the set of them is a
subset of the one we talked about on the left hand side. It is trivial to show it’s true the
other way around too, therefore since both are a subset of one another, they are equal
and so are the left hand side and the right hand side.

Starting from the base a(V) = 0 we can use the recursion to compute and store all of
a(X) operating on n-bit integers in O(2"n) time and space. We can then execute the rest
of the counting set covers algorithm to see if ¢,(F) > 0 and thus (G) < k.

3.1.2 Chromatic polynomial

Given G = (V,E), |V| = nand k € {0,...,n} we want to find the number P(G;k) of
k-colorings of G. We will prove that we can do so in O*(2") time and space.

Recall our counting partitions algorithm and the fact that for our definition, p,(¥) (where
¥ is the family of all independent sets of G) considers partitions consisting of the same
subsets in alternate order to be different for the sake of counting them. therefore if we
define p.(¥) to be the number of partitions § = {S1,...,S,} where the order of S; doesn’t
matter, we have that for each such partition there exist r! different reorderings of subsets
and thus p.(F)r! = p,(¥). We note that the ways we can color each valid r-partition equal
the r-permutations, without repetition, of the k available colors and are thus k!/(k — r)! in
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number. In conclusion we have

PGH) = Y i) = Y e P = 3 ()

which requires O*(2") for the computation of p,.

As a side note the function P(G;-) : N — Nis a degree n polynomial so we can compute
it at multiple points from the formula above and then use those points to interpolate the
polynomial in question and evaluate it at other interesting points such as at —1 which gives
us the number of acyclic orientations of G [45].

3.1.3 List Coloring

We will generalize the k-coloring problem by introducing list coloring in which we are
given L(v) C {1,...,k}, v € V which restricts the colors a vertex v can be assigned to by
only allowing those ¢ € L(v), down from ¢ € {1,...,k} in the k-coloring problem. What we

We note that for those v that L(v) > d(v) we can postpone their coloring till all of their
neighbors are colored so that we can simply choose ¢ € L(v) different from each neighbor’s
color. Consequently we can limit ourselves to the non-trivial case where Yv(v € V =
L(v) < d(v)). The set of all available colors i.e. the union of all the sets in L’s image is
enumerated as {1, ...,k}. Assume k < n(n — 1). We define functions fi,..., f; : 2" — {0, 1}
where f.(S.) = 1 for S. independent or empty, and Yv(v € S. = ¢ € L(v)) meaning that it
can be colored exclusively by ¢ and if it's not the case then f.(S) = 0. We can now use
the above as the input to the Max Weighted Partition algorithm from to find the
max weight of f1(S1)+...+ fi(Si) overall S ={S4,...,S,} partitions of V. The propositions
G is L-colorable and W = k imply one another. To prove one way, if G is L-colorable then
there exists an L-coloring C such that the sets S, = {v : C(v) = ¢} are independent or
empty with Yv(v € V. = ¢ € L(v)) and therefore form a valid partition which turns all £.(S.)
tolsoW = fi(S1)+...+ fi(Sx) = k. To prove the other way, if W = k then there exists
a partiton S = {S1,...,S,} such that f.(S.) = 1 for all ¢ € {1,...,k}. Therefore it's true for
all these S that they are independent or empty and that Yv(v € S. = ¢ € L(v)), so we can
color each S. monochromatically with ¢ and reach a valid L-coloring. Our algorithm has
the same time complexity O*(2") as the max weighted partitions one.

3.1.4 Chromatic Sum

Given a graph G = (V, E) and k colors we want to find a coloring C : V — {1,...,n} that
minimizes Y.y C(v). We note here that the coloring that gives the minimum max,cy C(v)
does not necessarily coincide with the one that minimizes ., C(v).

We can solve the Chromatic Sum in O*(2") time by reducing to Max Weighted Partition.
We set F to be 2'V| and define function f,..., f, such that f. = —|S|, if S is independent
or empty so that the sum fi(S1) +...+ fi(Sx) = —(LS 1|+ - - - + kIS]) is maximized when its
absolute value is minimized which is for min} ., C(v). In order to discard non-colorable
partitions we set £.(S.) = —n? for non-empty non-independent S. € 2/ so that the abso-
lute value of the weight of the partitions including them is larger than every one of those
consisting exclusively of independent or empty S, € 2"l. The time needed for the above
is the same as the one for Max Weigthed Partitions namely O*(2").
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3.2 Other Graph Partitioning Problems

For the problems Domatic Number, Chromatic Number, Partitions into Forests where
¥ consists of all S that G[S] is a forest, Partition Into Perfect Matchings where G[S] is a
perfect matching and Bounded Component Spanning Forest where G|S| is connected and
Y.es w(v) < B, we have that we can iterate through k-partitions over 2!V and check for every
S. € 2V of each such partition that S. € ¥ in time polynomial in n, complexity which our
O* notation allows us to ignore. On the other hand we can'’t at least at the moment check
if a graph is hamiltonian in poly(r) time and thus, in solving the Partition Into Hamiltonian
Subgraph problem, we have to enumerate all hamiltonian subgraphs once in O*(2") time
[27] and store them so that we can later determine if S. € ¥ in constant time to determine
valid partitions.

3.21 Counting Set Packings

Given a set N, a family of subsets of it # ¢ 2V and an integer k, we define a k-packing
to be a k-tuple (S4,...,5¢) over ¥ such that VivVj(i # j = S, nS; = @). We want to find
the number of all possible k-packings. We note that if # = @ then we can use a valid
k-packing to construct k — 1 others by successively substituting S;’s with @.

We will use the Sum Weighted Partitions algorithm from with functions
fis---» fi, where fi,..., fi are the indicator function of # and f,,1(X) = 1 is a constant
function (Please keep in mind that the distinction between k and k + 1 in the notation
is important). Recall p,.:(¥) which used to be the number of k + 1-partitions over ¥,
we now want it to be the number of k-packings over #. For that to be so, b;,1(X) =
g(1,k + 1,n) should be equal to the number of all k-tuples {S1,...,S,} on N\ X such that
there exists another k-tuple {S/,...,S;} on N'\ X, for which we have S, € §/,...,5c € §;
and S| + ... +|S;| = n. We note that fi(l)(N \ X) fori € {1,...,k} equals the number of
S, e ¥ forwhich S;nX =@ and |S| = I. We also note that fk(i)l(N \ X) equals the number
of subsets of N \ X of length . Now for every k-tuple over N'\ X, {S1,...,S} there exist
others over N'\ X, {§7,...,S;} suchthat|S||+...+|S;|=nand S, CS/,...,5, cS,. We
have that the set C = (S7\S1)U---U (S, \ Sy) is a subset of '\ X. The number of all such
k-tuples over N \ X of summed length m is

k
N[ AN\ X), where b + ...+ [ =m.

c=1

In the above f,f_’;’")(N \ X) is the number of all C complementing our k-tuples. If we sum
over all the length permutations we get

k+1

ben(X) =g(Lk+ L= 3 [[W\1X).

li+..+lhgp1=n c=1

3.2.2 Max k-Cut

Given a graph G(V, E) and a weight function w : E — N we want to find the k-partition of
V that maximizes the sum of all w(e) for e with endpoints in different parts of the partition.

As a side note we can reduce the case where w : E — {1} to the Max k-Colorable
Subgraph on the complementary graph. To make it clearer, after solving the max coloring
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on the complement, we can use the color classes to form a partition for which, after in-
verting the complementation of the edges, every element of every part is connected with
all elements in foreign parts and the sum of w’s is thus maximized.

We propose that we can solve Max k-Cut for w : E — [-M, M| in O*(2"M) time. We
define fi,..., fi @s fi(S:) = — Xeers) wle) where E(S);) is the set of the edges with both
endpointsin §;. We now use the Max Weighted Partition algorithm with the above f1,.. ., fi.
We effectively find the partition that minimizes the absolute value of the fi(S1) + ... +
fi(S) sum and in turn minimizes the intra-part sum of weights over all parts which finally
maximizes the sum of weights of edges connecting different parts.

3.3 Bayesian Partition Models

Consider Bayesian model-based clustering [4, 18, 28, 38]. For y4,...,y, datapoints,
S ={S1,...,S;} k-partitions of the set of the m indexes and for each such partition associate
each part (hamed cluster) with a function of 6 such that for a given j assigned to a cluster
with its respective function 6 we have that P(y;|6), which ranges from 0 to 1, tells us how
suitable the assignment is for y;,. We are also given distributions for 6, ¢(6) and weight
functions to evaluate how the importance is distributed among the clusters of a clustering

we(Se)

pc(Sc) = ZS Hc Wc(Sc)'

We define
75 = p(so) [ []Pojelqto)de.

jeSe
where we calculate how good the cluster is for some given 6., sum over all possible 6.
effectively integrating them out and then multiplying the result with the importance of the
cluster. We want to find the optimal clustering which is the one that maximizes the sum
fi(S1) + ... + fi(S:) and to approximate such a partition we can use the Max Weighted
Partition algorithm from section 2.4. We can’t be sure that the result is exactly the optimal
one cause Max Weighted Partition was defined on naturals while in this problem we deal
with rationals.
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4 POLYNOMIAL SPACE

We will prove that if membership in & can be decided in polynomial space and time
then Counting Set Covers and Partitions can both be solved in polynomial space and
O*(3") time.

In the original algorithm of Counting Set Covers the bottleneck in space was storing all
a(X) we computed with the z-transform which required O*(2") space. Since checking for
membership in ¥ costs polynomial time and space, we can compute each a(X) on the fly
when needed by checking for every §; € N\ X if it is included in 7. We therefore have to
do 2N-X membership tests for each a(X) of which there are () many, the total number of

tests being
IN-IX| __ n\on—r __an
DIESEEDY HEaEE
XCN r=0

by the binomial theorem. The cost of each test is given to be polynomial so we ignore
it, leading to O*(3") time. We work similarly on the Counting Set Partitions, effectively
substituting the use of the z-transform by membership tests on the fly.

We will now prove that if fi,..., fi can be computed in polynomial space and time
then Sum and Max Weighted Partitions can be solved in O*(3"k logM) and O*(3"k*M) time
respectively and both in space polynomial in nk.

In Sum Weighted Partition we forego the computation and storing of fi, ..., f; using the
z-transform and instead compute them in the fly in time polynomial when needed. This, like
in the previous proof, reduces the space requirement from exponential to polynomial and
raises the base of the exponential time from 2 to 3. in the case of Max Weighted Partition
we know from each original algorithm that it is reducible to Sum Weighted Partitions in
under polynomial space and trivial time. We then follow the steps above but this time for
M-bit integers and k times for each X C N leading to O*(3"k*M) time.

The above apply to all the partitioning problems of the previous sections besides Par-
titioning into Hamiltonian Subgraphs since we can’t check if a graph is hamiltonian in
polynomial time.

We will now turn to the case where ¥ is small in comparison to 2V and enumerating it
each time may prove faster than testing for membership for all S; € N\ X.

4.1 Chromatic Number

Given an algorithm [23] that counts all independent subgraphs of a n-vertex graph in
0(1.2461") time, we will solve the Chromatic Number in O(2.2461") time and polynomial
space.

In this problem # contains all independent subgraphs of a given G = (V,E). To com-
pute a(X) we remove all vertices of X from V and apply the aformentioned algorithm on
the resulting graph, in time O(1.2461"-X1). The total time therefore is

Vi

> o.2461M ) = 3 ( V)O(1.2461'V"’) — 0(2.2461M)

14
Xcv r=0 r

by the binomial theorem.

D. Koutsoulis 19



Set Partitioning via Inclusion-Exclusion

4.2 Domatic Number

Given a graph G = (V, E), we call dominating set a vertex subset D C V such that for
every vertex in V there exists some vertex in D such that the two of them are one and the
same or there is an edge connecting them. We call domatic number §(G) of the graph
G the largest integer k such that there exists a k-partition of V into dominating subsets.
In the Domatic Number problem we are given a graph G = (V,E) and an integer k and
we ask if we can partition V into k£ dominating subsets or equivalently if §(G) > k. What
we’ve proven at the start of this section applies to this problem and so we can solve it
in polynomial space and O*(3") time. In this subsection we will provide another way of
solving it, this time in O(2.8718") time, still in polynomial space and provide a partial proof
of it.

We set ¥ to be the set of minimal dominating sets of G. We call minimal dominating
a subset of V from which if we remove any vertex it stops being dominating. Our problem
is reduced in constant time and space to Counting Set Packings since given that there
exists a k-packing of minimal dominating subsets, we can select vertices missing for it to
be a k-partition and add each one to a pack at random, constructing a k-partition of no
longer minimal dominating sets. Now we reduce to Sum Weighted Partitions in constant
time and space as we did in but instead of using the z-transform to compute a
table for fc(l)(Y), Y C V which would require exponential space, we use the algorithm from
[21, Theorem 5.1] for all Y which requires O(2.8718") total time and polynomial space. The
authors of [22] note that it is not known how representative of the actual run-time the above
bound is.
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5 APPROXIMATION

We shortly shift the focus to the case where accurate results are not of paramount
importance and trading accuracy for speed is desirable. An algorithm for approximating
the Chromatic Number of a graph is provided, followed by general guidelines on tackling
similar problems.

5.1 Chromatic Number Approximation

We will provide an algorithm that approximates the solution to the Chromatic Number
in less time than the one required by our exact algorithm to solve it. Given € € R, & > 0,
the chromatic number y of a graph G = (V, E), |v| = n, can be approximated by y where
X <X <x+eé&y+1lintime O(1.2209" + 2.2461¢ ") and polynomial space.

Begin by finding the largest independent set in our graph and removing its vertices
from our graph in time O(1.2209") and polynomial space [12]. We repeat this till there are
e °n or less vertices in our graph. Let s be the number of the repetitions we did. We now
use the exact polynomial space algorithm from on the current graph in time
0(2.2461¢") and find its chromatic number y,. We set y = x, + s and will now bound the
maximum error of our approximation. We note that after each repetition in the first part, the
graph’s chromatic number will have been lowered by 1 if for all minimal colorings one of the
colors was used solely by the largest independent set and is therefore no longer needed.
In all other cases the chromatic number remains unchanged. Since we have s repetitions
and y = xo + s it's implied that y > y, our lower bound. We also have that y, < y because
a subgraph has the same or lower chromatic number than its supergraph. It is also true
that for a given chromatic number y the size of the largest independent set is minimized
in the case where there are y independent sets of equal size 1/y that form a partition of
the graph. After removing such an independent set in the first step, the resulting graph
has (1 — 1/x)n vertices and after s repetitions (1 — 1/x)°n vertices. To generalize after s
repetitions we have at most (1 — 1/y)°n vertices and it follows that

1‘?—1 B 1s—1 B
1--— n>e’n=|1-- > e %,
X X

The following is also true for all x

1 1 AN
l+x<ef=[l-—|<exr=>|1-— <e r,fors>1.
X X
From the conjunction of the above we have that
B et s—1 s—1
ef<er > -—e<———=¢e> Segr>s—1=>s<gyr+1
X X
which leads us to our upper bound
X <x-+ex+1

5.2 Further Approximations

We can generalize the above to approximate solutions for Minimal Covering problems
given that the following are true for 7
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1. there is a fast algorithm for finding the largest S; € # and by fast we mean that it
requires less time than finding the exact final solution.

2. ¥ is hereditary which means that S, c T € ¥ implies S; € F.

For example we can’t use the above if F is the set of induced trees of a graph since
subgraphs induced from a tree might not be trees themselves.
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6 CONCLUSION

We have studied the results of [1] that provide solutions to the counting covers and par-
titions problems on sets. This knowledge was subsequently applied to create algorithms
for a class of graph coloring and partitioning problems. A brief note on utilizing these in
order to create model based clustering algorithms is also included. Alternatives where
a low space complexity is of import are given for some of the above, as well as some
approximating algorithms based on the same principles as the exact ones we studied.

Regarding the case where our assumption that arithmetic operations have unit cost
is invalidated, like when we are dealing with large integers, Michalak et al. [53] have
provided an O(3") algorithm for finding the heaviest partition of a set which is in practice
faster than the one we provided. Kemper and Beichl have provided methods to approx-
imate the chromatic polynomial by using probabilistic schemes [54]. An alternate way of
coloring a graph is given by Golovnev et al. [55] in which the inclusion-exclusion princi-
ple is substituted by the Fast Fourier Transform and happens to be faster under certain
circumstances. In the case where we are constrained to polynomial space, Gaspers and
Lee provide provide us with an algorithm [56] that solves the graph coloring problem in
0(2.2355") time and as a byproduct they also give us one that runs in O(1.2330") time and
exponential space. Nederlof et al. [57] used the inclusion-exclusion principle to construct
a faster branching algorithm that solves the domatic number in polynomial space.

Finding a better compromise between space and time complexity via a third tool that
could work as an alternative to the zeta transform and checking for membership schemes
could be a focal point of future research. More refined approximation algorithms could be
designed that fill the gap between polynomial space approximations and our exponential
exact ones. Lastly, a natural question would be on which other interesting set systems
could our results be applied and for each one of them are there any special optimizations
that could be found.
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