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Analysis of Two-variable Recurrence Relations
with Application to Parameterized Approximations

Ariel Kulik* Hadas Shachnait

Abstract

In this paper we introduce randomized branching as a tool for parameterized approxi-
mation and develop the mathematical machinery for its analysis. Our algorithms improve
the best known running times of parameterized approximation algorithms for Vertex Cover
and 3-Hitting Set for a wide range of approximation ratios. One notable example is a sim-
ple parameterized random 1.5-approximation algorithm for Vertex Cover, whose running
time of O*(1.01657%) substantially improves the best known runnning time of O*(1.0883)
[Brankovic and Fernau, 2013]. For 3-Hitting Set we present a parameterized random 2-
approximation algorithm with running time of O*(1.0659%), improving the best known
0O*(1.29%) algorithm of [Brankovic and Fernau, 2012].

The running times of our algorithms are derived from an asymptotic analysis of a wide
class of two-variable recurrence relations of the form:

— min S plb— k- F
p(b,mflggN;% p(b =0k~ k]),

where b/ and k7 are vectors of natural numbers, and 57 is a probability distribution over T
elements, for 1 < 7 < N. Our main theorem asserts that for any o > 0,

1
klingo % logp(ak, k) = — 1ISnjanN M;,
where M; depends only on «, 77, v and k7, and can be efficiently calculated by solving a
simple numerical optimization problem. To this end, we show an equivalence between the
recurrence and a stochastic process. We analyze this process using the method of types, by
introducing an adaptation of Sanov’s theorem to our setting. We believe our novel analysis
of recurrence relations which is of independent interest is a main contribution of this paper.
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1 Introduction

In search of tools for deriving efficient parameterized approximations, we explore the power of
randomization in branching algorithms. Recall that a cover of an undirected graph G = (V, E)
is a subset S C V such that for any (u,v) € F it holds that SN {u,v} # 0. The Vertex Cover
problem is to find a cover of minimum cardinality for G. In Vertex Cover parameterized by the
solution size, k, we are given an integer parameter £ > 1, and we wish to determine if G has a
vertex cover of size k in time O*(f(k)), for some computable function f

Consider the following simple algorithm for the problem. Recursively pick a vertex v of
degree at least 3, and branch over the following two options: v is in the cover, or three of v’s
neighbors are in the cover. If the maximal degree is 2 or less then find a minimal vertex cover
in polynomial time. The algorithm has a running time O*(1.4656%) (see Chapter 3 in [I5] for
more details).

The randomized branching version of this algorithm replaces branching by a random selec-
tion with some probability v € (0,1). In each recursive call the algorithm selects either v or
three of its neighbors into the solution, with probabilities v and 1 — 7, respectively (see Algo-
rithm [l for a formal description). If v is in a minimal cover then the algorithm has probability
~ to decrease the minimal cover size by one, and probability 1 — v to select three vertices into
the solution, possibly with no decrease in the minimal cover size. A similar argument holds in
case v is not in a minimal cover. This suggests that the function p(b, k) defined in equation ()
lower bounds the probability the above algorithm returns a cover of size b, given a graph which
has a cover of size k.

p(b,k) = min{*?(b—%k—lw (1=7)-plb—3.k)

~v-pb—1,k) + (I1—7) -p(b—3,k—3) k>3 )

p(b,k) =0 Vo< 0,k eZ

p(bk) =1 Yb>0,k<0
Thus, for any @ > 1, we can obtain an a-approximation with constant probability by
repeating the randomized branching process m times. While p(b, k) can be evaluated using
dynamic programming, for any b,k > 0, finding the asymptotic behavior of m as k — oo,

which dominates the running time of our algorithm, is less trivial.

1.1 Our Results

In this paper we show that randomized branching is a highly efficient tool in the develop-
ment of parameterized approximation algorithms for Vertex Cover and 3-Hitting Set, leading to
significant improvements in running times over algorithms developed by using existing tools
One notable example is a simple parameterized random 1.5-approximation algorithm for Vertex
Cover, whose running time of O*(1.01657%) substantially improves the currently best known
O*(1.0883%) algorithm for the problem [10].

To evaluate the running times of our algorithms, we develop mathematical tools for analyzing
the asymptotic behavior of a wide class of two-variable recurrence relations generalizing the
relation in (). To this end, we introduce an adaptation of Sanov’s theorem [31] (see also [13])
to our setting, which facilitates the use of method of types and information theory for the
first time in the analysis of branching algorithms. We believe our novel analysis of recurrence
relations which is of independent interest is a main contribution of this paper.
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Figure 1: Results for Vertex Cover and 3-Hitting Set. A dot at («, ¢) means that the respective
algorithm outputs a-approximation in time O*(c*) or O* ((c 4 ¢)*) for any ¢ > 0.

1.1.1 Vertex Cover and 3-Hitting Set

We say that an algorithm A is a parameterized random «-approzimation for Vertex Cover if,
given a graph G and a parameter k, such that G has a vertex cover of size k, A returns a
vertex cover S of G satisfying |S| < ak with constant probability A > 0, and has running time
O*(f(k)). We refer the reader to [19] [0l 26] for similar and more general definitions.

Vertex Cover: Our results for Vertex Cover include two parameterized random a-approximation
algorithms, ENHANCEDVC3* and BETTERVC (presented in Sections[2and (] respectively). Al-
gorithm ENHANCEDV C3* uses a single branching rule (either v or N(v) are in a minimal cover)
and has the best running times for approximation ratios greater than 1.4. We note that this
simple algorithm outputs a 1.5-approximation in time O*(1.01657%).

Algorithm BETTERVC is more complex. It is based on a parameterized O*(1.33%) algo-
rithm for Vertex Cover presented in [29]. BETTERVC achieves the best running times for
approximation ratios smaller than 1.4. This algorithm shows that applying randomization in
a sophisticated branching algorithm can result in an excellent tradeoff between approximation
and time complexity for approximation ratios approaching 1.

The table below compares the running time of the best algorithm presented in this paper
for a given approximation ratio to the previous best results due to Brankovic and Fernau [10].
A value of ¢ for ratio @ means that the respective algorithm yields an a-approximation with
running time O*(c¢*). The set of values selected for o matches the set of approximation ratios
listed in [10].

ratio 1.1 1.2 1.3 14 1.5 1.666 1.75 1.8 1.9
BF [10] 1.235 | 1.197 | 1.160 | 1.1232 | 1.0883 | 1.0396 | 1.0243 | 1.0166 1.0051
This paper || 1.160 | 1.096 | 1.058 | 1.0331 | 1.0166 | 1.0043 | 1.0016 | 1.00073 | 1.000083

Figure [Tal shows a graphical comparison between our results and the previous best known
results [10, [19].

!The notation O* hides factors polynomial in the input size.
2See Section [LI1] for a formal definition of 3-Hitting Set.



3-Hitting Set: The input for 3-Hitting Set is a hypergraph G = (V, E), where each hyperedge
e contains at most 3 vertices, i.e., |e|] < 3. We refer to such hypergraph as 3-hypergraph. We
say that a subset S C V is a hitting set if, for every e € E, e S # (). The objective is to find
a hitting set of minimum cardinality. In the parameterized version, the goal is to determine if
the input graph has a hitting set of at most &k vertices, where k > 1 is the parameter.

We say that an algorithm A is a parameterized random a-approximation for 3-Hitting Set
if, given a 3-hypergraph GG and a parameter k, such that G has a hitting set of size k, A returns
a hitting set S of G satisfying |S| < ak with constant probability A > 0, and has running time
O (£ (k).

In Section [B] we present a parameterized random a-approximation algorithm for 3-Hitting
Set for any 1 < a < 3. The algorithm, 3HS (Algorithm [l) can be viewed as an adaptation of
ENHANCEDVC3* to hypergraphs, using the following observation. For any v € V we define the
neighbors graph of v as the hypergraph in which {u,w} (or {u}) is an edge if {u,v,w} ({u,v})
is an edge in the original hypergraph. It holds that for any hitting set S either v € S or S
contains a hitting set of the neighbors graph of v. The actual branching rules of 3HS were
determined via computer-aided search tree generation, using the above observation.

While 3HS may not be the best for approximation ratios close to 1, it yields a significant
improvement over previous results for higher approximation ratios. For a = 2 the running time
is O*(1.0659%), substantially improving the best known result of O*(1.29%) due to [9]. Figure IH
gives a graphical comparison between the running times achieved in this paper and the results
of [9] and [19].

We note that while our algorithms yield significant improvements in running times for both
Vertex Cover and 3-Hitting Set over the algorithms of [9] [10] and [19], the previous algorithms
are deterministic; our algorithms use randomization as a key tool.

1.1.2 Recurrence Relations

The objective of our algorithms is to find a cover of a graph under the restriction that this
cover must not exceed a given budget. The algorithms consist of a recursive application of
a random branching step. Each time the step is executed it adds vertices to the solution,
thereby decreasing the available budget, and possibly reducing the number of vertices required
to complete the solution. To analyze the running times of our algorithms, we need to evaluate
the probability of obtaining a cover satisfying the budget constraint.

Similar to branching algorithms, this property can be formulated using a recurrence relation.
In our case, the recurrence relation defines a function p : Z x N — [0, 1] satisfying the following
equations

"
b.k) = i 0 p(b— bk — K
p(b, ) {1§j§%l|nkj§k};% p( i 1) .
plb.k) =0 Vb <0,k €N

where N € N, and for any 1 < j < N the following hold: &’ € N:f, kI € N and 77 € R:j with
Z:’Zl 7{ = 1. We say that ki < kif Ef < k V1 < i <r;. We refer to the recurrence relation in
(@) as the composite recurrence of {(’,k7,57)|1 < j < N}. Note that for the recurrence to
be properly defined, there must be 1 < j < N such that &/ < 1 (otherwise the min operation
in ([2) may be taken over an empty set). Throughout this section we use the word term when
referring to triplets such as (b7, k7, 57).

In the context of our randomized branching algorithms, the number of terms, IV, corresponds
to the number of possible branching states (note, this is different than the number of branching

3 Throughout the paper we use N (resp. Nj) to denote the non-negative (resp. positive) integers (N =
N; U {0}).



rules). For example, in Algorithm [I] (See Section [2l and an informal outline at the beginning of
Section []) there are two possible states: either v is in an optimal cover, or its neighbors are.
Indeed, the analysis of the algorithm utilizes a composite relation with N = 2 as appears in ().

To evaluate the running times of our algorithms we need to analyze the asymptotic behavior
of p(ak, k) for a fixed a as k grows to infinity. With some surprise, we did not find an existing
analysis of this behavior, even for N = 1. The main technical contribution of this paper is
Theorem [2] that gives such analysis for any N > 1. We emphasize that while the recurrence
relations we want to solve are derived from coverage problems, our solution is generic and can
be used for any composite recurrence.

We say that a vector ¢ € R% is a distribution if ) 3i_; ¢ = 1 and use D (-]-) to denote
Kullback-Leibler divergence [13] H To state our main result we need the next definition.
For short, associate the term (b, k,’y) with the expression > ', 7; - p(b — bi, k — k;).

Definition 1. Let b € N, ke N" and ¥ € RL, with Soi1% = 1. Then for a > 0, the a-
branching number of the term (b, k,%) is the optimal value M* of the following minimization
problem over q € R :

1
M* = min § =D (ql[7)
{ Zi:1 qi - ki

If the optimization above does not have a feasible solution then M* = occ.

T T
Z q; - b < a Z qi Ei, qis a distm’bution} (3)
i=1 i=1

Our main result is the following.

Theorem 2. Let p be the composite recurrence of {(t",k7,7)| 1 < j < N}, and o > 0. Denote
by M; the a-branching number of (b, k3,57), and let M = max{M;|1 < j < N}. If M < oo

therd logp (|ak], k

lim ) =-M.

k—o00 k

Intuitively, Theorem [ asserts that p(ak, k) ~ exp(—M)¥. Furthermore, it shows that the
asymptotics of p(ak,k) ~ exp(—M)* is dominated by the “worst” term in p. We note that
the optimization problem (B]) is quasiconvex. Furthermore, all of the numerical problems in
this paper arising as consequences of ([B]) and Theorem [2] are quasiconvez, and as such can be
solved efficiently using standard tools (these problems involve the optimization of 47/ as well).
Moreover, most of these problems have a nearly closed form solution.

It is easy to show that for p as defined in (2]) and every b, k,n € N, it holds that p(nb, nk) >
(p(b,k))"™. This sluggests that p can be lower bounded empirically by p(ak, k) = Q(c¥) where

¢ = (p(akg, kg))*o for any fixed k. Indeed, this simple approach can be used in practice to
derive a fairly good lower bound for p in simple cases such as ({l). However, it lacks both the
scale and insight required to derive the algorithmic results presented in this paper. Furthermore,
Theorem Rlreadily gives the desired solution, thus eliminating the need for an empirical approach
as described above.

The observation that the asymptotic behavior of p(b,k) is dominated by the highest a-
branching number of the terms in p served as a main guiding principle for designing the al-
gorithms in this paper. Most notably, the 1.5-approximation for Vertex Cover was explicitly
derived by this insight (see Section 2.2]). In addition, Theorem [2] reduces the problem of op-
timizing the values of 47 of the terms of p (e.g., the selection of v in () to multiple simple
continuous quasiconvex optimization problems. In contrast, the empirical approach provides
no tools for optimizing the distributions 47. This was crucial for deriving all of our algorith-
mic results, in particular the results for 3-Hitting Set (see Section Bl which involve multiple
(computer generated) branching rules.

4Formally, for ¢,d € R* define D( HJ) Zz | Cilog & 7
SThroughout the paper we refer by log to the natural logarlthm



The proof of Theorem [2is given in Section [6] which is written as a stand-alone part in this
paper (with the exception of Section [6.I], which gives some intuition to our proof technique).

We use in the proof of Theorem [2] several self-contained weaker results. The first of these
results, Lemma [[2] states that liminfj o 7 logp(la(l +€)k], k) > —M(1 + ¢) for any € > 0.
While the proof of this lemma is relatively short, it suffices for deriving all the algorithmic
results presented in this paper.

We note that the requirement that the minimum operation in () is only taken over values
of j such that &/ < k is indeed important: the statement of Theorem B may not hold if the
requirement is removed due to several corner casesﬁ Algorithmically, the condition k! < k
represents the requirement that a branching step cannot lead to a negative size minimum cover
for the remaining graph. Therefore, the condition always holds.

1.2 Tools and Techniques for the Analysis of Recurrence Relations

In the following we give an informal introduction to the tools and ideas used in the proof of
Theorem 2] by studying “simpler” recurrence relations. In particular, we motivate the formula
in @. Given (b/,k7,57) for 1 < j < N as in Theorem 2 define N “simpler” functions p; :
Z x7 — [0,1] for 1 < j < N, satisfying

along with p;(b,k) =1 for any b > 0 and k£ < 0, and p;(b,k) = 0 for b < 0. One can easily give

oo

a probabilistic interpretation for p;. For 1 < j < N, let (Y,f)nz1 be a series of i.i.d. random

variables such that Pr(Y; = i) =4/ for any 1 <14 <rj. It can be easily shown that

pﬂb,k):Pr(EIn:Zl_);ejgband ZE%ZI@) (5)
(=1 (=1

In the context of Vertex Cover, we can interpret Yy =i as the event: “In the nth step of
the algorithm, Bf vertices were added to the cover and reduced the minimal vertex cover by
Ef ”. Within this interpretation, p;(b, k) is the probability that at some point in the algorithm
execution the size of the minimal vertex cover has decreased by k while at most b vertices were
added to the cover.

We utilize the method of types for analyzing the asymptotic behavior of p;. The type
T(a1,...,an) of (a1,...,a,) € {1,...,7;}" is the relative frequency of each i € {1,...,7;}
in (ai,...,a,); that is, T(a1,...,a,) =T € RY,, where T} = \{f\aiyle}l It follows that the type
of a sequence is a distribution.

One of the important results attributed to the method of types is Sanov’s theorem [31].
Given a set Q of distributions, ie., @ C {g € RY,| ¢ is a distribution}, the theorem states
(under a few technical conditions omitted here) that

1 . A A
. - 7 7 - _ . —|| =7
nh_)ngonlogPr <T(Y1 S EON= Q> IqIélélD(qH’)/ ) (6)
Informally, equation (@) implies that the probability the type of a random sequence is in @ is
dominated by the distribution in Q closest to the distribution 47 from which the sequence is
drawn, with the distance measured by D (-||-), the Kullback-Leibler divergence.

6 Consider, for example, the redundant recurrence p(b, k) = p(b — 6,k — 4) with p(b,k) = 0 for b < 0 and
p(b,k) =1 for k < 0 <b. In this case, limg o + logp(|1.5k], k) does not exist.



For > 0 let QJB be the set of all distributions g such that, if a random variable X is sampled
according to ¢ (i.e., Pr(X =1i) = ¢;), then it holds that E[Eg(] > [ and E[B]X] < af. Formally,

.

Therefore, T (a1,...,an) € Qjﬁ Sy K, > En=kand ), b, < ok .n = ak. The sets

)

T
Z l_yz <« quEi >pB, qis a distribution} .

i=1

Qjﬁ can be used to write the event in (B in terms of types.

pi(ak, k) = Pr <Hn : ZB{V[J- < b,z%{,g > k:) — Pr <an T/, Y eQ
/=1 /=1

It follows from Sanov’s theorem that

Pr (T(Ylj,__.,Yg) € Qé) A exp (-% min D ( quy )
5

qu/@

Let 7%, @* = argmin (qHW ) We can then lower bound p;(ak, k) by focusing on

5 eQJ B
sequences of length n = Bﬂ’* (we ignore integrality issues in this informal overview).

pj(Oé/{?, ]{?) =Pr <3n : T(Yljy o 7Y7g) € Q]k>

B+

It is easy to show that we can limit in (&) the values of n such that ¢/ - b < n < b, where ¢/ is

, -1
a constant (in fact, ¢ = <max1§,~§rj bl > ). This can be used to establish a matching upper
bound.

pj(ak, k) = Pr <3n;T(Y{,...,Yg) € Q@) = Pr <3cjak <n<ak:T(Y],... Yie Qi)

gf}Pr(T(Yf, eQJ> i k- nin D (a]|7”)

n=clak €Q

—

:Iw“

ak
< Z exp <_k5;*D (qL*Hw’)) =k-a(l—d)exp <_kﬁi,*D (qj’*ihj)> ]

Hence, we can expect that limy_, oo + zlogp;(ak, k) = (q‘j’* Hﬁj). It can be easily shown that

ﬁf *
[i* = Z:J 1 ql sz (othervvise the values are not optimal, contradicting their definition). Thus,
we conclude that BJ - (cjj’*H"yj ) = M, where M; is the a-branching number of (b7, k7,747), as

given in Definition [I1
Using the ideas in the above discussion, it can be shown that for any € > 0,

1 1
liminf —logp;((ac+¢€)k,k) > —M; and limsup —logp;(ak,k) < —M;. (7)
While (@) provides a clear indication for the asymptotic behavior of p;(ak, k), it only makes a

little progress in understanding the asymptotics of p(ak, k). By definition, it is expected that
p < p; for 1 < j < N. Thus, following () we expect that limsupk%w%logp(akz, k) < —M,



where M = maxi<;j<y M;. Our main result, stated in Theorem [2 asserts that the asymptotic
behavior of %logp(ak, k) can also be lower bounded by —M.

Similar to the above sketch of analysis for p;, the proof of Theorem [2 uses a probabilistic
analysis based on the method of types. The stochastic process (X;)52; used in the proof is
one in which X,, is drawn according to one of the distributions 77, where j is selected by an
(arbitrary) function of X7, ..., X,,_1. Though the method of types is mostly used in the context
of i.i.d. random variables, we show that some of the basic properties of types (as defined above)
can be adapted to the process (X,,)72 ;. These properties are used for proving Theorem 21

We note that the proof of Theorem [2]is inspired by the proof of Sanov’s theorem. However,
there is a significant difference between the proofs. In Sanov’s theorem, properties of the set
Q are used to derive a series of types (73)%°; such that Ty € Q, T} is a type of a length n
sequence, and T — ¢@*. Then, the probability the type of a length n sequence is in @ is lower
bounded by its probability to be Tj;. The above steps cannot be applied to the new process
(Xn)o2, due to the arbitrary distribution by which X,, is drawn. Instead, we use a generative
approach which bears some similarity to the probabilistic method [2] (see Lemma [I0).

1.3 Related Work

Vertex Cover is one of the fundamental problems in computer science, and a testbed for new tech-
niques in parameterized complexity. The problem admits a polynomial time 2-approximation,
which cannot be improved under the Unique Games Conjecture (UGC) [25]. Vertex Cover has
been widely studied from the viewpoint of parameterized complexity. We say that a problem
(with a particular parameter k) is fized-parameter tractable (FPT) if it can be solved in time
f(k)-poly(n), where f is some computable function depending only on k. Vertex Cover param-
eterized by the solution size is well known to be FPT (see, e.g., [29]). The fastest running time
of an FPT algorithm for the problem is O*(1.273%) due to Chen et at. [I2]. It is also known
that there is no 2°() -poly(n) algorithm for the problem, under the exponential time hypothesis
(ETH).

In [7] it was shown that there is no (7/6 — ) approximation for Vertex Cover with running
time O(2"' ") for any § > 0 under ETH. In [28] Manurangsi and Trevisan showed a (2 — 1/0(r))-
approximation for the problem with running time O*(exp(n - 2_7"2)), improving upon earlier
results of [4]. To the best of our knowledge, the existence of a (2 — ¢)-approximation for Vertex
Cover with running time 2°") is still open.

The above results suggest that for o < 7/6 subexponential a-approximation algorithms are
unlikely to exist, and even as the approximation ratio approaches 2 the barrier of exponential
running time remains unbreached. This motivates our study of parameterized a-approximation
algorithms for Vertex Cover, for 1 < o < 2, whose running times are exponential in the solution
size, k.

Brankovic and Fernau presented in [10] a branching algorithm that yields a parameterized
1.5-approximation for Vertex Cover with running time O*(1.0883%). In [19] Fellows et at.
presented an a-approximation algorithm whose running time is O*(1.273(2*0‘)"g ), for any 1 <
a < 2. A similar result was obtained in [§] using a different technique.

Similar to Vertex Cover, 3-Hitting Set cannot be approximated within a constant factor
better than 3 under UGC [25], and there is no subexponential algorithm for the problem
under ETH. The best known parameterized algorithm for the problem has running time of
O*(2.076%) [32]. Previous works on parameterized approximation for 3-Hitting Set resulted
in an a-approximation in time O*(2.076*3~%/2) due to [19], for any 1 < o < 3, and a 2-
approximation in time O*(1.29%) using a branching algorithm by Brankovic and Fernau [9].

Randomized branching is a well known approach for algorithm design (see, e.g, [5l 6, 27]).
Often, the analysis of such algorithms is narrowed to evaluating the probability that in every
branching step the algorithm makes a correct branching choice (in contrast, in our analysis the



aim is to bound the number of incorrect steps). This leads to a one-variable recurrence which
can be simply solved. Randomized branching has been used for approximation in [4], along
with a tailored analysis for the approximation ratio.

The idea of sampling leaves from a branching tree was studied in the past from a different
perspective. Specifically, it was used in [16] to justify one-sided probabilistic polynomial al-
gorithms as a computational model for branching algorithms. Within this model, the authors
derived lower bounds for branching algorithms.

Previous works on parameterized approximations for both Vertex Cover and 3-Hitting Set
either considered approximative preprocessing [19] or used approximative (worsening) steps
within branching algorithms [9,10]. While these techniques use the approximative step explicitly
at given stages of the algorithm execution, in randomized branching the approximative step
takes the form of an incorrect branching decision, which may add unnecessary vertices to the
solution. As incorrect branching is not restricted to a specific stage, a degree of freedom is
added to the number of good paths within the branching tree. This degree of freedom in turn
increases the probability of finding an approximate solution. This gives some intuition to the
improved performance of our algorithms.

1.3.1 Recurrence Relations and the Method of Types

The analysis of single variable recurrence relations (e.g., f(n) = Zfil f(n—a;)) is a cornerstone
in the analysis of parameterized branching algorithms that is often included in introductory
textbooks on parameterized algorithms (see, e.g., [29, [15]).

In [I8] Eppstein introduced a technique for computing the asymptotic behavior of multi-
variate recurrences of the form f(z) = max; » ; f(z — 6 ;), where f : Z* — 7 and §&;; € N4
For any t € N?, the technique shows how to compute a constant ¢ such that f (nt) =~ c™ up to a
polynomial factor. The technique is based on a tight reduction of the multivariate recurrence to
a solvable single variable recurrence. A matching lower bound to the result of the quasiconvex
program is derived using a random walk, which bears some similarity to the reduction used in
this paper from a recurrence to a stochastic process. Nevertheless, the analysis in this paper is
significantly different.

The result in [I8] is commonly used in the analysis parameterized algorithms, and specifically
within the context of Measure and Conquer [2I]. To the best of our knowledge, these works
commonly utilize solutions for recurrences, in a wise and sophisticated manner, to derive running
times for algorithms, but do not deal with solving the recurrence relations themselves.

We emphasize that the recurrences considered in [I8] are different from the recurrences
studied is this paper. The difference seems to be more than merely technical. The recurrences
in [18] commonly measure the size of a branching tree, while our recurrence relations are aimed
at bounding the number of leaves adhering to certain property within the tree. In fact, the size
of the branching trees considered in this paper can be easily evaluated using standard single
variable recurrence relations. We are not aware of other works relating to the analysis of similar
multivariate recurrences.

The method of types is a powerful technique developed mostly within the context of infor-
mation theory in a line of works, starting from the early works of Sanov [31] and Hoeffding [23].
The current form of the method is attributed to the works of Csiszar et al. [14]. Along with
Sanov’s theorem, the prominent results attained using the method of types are universal block
coding and hypothesis testing (we refer the reader to the survey in [14] and to Chapter 11 in
[13]). Though the method of types is considered a basic tool in information theory, it seems
much less known in theoretical computer science.



1.4 Organization

Section [2] includes a technical introduction to randomized branching using several algorithms
for Vertex Cover which gradually reveal the main algorithmic ideas presented in this paper.
The algorithmic results for 3-Hitting Set and a more sophisticated algorithm for Vertex Cover
are given in Sections [Bland 4l An overview of the numerical tools used to calculate the running
times of our algorithms, based on Theorem [} is given in Section Bl Section [@] gives the proof of
Theorem 21 Finally, in Section [[l we discuss open problems and some directions for future work.

2 Our Technique: Warm-up

We start by completing the analysis of the algorithm presented in Section[Il A formal description
of the algorithm, VC3,, is given in Algorithm [II While the performance of Algorithm [ can
be significantly improved, as we show below, it demonstrates the main tools and concepts
developed in this paper, and its analysis involves only few technical details. Interestingly,
already this simple algorithm improves the previous state of the art results for a wide range of
approximation ratios. Sections 2. and present variants of Algorithm [I, which perform even
better. Each section introduces some new ideas. The results of the algorithms presented in this
section are depicted in Figure 2

Clearly, Algorithm [l has a polynomial running time. Also, it always returns a vertex cover
of the input graph G. Let Gi be the set of graphs with a vertex cover of size k or less. Also, let
P, (b, k) be the minimal probability that Algorithm [l returns a solution of size at most b, given
a graph G € Gy. That is, Py(b,k) = mingeg, Pr| |[VC3,(G)| < b ]. By the arguments given in
Section [ it is easy to prove that P(b, k) > p,(b, k), where p,(b, k) is defined by the following
recurrence relation.

Yoy(b—1,k=1)+ (1 —7)py(b—3,k) k=1
Yp4(b—1,k) + (1 —~)py(b—3,k—=3) k>3
(b k) =0 Vb < 0
(b k) =1 Vb >0,k =0

That is, p, is the composite recurrence of {(l_)j,l?:j,yjﬂ j= 1,2} with ' = b? = (1,3), 7' =
7?2 = (y,1—7), k! = (1,0) and k? = (0,3). Note that in this case N = 2 and r; = ro = 2 (recall
that a composite recurrence is defined in Section [[1.2)).

Hence, by repeating the execution of Algorithm [l p (b, k)~! times, we have a constant
probability to find a cover of size b or less, for any G € Gy. This is achieved by using Algorithm
2, taking Algorithm [[las A and p = p,. We call the resulting algorithm a-VC3.

Algorithm 1 VC3,
Input: An undirected graph G

1: if G has a vertex v with degree 3 or more then

2 Let w1, us9,ug be 3 of v’s neighbors.

3 With probability v set S = {v} and S = {uy,us,us3} with probability 1 — ~.
4: Use a recursive call to evaluate R = VC3,(G \ S), and return RU S.

5: else the maximal degree in G is not greater than 2

6 Find an optimal cover S of GG in polynomial time and return it.

We note that if G € G then a-VC3 returns a cover of size at most ak with constant
probability. Clearly, the running time of the algorithm is O*((p,(ak,k))™1). We resort to
Theorem [2] to obtain a better understanding of the running time.



Algorithm 2 a-APPROX
Input: An undirected graph G, a parameter k, an algorithm 4 and a recurrence relation p.

1. Evaluate r = p(ak, k) using dynamic programming.
2: Execute A(G) for r~! times. Return the minimal cover found.

For any a > 1 and vy € (0,1), we can calculate the a-branching numbers M7, M5"" of
(b, k', 41, (b2, k2, 4?), respectively, by numerically solving the optimization problem (3]). Let
M*7 = max{M;"", M3""}. Therefore, by Theorem 2] we have limy_, M = —M>7,

Thus, for any € > 0 and large enough k, it holds that w > — M7 — g, and equiv-
alently (p,(ak, k)™t < exp(M®7 + ¢)¥. We conclude that the running time of a-VC3 is
O*((py(ak,k))~1) = O*(exp(M*7 + £)k) for any & > 0.

For any a > 1, we can numerically find the value of ~ for which M%7 is minimal. Let v, be
this value. Then, for any a > 1 algorithm a-VC3 is a parameterized random a-approximation
for Vertex Cover with running time O*(exp(M®7> + £)¥) (for any ¢ > 0). For example, for
a = 1.5 we get that a-VC3 has a running time of O*(1.043642%). In Figure @ the value of
exp(M™7) is presented as a function of . An overview of the methods used for the numerical
optimizations is given in Section [l

2.1 A Refined Analysis of Incorrect Branching

Standard branching algorithms derive several simpler sub-instances from a given instance with
a guarantee that an optimal solution to one (specific yet unknown) of the sub-instances leads to
an optimal solution. Therefore, the analysis is focused on this specific sub-instance and ignores
the effect of other sub-instances on the optimum. This is not the case when using randomized
branching for approzrimation, where the reduction in the minimal cover size by an incorrect
branching can lead to an improved running time, as we demonstrate below.

Consider the following observation. If v is a vertex of degree exactly 3 and the algorithm
(e.g., Algorithm [I]) selects its three neighbors {uj,us,us} to the cover, then even if none of
{u1,ug2,us} belongs to an optimal cover, the size of the optimal cover decreases by one (as v is
a part of an optimal cover, but is no more required). This observation can be extended to any
fixed degree of v.

Algorithm [B] takes advantage of this property by using a different probability for selecting v
or its neighbors depending on its degree, as well as selecting all the neighbors of v in case the
degree of v is smaller than A, for some fixed A € N.

Algorithm 3 VC3*,, ,, ..
Input: An undirected graph G

1: if G has a vertex v with degree 3 or more then

2 If d < Alet U= N(v), otherwise let U be a subset of N(v) of size exactly A.
3 With probability 74 set S = {v} and S = U with probability 1 — ~,.

4: Use a recursive call to evaluate R = VC3*,, ., ,.(G\ 5), and return RU S.
5: else the maximal degree in G is 2

6 Find an optimal cover S of GG in polynomial time and return S.

Clearly, Algorithm [3]is polynomial and always returns a cover of GG. Similar to Algorithm
[0, it can be shown that the probability Algorithm Bl returns a solution of size b, given a graph

10



1.5

—  FKRS [19]
—  BF [
14
—_— VC3
1.3 — ENHANCEDVC3* [|

exponent base

| |
1 1.2 14 1.6 1.8 2

approximation ratio

Figure 2: Results of Section 2l A dot at («,c) means that the respective algorithm provides
a-approximation for Vertex Cover with running time O*(c*) or O* ((c + €)*) for every & > 0.

G € Gy, is at least Py, ~,... +a (b, k), where py, », . is given by

Yo pb—1,k—1) + (1—=74)-plb—d,k—1) 3<d<A
Ya-p(b—1,k) + (1 —~4) -p(b—d,k—d) 3<d<Ak>d
Ya-p(b—Lk—1) + (1 —7a) -plb—Ak)
ya-pb—1,k) + (1 —=7a) - pb—Ak—A) k>A

p737747"'77A (b’ k:) = min

(9)
with peyy s 4a(b,k) = 0 for b < 0 and py, ... 44 (b,k) = 1 for b > 0 and k = 0. Clearly,
Doz ya,...va 1S @ composite recurrence relation of the N = 2(A — 2) triplets

{(Ld),(1,1), (v, 1 —7a)) [3<d <A} U
{ ((1,d),(0,d),(va,1 —7a)) [3<d <A} U
{ ((1,4),(1,0), (va, 1 =7a)), ((1,4),(0,4), (a1 =7a)) }-

And as before, we can derive an approximation algorithm by using Algorithm 2 with Algo-
rithm Blas A and p = py, 4. v5- Let a-VC3* be this algorithm. Clearly, a-VC3* is a random
parameterized a-approximations algorithm for Vertex Cover.

Arbitrarily, we select A = 100. As before, for every 1 < a < 2 and 1 < d < A we can
find the value v,,4 such that the maximal a-branching number of ((1,d), (1,1), (Va,d> 1 — Ya,d))
and ((1,d), (0,d), (Ya,d, 1 — Va,a)) is minimal. Let M, 4 be this value. Also, we can find the
value 7q,a such that the maximal a-branching number of ((1,A),(1,0), (Ya,a,1 — Ya,a)) and
((1,A),(0,A), (Ya,a, 1 —va,a)) is minimal and let M, A be this value. Let M, be the maximal
branching number of these triplets for a given value of o (M, = maxj<g<a My q). Then by
Theorem [, for any ¢ > 0 and large enough k, it holds that p(ak,k) > exp (=M, —€), and

therefore the running time of a-VC3* is O* (exp (M, + 6)k> For a = 1.5 the running time is
O*(1.0172%). Figure @ shows exp(M,) as a function of .

2.2 Further Insights from using a-Branching Numbers

In the context of classic branching algorithms, the running time of an algorithm is dominated by
the highest branching number of the branching rules used by the algorithm (see, e.g., [29] [15]).
This observation is commonly used in the design of (exact) branching algorithms. Theorem
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asserts that essentially the same holds for parameterized approximation using randomized
branching. In the following we show how to use it to improve the running time of VC*. With
some surprise, we were unable to find a similar result referring to the recurrence relations in
[18].

Consider algorithm a-VC3* of Section 21 whose time complexity is the inverse of the
function in ([@). As an example, for o = 1.5 we can sort the values M, 4 to understand which
value of d dominates the running time. We show the nine highest values in the table below.

d || 5 | 6 | 4 | 7 | 8 | 9 | 10 | 11 | 3 |
exp (My54) || 1.0171 | 1.0165 | 1.0164 | 1.0156 | 1.0146 | 1.0136 | 1.0128 | 1.0120 | 1.0118 |

This suggests that avoiding branching over degree 5 vertices leads to an O*(1.0165%) algo-
rithm. In fact, tools to do so have already been used in previous works, such as [30]. The basic
idea is that as long as there is a vertex v in the graph of degree different than 5 the algorithm
branches on it. If all vertices in the graph are of degree 5 the algorithm has to perform a
branching on a degree 5 vertex; however, such event cannot happen more than once along a
branching path. Therefore, the algorithm can use non-randomized branching in this case while
maintaining a polynomial running time.

Algorithm 4 ENHANCEDVC3*

Input: An undirected graph G = (V| E)

Configuration Parameters: The algorithm depends on several parameters that should be
configured. These include A € N, § e N, 2 < § < A, and o, ...,75-1,V5+1,---»,7A € (0,1).

[

. If the empty set is a cover of G return ().
: if G is not connected then
Let C be a component of G. Return ENHANCEDVC3*(C') U ENHANCEDVC*(G — C).

2
3
4: If G has a vertex v of degree 1, let u be its neighbor. Return ENHANCEDVC3*(G\{u})U{u}.
5. if G has a vertex v of degree d # J then

6: Let U = N(v) if d < A and U C N(v) with |U| = A otherwise.

T Let S = {v} with probability 74 and S = U otherwise.

8 Return ENHANCEDVC3*(G \ S)U S

9

: If G is a regular graph (of degree §), select an arbitrary edge (vi,v2) € E. Evaluate
S1 = ENHANCEDVC3*(G \ v1) Uv; and S; = ENHANCEDVC3*(G \ va) U vy. Return the
smaller set between S; and Ss.

Consider Algorithm [l It can be shown that its running time is polynomial (similar to the
proof of Lemma Ml in Section M), and the probability that the algorithm returns a solution of
size b, given G € Gy, is at least

Ya-pb—1,k—1) + (1 —r4) - plb—d,k—1) 3<d<A,d#9

Yo -p(b—1,k) + (1 —~4)-p(b—d,k—d) 3<d< A d#6,k>d
A p(b—1,k—1) + (1 —~a) -p(b—Ak)

Ya-pb—1k) + (L—7ya) p(b—Ak—A) k=>d

p(b, k) = min (10)

As before, we use the lower bound derived from the recurrence relation to obtain a random

parameterized a-approximation algorithm as with running time O* <m) by using Algorithm

2 with Algorithm dlas A and the recurrence relation p as given in (I0]). Let a-ENHANCEDV C3*
be this algorithm.

For any 1 < o < 2 and 2 < d < A we can find the value M, 4 as in Section 2.1 If
¢ = argmaxycgey Mo g # A we can set § = 0'; therefore, the run time of a-ENHANCEDVC3*
is O*(exp(M, + €)¥) when M is the second largest number of My, ..., Moa—1 (or My a if

12



(a) (b)

Figure 3: An example of a neighbors graph. A hypergraph H is illustrated in[Bal The neighbors
graph of v1, NG(vy), is given in 3Dl

d’ = A). The value of exp(M,,) as a function of « is shown in Figure[2l For a@ = 1.5 the run time
of the algorithm is O*(1.01657%). This is the best running time for the given approximation ratio
presented in this paper. The following table compares the running times of a-ENHANVEDVC3*
and a-VC3* for several values of .

a 1.2 1.3 1.4 1.5 1.6 1.7
a-VC3* 1.12548% | 1.06804F | 1.03501% | 1.01713% | 1.00754% | 1.00280%
a-ENHANCEDVC3* || 1.12386%F | 1.06420%F | 1.03320% | 1.01657% | 1.00751% | 1.00277%

3 Application for 3-Hitting Set

In this section we present a parameterized approximation algorithm for 3-Hitting Set. The
algorithm draws some ideas from VC3* (see Section [2.1]), which relies on two basic observations.
The first is that for any vertex v of a graph G and a vertex cover S, either v € S or N(v) C S.
The second observation is that, even if v is in a minimum vertex cover, removing N (v) from
the graph decreases the size of a minimum cover at least by one.

Consider the following analog of the above statement for 3-Hitting Set. Given a 3-hypergraph
H = (V,E), for any v € V define the neighbors graph of v as the hypergraph NG(v) = (V,, E,)
with V,, = {u| Je € E: u,v € e} and E, = {e\ {v}| e € E,v € e} (see an example in Figure [3)).
Clearly, for every e € NG(v) it holds that |e] < 2 (the neighbors graph is essentially a standard
undirected graph with the addition of single node edges). Similar to the case of Vertex Cover,
for any v € V and a hitting set S of H, either v € S or there is a minimal hitting set 7" of NG(v)
such that T C sh Also, if v belongs to a minimum hitting set of H then removing a minimal
hitting set of NG(v) from H decreases the minimum hitting set size at least by 1.

Let v € V such that {v} ¢ E, then the neighbors graph of v admits a specific structure. It
has up to 2-deg(v) vertices, exactly deg(v) edges (there may be edges with a single vertex) and
no isolated vertices. Therefore, the number of possible graphs NG(v) for vertices of bounded
degree is finite up to isomorphism.

For some fixed A € N, we construct a set Ga of hypergraphs, such that NG(v) is isomorphic
to a hypergraph in Ga for any v with deg(v) < A. Let Gy be the set of hypergraphs (V, E) with
no isolated vertices, such that V' C {1,2,...,2A}, |[E| < A, and |e|] <2 Ve € E. Let Ga C Gi
be a minimal set of hypergraphs such that for any G’ € G/ there is G € Ga that is isomorphic
to G’. Thus, Ga can be derived from G\ by removing isomorphic hypergraphs. It is easy to see
that the set Ga is finite. Also, for every G € Ga let C{, . .. ,ng be all the minimal hitting
sets of G. Clearly, the set {CF] G € Ga,1 <4 < m%} has a finite cardinality.

"A set T is a minimal hitting set of a hypergraph H if T is a hitting set and no strict subset 7" C T is also a
hitting set of H.

13



We need one more technical definition before introducing our algorithm. Given a 3-hypergraph

H = (V,E), avertex v € V and F' C E such that v € e for any e € F, define the induced graph
of v and F' as the hypergraph Ind(v, F') = (Vi p, Ey p) with V,, p = {u] 3e € F:u € e\ {v}} and
E, r = {e\ {v}| e € F'}. By definition, it also holds that the cardinality of edges in Ind(v, F) is
at most 2 and Ind(v, F') has no isolated vertices. It follows that NG(v) = Ind(v, {e € E| v € e}).
Our algorithm uses induced graphs to handle vertices of degree larger than A. Similar to the
neighbors graph, the induced graph Ind(v, F') satisfies the following. Let S be a hiting set of
the hypergraph H, then either v € S or there is a hitting set 7" of Ind(v, F') such that T C S.

Algorithm 5 3HS
Input: A 3-hypergraph H = (V, E)
Configuration Parameters: 7¢ ¢ R;”g;“ with Z?ﬁ“ 7% =1 for any G € Ga.
Notation: Define H\ U = (V/,F') with V' =V \U and E' ={e € E| enU = 0}
1: If the empty set is a hitting set of H return (.
2: If there is {v} € E then return 3HS(H \ {v}) U {v}.
3: Pick an arbitrary vertex v. If deg(v) < A set N = NG(v). Otherwise, set N = Ind(v, F)
with an arbitrary set F' C E of A edges such that Ve € F : v € e.
4: Find a hypergraph G € Ga such that N and G are isomorphic. Let ¢ be the vertex
isomorphism function from G to N.
5: Select S = {v} with probability "ngH and S = ¢(CE) with probability 7 for 1 < i < mC.
Return 3HS(H \ S)U S.

The above observations are used to derive Algorithm [Bl It is easy to see that the algorithm
always returns a hitting set of the input hypergraph H. Also, the size of H strictly decreases
between recursive calls, and the processing time of each recursive call is polynomial. Therefore,
the algorithm has polynomial running time (note that since A is a fixed constant, finding a
graph G isomorphic to N takes constant time). It is also easy to verify the algorithm indeed
always finds an hypergraph G € Ga isomorphic to N in Line [4

Consider the following recurrence relation:

p(b k) =
WT?LG+1 p(b - 1’ k) +
G

+Z;llﬁiG-p<b— 1CC), k — |CiGijG|) VG € Ga 1< j<mC: |0 <k
min {5, p(b 1k~ 1)+

+ 3 A p (0= G| k= 1jgj<a) VG € Ga,1 <j<mC
Also, p(b,k) = 0 for b < 0, and p(b,0) = 1 for b > 0. Let ||G|| be the number of edges in G.
We set 1gj<a = 1if [|G]| < A and 1jgj<a = 0 otherwise. Let P(b, H) be the probability that
Algorithm Bl returns a hitting set of size b or less, given the 3-hypergraph H. With a slight abuse
of notation, let P(b, k) the minimal (infimum) value of P(b, H) for a 3-hypergraph H which has

a hitting set of size k or less. The next lemma follows easily from the above discussion. We give
a formal proof for completeness.

Lemma 3. For every b € Z and k € N, P(b,k) > p(b, k).

Proof. We prove the claim by induction on b. For b < 0 we have P(b, k) = 0 = p(b, k), therefore
the claim holds. For b € N, assume the claim holds for any smaller value of b. Let k € N,
and H a 3-hypergraph with a hitting set T, |T'| < k. If the algorithm returns () (Line 2] of the
algorithm) then P(b, H) =1 > p(b, k). Also, if there is an edge {v} € E then v € T' (otherwise
it is not an hitting set), and therefore T\ {v} is a hitting set of H \ {v}. Thus,

Pb,H)>Pb-1,H\{v}) >Pb-1,k—1)>pb—1,k—1)>p(b,k).

(11)
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Otherwise, let v be the vertex selected in Line Bl of the algorithm, let N be the selected
hypergraph, G € Ga the hypergraph isomorphic to IV, ¢ the vertex isomorphism from G to N
and S the randomly selected set in Line A

If v € T, note that the set 7'\ {v} is a hitting set of H \ {v}; thus, H \ {v} has a hitting
set of size k — 1 (or less). Also, if it further holds that |G| < A then N = NG(v). In this
case, we have that 7'\ {v} is a hitting set of H \ p(CF) for all 1 <4 < mY. Let e be an edge
in H\ ¢(C). If v € e then e\ {v} is an edge in N. As o(C¥) is a hitting set of N we have
eNp(CF) # 0; thus, e cannot be an edge in H \ ¢(C). If v ¢ e then since e N T # (), we also
have e N (T \ {v}) # 0. It follows that the probability Algorithm [ returns a hitting set of size
b or less given H is at least

P(b,H) >7e PO~ 1LH\{o}) + > 7P (b |CF|,H\ ¢(Cf))
i=1

3

2o P =1Lk =1)+ 3 7P (b=ICFLk = Ljgj<a)

M%EM

>AGe (b — 1,k —1) + “p(b—|CE k- Ljgp<a) = p(b, k).

Il
—

7

It remains to handle the case where v ¢ T. Let F be the set of edges selected in Line [3] of
the algorithm if deg(v) > A, and F = {e € E|v € e} if deg(v) < A . Then N = Ind(v, F) =
(Vo,r, By r). For any e € E, r it holds that e U{v} € F; therefore, eNT = (e U {v}) NT # 0.
Thus, T contains a set T, C T such that T, is a hitting set of N. W.lo.g., we may assume
that T, is a minimal hitting set. Then ¢~!(T},) is a minimal vertex cover of G. Hence, there is
1 < j <mY such that o~ 1(T,) = CjG, and equivalently T, = gp(CjG).

The hypergraph H \ S has a hitting set of size |T'\ (T'NS)| < k—|T'NS|. For S = {v} we
have [T N S| = |0] = 0, and for S = p(C),

TS| 2T, N8| = |p(Cf) Ne(CO) = CF nCFl.

Therefore,
mG
P(b,H) >35e PO =1, H\ {0}) + Y 7P (b |CF|, H\ o(C))
i=1
>3%,, - P +Z%G P(b—|cflk—|CfnCy)
>3C. 1 p (b +Z% —|Cf |,k —CF N CF) > p(b, k)

Hence, P(b,H) > p(b,k) for any 3-hypergraph H with a hitting set of size k or less. We
conclude that P(b, k) > p(b, k).
O

Following the above analysis, an a-approximation algorithm for 3-Hitting Set can be derived
by the same approach used for Vertex Cover. This leads to Algorithm 6

It follows from Lemma Bl that Algorithm [@] yields an a-approximation for 3-Hitting Set with
running time of m. For any value of «, it is possible to optimize the value of ¢ for each

G € Ga and evaluate the asymptotic behavior of p(ak, k) as k goes to infinity using Theorem
2
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Algorithm 6 o-HS
Input: A 3-hypergraph H, a parameter k

Evaluate r = p(ak, k) using dynamic programming (p is defined in ().
loop r~! times
Execute 3HS(H).

Return the minimal hitting set found.

However, the size of Gao grows rapidly as A increases, rendering the above computation
less and less practical. With a little technical sophistication we were able to evaluate the
running time of the algorithm with A = 7 for various approximation ratios. Figure [l shows the
running times of the algorithm with A = 7 as function of a.. A list of running times for several
approximation ratios is given in the table below. For a = 2 the running time is O*(1.0659%),
yielding a significant improvement over the previous best result of O*(1.29%) due to [9].

o | 12 | 14 | 16 | 1.8 | 20 | 22 | 24 | 26 | 28 |
a—HS || 1.59% | 1.29%F | 1.18% | 1.11% | 1.0659% | 1.039% | 1.021% | 1.0085" | 1.0026" |

4 Advanced Randomized Branching for Vertex Cover

In this section we give a parameterized approximation algorithm for Vertex Cover building on
the exact O*(1.33%) algorithm presented in [29]. That is, we analyze below a variant of the
algorithm in which branching is replaced by selection of one of the branches randomly. The
analysis shows that randomized branching in conjunction with faster parameterized algorithms
can lead to faster parameterized approximation algorithms. We use below ideas presented in
Section 2l and give the technical details for their implementation in a more advanced settings.

Consider Algorithm [[l Tt is easy to see that the algorithm always returns a cover of the
input graph G.

Lemma 4. Algorithm[7 has a polynomial running time.

The following lemma lower bounds the probability that the algorithm returns a small cover.

Lemma 5. Let G € Gy (Gy is the set of graphs with vertex cover of size k or less), then the
probability that Algorithm [7 returns a cover of size b or less is greater or equal to p(b, k), where

p(b, k) = min
p(b_lvk_l)
p(b—2,k—2) k>2
Yo pb—1,k—=1) + (1 —7q) -p(b—d,k—1) 5<d<A
Yo -p(b—1,k) + (1 —~q)-p(b—d, k—d) 5<d<Ak>d

ya-p(b—1,k—1) + (1 —~a) -p(b—Ak)

Arp(b—2,k=2)+ (1 =X ,) plb—rk—2) 3<r<7,k>2
Arp(0—2k—1)4+ (1 =X ,) - plb—rk—r) 3<r<T7,k>r
Aoy p(b—=3,k—3)+(1—Xa,) -p(b—rk—1) 3<r<4,k>3
Aoy pb=3k—1)+(1—=Xap) - p(b—rk—1) 3<r<4,k>r
Az p(b—3,k—=3)+ (1 —X3) -p(b—2,k) k>3
Az p(b—=3k—1)+(1—A3) -p(b—2,k—2) k>2
Or1-p(b—3,k=3)+ 06 2-pb—4,k—1)+3-pb—7r—1,k—3) 5<r<T7,k>4
+6pg-plb—r—1,k—1) 5<r< 7, k>r

+63 pb—r—1k—1-[3]) 5<r<7k>1+][%]
+d3-pb—r—1,k—r—1) 5<r<T,k>r—1
(12)

)
(
Or1-pb—3,k—1)+0,2-p(b—4,k—4
Or1-pb—3,k—2)+0,2-p(b—4,k—4
St p(b— 3,k —2) + 6,0 p(b— 4,k — 2

~— — ~— ~—
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Algorithm 7 BETTERVC

Input: An undirected graph G = (V, E)

Configuration Parameters: The algorithm uses several parameters that should be config-
ured. These include A € N, 75,76, ...,7a € (0,1), A1, € (0,1) for every 3 <r <7, Ay, € (0,1)
for3<r<4, \3€ (0, 1) and 57,71, 57,72,57»73 € RZO with 57»71 + 57,72 + 57,73 =1forre {5, 6, 7}.

Notation. We use the term branch over Uy, ..., U, with probability p1,...,p, to denote
the operation of returning BETTERVC(G \ U;) U U; with probability p;. The term select U
denotes the operation of returning BETTERVC(G \ U) U U.

1: If the empty set is a cover of G return §.
2: If G is not connected, let G’ be a connected component of G and G” = G — G’. Return
BETTERVC(G') U BETTERVC(G”).
3: If G has a vertex v of degree 1, let u be its neighbor. Select u to the cover.
4: If G has a vertex v of degree d > 5 or more, let U = N(v) if d < A, and U C N(v) with
|U| = A otherwise. Branch over {v}, U with probabilities 4,1 — 74 (74,1 —ya if d > A).
5. If G is aregular graph, select an arbitrary edge (vi,v2) € E. Evaluate S; = BETTERVC(G'\
{v1})U{v1} and Sy = BETTERVC(G \ {v2}) U{va}. Return the smaller set between S; and
Sa.
if G has a vertex v of degree 2, N(v) = {z,y} such that:
(z,y) € E then select {z,y} to the cover.
deg(xz) = deg(y) = 2 and N(z) = N(y) = {z,v} then select {z,v} to the cover.
None of the above holds. Then let r = |N(z)UN (y)| and branch over N (v), N(xz)UN (y)
with probabilities A1 ,, 1 — Ay,

10: if G has a vertex v of degree 3, N(v) = {z,y, 2z} such that:
11: (xz,y) € E then let r = |[N(z)| and branch over N (v), N(z) with probability Az, 1—MXa .

12: There is a vertex w, w ¢ N(v) U{v}, 2,y € N(w) then branch over N(v),{v,w} with
probabilities Az, 1 — Ag.

13: deg(z) = 4 then let r = |N(y)UN(z)| and branch over N(v), N(z) and {x}UN (y)UN(z)
with probabilities 4,1, ,.2, 0y 3.
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Figure 4: The performance of BETTERVC. A dot at («, c) means that the respective algorithm
yields a-approximation with running time O*(c¥) or O* ((c + 6)k) for any € > 0.

and p(b,k) =0 for b <0, and p(b,k) =1 for b >0 and k <O0.

The proofs of Lemmas [ and [ are given at the end of this section. The proof of Lemma
is a case by case analysis similar to the one done in [29]. The main difference between the
analysis presented here and the analysis in [29] is that here we also count the reduction in the
minimal cover size in a non-optimal branching step.

Let a-BetterVC be the algorithm which executes Algorithm [2] with Algorithm [0 as A, and
with p as the recurrence in Lemma [Bl It follows from Lemma [l that a-BetterVC is a random

parameterized a-approximation algorithm for Vertex Cover, with running time O* (m)

As before, we arbitrarily select A = 100. For every 1 < a < 2 and a set of configuration
parameters, by Theorem [2 we can numerically evaluate (see Section [l for details regarding the
evaluation) a value M, such that p(ak, k) > exp(—M, — ¢) for any € > 0 and large enough k.
Similarly, for every 1 < a < 2 we can optimize the configuration parameters so this value is
minimized. Therefore, the running time of Algorithm a-BETTERVC is O*(exp(M,, + ¢)*) for
any € > 0. Figure dl shows exp(M,) as a function of a.

Note that the algorithm in [30] can be used along with our framework of randomized branch-
ing. However, due to its technical complexity, we preferred to use the algorithm in [29], which
can be viewed as a simplified version of the same algorithm. In the discussion we describe the
obstacles we encountered while attempting to obtain a randomized branching variants of faster
algorithms.

4.1 Proofs

Proof of Lemma [ To show the algorithm is polynomial, it suffices to show that the number
of recursive calls is polynomial. We note that the only non-trivial part of the proof is the
handling of regular graphs in Line Bl We use a simple potential function to handle this case.
For i = 2,3,4, define ®;(G) = 1 if G has a non-empty i-regular vertex induced subgraph and
®,(G) = 0 otherwise. Also, define ®(G) = P2(G) + P3(G) + P4(G).

We now prove by induction (on |V|) that the number of recursive calls initiated by the
algorithm is at most 2(|V| —1)-2%(@)_ If |V| < 1 the algorithm does not initiate recursive calls,
and the claim holds. Each time a Branch or Select is used the size of |V| decreases by at least
one, ®(G) does not increase, and only one recursive call is initiated, therefore the claim holds
in these cases.
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If G is not connected (Line [2) and is split into G’ = (V', E') and G” = (V”, E") we note
that ®(G) > ®(G’'), ®(G"); therefore, the number of recursive calls is bounded by

24 2(]V'| = 1) - 22 p oV — 1) - 22" < 2(jV| — 1) - 22().

Finally, we need to handle the case in which G is an i-regular graph (Line [{]). By the code
structure, i € {2,3,4} and G is connected. In this case, two recursive calls are initiated, with
G1 = (V4,Eq1) and Gy = (Va, E) which are strict subgraphs of G. Since G is a connected
i-regular graph, no vertex induced subgraph of G is also i-regular, thus ®;(G;) = ®;(G2) =0
while ®;(G) = 1. Thus, ®(G1), ®(G2) < ®(G) — 1. It follows that the number of recursive calls
is bounded by

2 +2(|V4| — 1)2%C) 4 2(|Vp| — 1) - 2%(E2)
<24 2(|V|=2)-22@1 LoV —2) . 22E)1 < o(|y| — 1) . 22D,
U

Proof of Lemmald To prove the lemma we show by induction a slightly stronger claim. Given
a collection of graphs Gy, ...,Gy, let P(b,(Gq,...,G¢)) denote the probability that

S IBETTERVC(G;)| < b. Now, we claim that if the total size of minimal vertex covers of
the graphs is at most k (formally, there are Si,...,S; where S; is a vertex cover of G; and
S, 1Sil < k) then P(b,(Gy,...,Gy)) > p(b,k). We prove the claim by induction over the
lexicographical order of (b, M, ), where M is the maximal number of vertices of a graph in
G1,...,Gy, and £ is the number of graphs of maximal size.

Base Case 1: If b < 0 then clearly P(b,(G1,...,Gt)) =0 =p(b, k).

Base Case 2: For any b € N, if M <1, then clearly P(b, (G1,...,Gt)) =1 > p(b, k).
Induction Step: Let b € N and Gy, ..., G; with £ graphs of maximal size M and assume the
claim holds for every (b', M’ ¢') lexicographically smaller than (b, M, ¢). W.l.o.g assume that
Gy = (V1,Eq) and |Vi| = M. We consider the execution of BETTERVC(G;) and divide the
analysis into cases depending on its execution path. We use two simple properties along the
proof. If BETTERVC(G,) uses branch over Uy, ..., U, with probabilities u1, ..., u, then

P(ba (Gl"-' ’Gt)) = ZIU’]P(b_ |U]|?(G1 \ UjaGQa--',Gt))
j=1

And if the algorithm selects U into the cover then
P(b?(Gla"',Gt)) = P(b_ |U|7(G1 \U5G27"'7Gt))

Case 1: The empty set is a cover of G;. Therefore |BETTERVC(G1)| = 0 and thus

t
> IBETTERVC(G))| < b| = P(b,(Ga,...,G1)) > p(b, k)
=2

Pr

t
Z |IBETTERVC(G;)| < b] =Pr

i=1

Where the last inequality follows from the induction claim, as either the maximal graph size in
Go,...,Gy is smaller than M, or the number of graphs of maximal size is less than /.

Case 2: (1 is not connected, then let G and GY be the two graphs considered in Line 21
Therefore,

t
Z IBETTERVC(G;)| < b
i=1

Pr

t
=Pr || BETTERVC(G})| + |BETTERVC(GY)| + Z IBETTERVC(G;)| < b

1=2

=P(b,(G},G],Ga,...,Gy)) > p(b,k)
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Note that since the number of vertices in both G} and GY is strictly smaller than M the
induction claim holds for b and (G}, GY,Ga,...,G) from which the last inequality follows.
Case 3: The selection in Line [ is executed. Then, G; has a vertex v of degree 1, and
N(v) = {u}, and u is selected into the cover. Clearly, if G; has a vertex cover of size k; then
G1 \ {u} has a vertex cover of size k; — 1. Therefore,

P(b, (G-, Gr)) = P(b—1,(G1 \ {u}, G, G1)) = plb— Lk — 1) > p(b, k)

the first inequality holds by the induction claim, the second inequality follows from (I2I).
Case 4: The algorithm uses the branching in Line @l Let S; be a minimal cover of Gy. If
v € 51, then Sp \ {v} is a vertex cover of G \ {v}. Also, if d < A, then S; \ {v} is also a vertex
cover of G \ U. Therefore,

P, (Gy,...,Gy))
:’)/d'P(b—l,(Gl\{u},GQ,.--,Gt))+(1—’)/d)-P(b—d,(Gl\U,GQ,...,Gt))

1 ifd<A
> (b, k
0 ifd:A)_p( )

>Ya - p(b—1,k—1)+ (1 —7q) p <b—d,k— {
The first inequality follows from the induction claim, the second is due to (I2]).
Otherwise, if v ¢ Sq, then U C S. Clearly, S; \ U is a vertex cover of G; \ U. Thus we get,

P(b,(G1,...,Gy))
:’)/d'P(b—l,(Gl\{u},GQ,.--,Gt))+(1—’)/d)-P(b—d,(Gl\U,GQ,...,Gt))
>7a-plb—1,k) + (1 —7a) - p(b—d k —d) = p(b k)

As before, the first inequality is by the induction claim, and the second is due to (I2).

As the claim holds whether v € Sy or v ¢ S; we get that the induction claim hold for this
case.
Case 5: Line [f] takes place. Let S7 be a minimal vertex cover of G1. As S; is a cover we have
vy € 81 or vy € S;. W.lo.g we can assume vy € Sp. Clearly, Sy \ {v1} is a cover of Gy \ {v1}.
Now,

t
Pr Z IBETTERVC(G;)| < b

Li=1

t
=Pr |1+ m11r12 IBETTERVC(G1 \ {v;})| + Z IBETTERVC(G;)| < b]
I i=2

r t
>Pr |1+ |BETTERVC(G1 \ {v1})| + ) _ [BETTERVC(G;)| < b]
L i=2
:P(b_ 17(G1 \{’Ul},GQ,...,Gt)) Zp(b_ 17k_ 1)
The first inequality is since the event set in the third term is a subset of the event set of the
second term. The second inequality follows from the induction claim, and the last inequality is

due to (12).

Case 6: The algorithm executes Line [Zl Let S; be an minimal vertex cover of G;. Note that
|S1 N {z,y,v}| >2and Sy \ {z,y,v} is a vertex cover of G \ {z,y}. Therefore,
P(b,(Gy,...,Gy) =P(b—-2,(G1 \{z,y},Ga,...,Gt)) > p(b—2,k —2) > p(b, k)

The first inequality follows from the induction claim, the second from (I2I).
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Case 7: Line[is executed. Let S1 be a minimal vertex cover of Gy. Clearly, |S1N{v,z,y,z}| > 2
and S \ {z,a,b,d} is a vertex cover of G \ {z,v}. Therefore, as in the previous case,

P, (Gy,...,Gy)) = P(b—2,(G1 \ {z,v},Ga,...,Gt)) > p(b—2,k —2) > p(b, k)

Case 8: Line[dlis executed. Since the conditions are not met for Lines[[and 8 then (z,y) ¢ E;
and |[N(z) U N(y)| > 3. As the graph does not have vertices of degree 5 or more, we also have
deg(x),deg(y) < 4. We can now conclude 3 < r <7 (recall that r = |[N(z) U N(y)|).

If there is a minimal vertex cover S; of G such that v ¢ Sy, then x,y € S;. Clearly,
S1\ {z,y} is a vertex cover of Gy \ {z,y} = G1 \ N(v). Also, it is easy to see that S; \ {z,y}
is also a vertex cover of G; \ (N(z) U N(y)) (we remove vertices which do not belong to the
graph). Therefore,

P(b,(Gy,...,Gy))
=M P(b—2,(G1\ N(v),Ga,...,Gt)) + (1 = Aip) - P(b—1,(G1 \ (N(2) UN(y)), Ga,...,Gt))
AP0 =2,k =2) + (1= Xip) - p(b -7k —2) > p(b, k)

The first inequality follows from the induction claim. The second one is due to (I2]).

Otherwise, every minimal vertex cover of G includes v. Let S; be a vertex cover of Gj.
Clearly, v € S1. We note that =,y ¢ Si, since otherwise S1 \ {v} U {z,y} is a vertex cover of G;
of the same size as Sp, in contradiction to our case. Therefore, N(x) U N(y) C S;. Obviously
S1\ (N(z)UN(y)) is a vertex cover of Gy \ (N(z)UN(y)). We also note that Sy \ {v} is a cover
of G1 \ N(v). Therefore,

P(b,(Gy,...,Gy))
=M P(b—2,(G1\ N(v),Ga,...,Gt)) + (1 = Aip) - P(b—1,(G1 \ (N(2) UN(y)), Ga,...,Gt))
A (0= 2k = 1)+ (1= Aip) - p(b =1k —7) > p(b, k)

The first inequality follows from the induction claim. The second one is due to (I2)).
Case 9: Line[ITlis executed. Since this line of code has been reached, then G1 has only vertices
of degree 3 and 4. Therefore r = |N(z)| € {3,4}.

If there is a minimal vertex cover S; of G such that v ¢ Sp, then N(v) C Sq, and S;\ N(v)
is a vertex cover of G\ N(v). Also, it is easy to see that S; \ {z} is a vertex cover of G\ N(z)
(after removing vertices which no longer belong to the graph). Therefore,

P(b,(Gy,...,Gt))
:)\277» . P(b -3, (G1 \N(U),GQ,. .. ,Gt)) + (1 — )\277,) . P(b -, (Gl \ (N(Z)),GQ, .. ,Gt))
>Xoyr - pb—3,k—=3)+ (L= Aoy) - p(b—rk—1) > p(bk)

The first inequality follows from the induction claim. The second one is due to (I2)).

Otherwise, every minimal vertex cover S of Gy has v in it. Let S; be a minimal vertex
cover of G. Clearly, v € S1. If |[S1 N {x,y,z}| > 2 then S; U {x,y, z} \ {v} is a vertex cover of
G of the same size, contradicting our assumption. Therefore, |S1 N{z,y,2}| < 1. Since x € S
or y € Sy (since (z,y) € E1) we have z ¢ S1, and N(z) C S;. Also, note that Sy \ {v} is a cover
of G\ N(v) and |S1 \ {v}| < |S1| — 1. Therefore,

P(b,(Gy,...,Gy))
=X, - P(b—3,(G1\ N(v),Ga,...,G)) + (1 = Xoy) - P(b—1,(G1\ (N(2)), G2, ..,Gy))
X P =3k =1) + (1= Aayp) - p(b -1,k —7) > p(b, k)

The first inequality follows from the induction claim. The second one is due to (I2]).
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Case 10: Line [12]is executed.
If there is a minimal vertex cover S such that v ¢ Sy, then,
P(b,(G1,...,Gt))
=3 P(b—?),(Gl \N(U)7G27---7Gt)) + (1 _)‘3) P(b_27(G1 \{an}7G27---aGt))
The first inequality follows from the induction claim. The second one is due to (I2]).
Otherwise, every minimal vertex cover S; has v in it. Let S; be a minimal vertex cover of
Gy. If |S1N{z,y,z}| > 2 we get get a contradiction to the assumption by removing v from Sy
and adding a vertex from x,y,z into it. Therefore |S; N {z,y,z}| < 1 and surely w € S; (if
w ¢ Sy then z,y € S1). We also note that S; \ {v} is a vertex cover of G \ N(v). Therefore,
P(b,(Gy,...,Gy))
=3 - P(b—3,(G1 \ N(),Ga,...,Gp)) + (1 = A3) - P(b—2,(G1 \ {v,w},Ga,...,Gy))
Z)‘?) -p(b—?),k?— 1) + (1 _)‘3) 'p(b_2’k_2) Zp(b’k)
The first inequality follows from the induction claim. The second one is due to (I2)).

Case 11: Line[I3is executed. Since there are no edges between x,y, z and the vertices has no
common neighbor beside v we have r € {5,6,7}. We will further divide into sub-cases.

1. If there is a minimal vertex cover S; of G such that v ¢ S, then N(v) € S;. Clearly,
S1\ N(v) is a vertex cover of Gy \ N(v). Also, S; \ {z} is a vertex cover of G; \ N(z),
and S7 \ N(v) is a vertex cover of G\ ({z} U N(y) U N(z)). Therefore

P(b7 (Gla . ',Gt))
=0r1 P(b_3a(G1 \N(v)’G2""’Gt))+
(57«72 . P(b - 4, (Gl \N(m), GQ, e ,Gt))+
g P(b—7 —1,(G1 \ ({2} UN() UN(2)),Ga, .., G1))
>0p1-p(b—3,k=3)+ 2 -pb—4k—1)+6.3-pb—r—1,k—3) > p(b, k)
Therefore, we may assume that v is in every minimal cover.

2. If there is a minimal cover Sy of G7 such that x,y,z ¢ S1. Then N(z), N(y), N(z) C 5.
Now, S1\ N(z) is a vertex cover of G \ N(z), S1\ {v} is a vertex cover of G; \ N(v) and
S1\ (N(y) UN(z)) is a vertex cover of G \ ({z} UN(y) UN(z)). Therefore,

P(,(G1,...,Gy))
:57’,1 . P(b — 3, (Gl \ N(’U), GQ, - ,Gt))—}—

67’,2 ' P(b - 4’ (Gl \ N(CE), G2, s ,Gt))+

67’,3 P(b—’l“— 15(G1 \ ({x}UN(y) UN(Z))’GQ""’Gt))
>0,1-p(b—3,k—1)+ 62 -plb—4,k—4)+0,3-plb—7r—1,k—1)> p(b, k)

3. If there is a minimal cover S; of G7 such that z ¢ Si, but one of y,z is in Sp, w.lLo.g
y € Sy. Therefore N(z), N(z) C S, and we can tell that S; \ N(z) is a vertex cover of
G1\ N(x), S1\ {v,y} is a vertex cover of G \ N(v) and S1 \ N(2) \ {y} is a vertex cover
of G1\ ({z} UN(y) UN(z)). Note that N(z) > [4]. Therefore

P(b,(G1,...,Gt))

=0r1-P(b—3,(G1 \ N(v),Ga,...,Gy))+
(5772 . P(b —4, (Gl \ N(m), Go, ... ,Gt))+
Org-Pb—r—1,(G1\ {z} UN(y) UN(2)),Ga,...,Gy))

>0, p(b =3,k = 2) + 00 plb— 4k —4) + 85 p (b—r =Lk = 1= | 5| ) = p(b.)

22



4. If there is a minimal cover S; such that ¢ S; and y,z € Si, then S; U {z} \ {v} is a
minimal cover without v, and therefore the claim holds due to sub-case [l

5. There is a minimal vertex cover S; such that z,v € S;. If y € S; or 2z € 51, w.lo.g
y € Sq, then S; U {z} \ {v} is a minimal vertex cove of G; which does not include v. As
this situation is already handled in sub-case [I we can assume y,z ¢ S; and therefore
N(y),N(z) € S;. Now, note that S \ {z,v} is a vertex cover of both G; \ N(v) and
G1 \ N(x). Therefore,

P, (Gy,...,Gy))
=0,1 - P(b—3,(G1 \ N(v),Ga,...,Gt))+
Or2-P(b—4,(G1\ N(z),Ga,...,Gyt))+
O3 -Pb—r—1,(Gi \ {z} UN(y) UN(2)),G2,...,Gy))
>80 -p(b—3,k—2)+ 62 -plb—4,k—2)+0,3-plb—r—1,k—r—1) > p(b,k)

5 Numerical Methods

While our main contributions are theoretical, optimizing the parameter values and evaluat-
ing the running times of our algorithms required some numerical analysis. In this section we
overview the methods and tools used for obtaining the numerical results.

Each of our algorithms consists of R € N, branching rules, where rule ¢, 1 < ¢ < R, has
rp branching options and h, branching states (mostly 7, = hy, with the exception of Algorithm
BETTERVC of Sectiond). For each rule, the algorithm uses a distribution 4 € R™ to randomly
select a branching option. The vector b¢ € N'f is the budget decrease incurred by selecting each

option. Each rule is also associated with hs vectors k&, ... k%" c N"¢ where the value l;:f’j
is the decrease in the parameter (coverage) when selecting the i-th option of rule ¢ while in
state j. Using the above notation, the composite recurrence used to lower bound the success
probability of the algorithm is the function p51  <r(b, k) defined by

Tj
-+ ~r(bk) = mi i 7 par or(b— bk — K 13
P37 (b; ) 121%11% 1§j§hgns1.ltr.11;£,j§k ZZ_;% Pyt v i) (13)

with the same initial conditions as in (2).

Consider, for example, VC3 (Algorithm [I]). In this algorithm we have R =1, r| = hy =
2; the algorithm has a single rule with two branching options: selecting the vertex v or its
neighbors. The vectors b! = (1,3) represents the budget decrease for each option. The vector
k%! = (1,0) indicates the decrease in the minimal cover size in the state: “v is in an optimal
cover”. Similarly, k2 = (0,3) is the coverage decrease in the state: “v is not not in an optimal
cover”. Indeed, by using the above values in (I3]), we obtain the same recurrence as in (g)).

For each of our algorithms and a given approximation ratio «, to obtain an optimal running
time, we seek distributions 7',...,7® that maximize limj_, % logp,717...7;{R(Clk, k). Tt follows
from Theorem [2 that
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.1 VI</<R:#4'eR™
lim —logp-~1 - ~ 5 14
fax {kggo g Py1,...5m (O, k)' A1, ..., 7" are distributions } (14)
‘ VI</{<R:4'e€R™
=max { — max max M4 1, ..., 7" are distributions
1SR 15jsh, M*J is the a-branching number of (b%, k%7, 7")

= — max min max M are a stril
- Vi<j<hi:af kb >¢g - b

1</<R 1<j<h, kb . q@

7,q', ..., q" € R and are all distributions } (15)

Define a rule opimization problem as follows. The input is « € R, r,h €N, b € N’ and h

vectors k', ..., k" € N". The objective is to find distributions 7,¢',...,§" € RZ, such that, for
: . b Th w <h T p(@7) . .. .

any 1 < j < h, it holds that ag" - k" > g - b, and maxi<j<p % is minimized. Thus, the
problem of optimizing the parameters 7', ...,5 of a given algorithm, as given in (I4)), can be
reduced to R separate rule optimization problems as in (I3]).

In the following we show how these rules optimization problems were solved. We first show
that each of these problems is quasiconvex and discuss the methods used to solve the problems
as such. We then consider a common special case which has a nearly closed form solution.

5.1 Quasiconvex Programming

A function f : C — R is quasiconvez if C' is convex and, for any 5 € R, the level-set {x €
C|f(x) < B} is convex. A quasiconver program is the problem of finding the minimum of a
quasiconvex function f over a convex set D (that is, mingep f(x)). Quasiconvex programming
was first defined by Amenta et. al. [3], and was already used in the context of multivariate
recurrences in [18].

We now show that the rule optimization problem is a quasicovex programming. It is well
known that Kullback-Leibler divergence is convex (Theorem 2.7.2 cf. [13]); therefore, by The-

D(¢[|7)

orem 1 in [I], the functions fj(ﬁ,(jl,...,qh) = g V1l < j < h, are quasiconvex. Thus,
f3,.d,....q" = maxi<;<h fj("y,cjl, ...,@") is also quasiconvex. Furthermore, the constraints
over 7,q",...,q" defining the rule optimization problem are all linear; thus, the feasible region

is convex.

We used the disciplined quasiconvex programming module of cvxpy [I], an open source
python optimization package, to solve the rule optimization problems which did not fall into
the category of simple rules (see Section [5.2]). Specifically, the results for 3-Hitting Set (Section
[B) were evaluated using this method. We encountered numerical accuracy issues when using
CVXPY. In such cases, the returned solution was modified to make it a feasible solution. While
such changes may harm the optimality of the solution, they can only increase the running times
of our algorithms.

5.2 Simple Branching Rules

Many of the branching rules used for Vertex Cover have a specific structure that we call simple.
We say a rule optimization problem is simple if & > 1, 7 = h = 2, b = (b1, ba), k' = (b1, s2) and
k2 = (s1,b2) for s < by and sg < by. The single rule of VC3 is simple, and so are all the rules
in the algorithms of Section 2l Also, many of the rules of BETTERVC (in Section ) are simple.

As the case is two-dimensional, we use the notation ¥ = (v,1 —~), §* = (¢M,1 — ¢V) and
@ =(1-q%,¢?). Let

C, = {q(l) € [0, 1]‘04 (gWby + (1 — ¢M)s2) > Wby + (1 - q(l))bz}

Cz ={a® € 0 1]Ja (@bs+ (1= ¢P)s1) = 4P + (1 - )b |
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and

: D (¢™]v)
fily) = i e fa(y) =

i P@?1-n)
¢@eCs qPby + (1 —qP)s;

We use the common notation D (z|y) = D ((z,1 —x)|/(y,1 —y)) when x and y are numbers.
Thus, the rule optimization problem is

min max { f1(7), fa(7)} - (16)

v€[0,1]

In the following we show that f; is monotonically decreasing, fs is monotonically increasing,
and both can be evaluated exactly by a closed formula. Thus, the solution of (I6]) is at the
point v where fi(v) = fa(7), which can be found using a binary search over the monotonic
function f1(v) — f2(7).

It can be easily observed that C; = [c1, 1] for ¢; that can be calculated exactly. For any
v > ¢; we have that ¢V = ~ is a solution for the optimization problem of fi, and therefore
fi(y) = 0. Consider the case where v < ¢;. As shown in Section (1], the function h,(¢)) =

D(aM )
qDb1+(1—q¢M)s2
is increasing in [vy,1] D C; = [¢1,1]. We get that

D (q™]]v) D (ci]ly)
= mi = min hy(¢M)=h = .
h) q(rlr)lgél qWby + (1 — qM)sy q(%lgél ) +(e1) c1by + (1 —c1)s2

is quasiconvex. Furthermore, h has a minimum at ¢() = ~. Thus, the function

A symmetric closed formula can be obtained for fs.

It follows from the above that fi(v) = 0 for v > ¢;. For any fixed ¢() € C; the function

D(qM . . . .
Ggm) (v) = % is convex with a minimum at Iq» (q(l)) = 0, and therefore decreasing

in [O,q(l)] D [0,¢1] . Hence, for any 1 < v2 < ¢1, we have

fily) = min g,a)(1) > min g,a)(y2) = f(r2) = 0.
Ve, qVecy
Thus, f; is decreasing. A symmetric argument can be used to show that fo is increasing. This
implies that a binary search can be used to solve the rule optimization problem.
We note that some of the calculations outlined in this section could be replaced by a prob-
abilistic interpretation of the rule and its states as negative binomial distributions.

6 Proof of Theorem

In this section we give a formal proof of Theorem 2 We first define the stochastic process used
in the proof, and show its connection to the recurrence relation p in ([2)). While the definition of
the process is abstract, it is driven from an intuitive interpretation of the algorithms presented
in this paper, as demonstrated in Section

6.1 Recurrence as a Random Process: an Example

Recall that in each recursive call of VC3 (Algorithm [I) either a vertex v or three of its neighbors
are added to the cover. Given a graph G and a minimum size vertex cover S of GG, the execution
of VC3 can be associated with the following stochastic process X,,.

Let v, be the vertex considered by the algorithm in the n-th recursive call (while the
algorithm is finite, we assume it is infinite for this intuitive interpretation). In case v, € S,
set X,, = 1 if v, is selected by the algorithm, and X,, = 2 if the neighbors of v,, are selected.
Similarly, in case v, ¢ S, set X, = 3 if v, is selected by the algorithm, and X,, = 4 otherwise.
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We note that the algorithm “does not know” the values of X,,: nevertheless, we can use these
values for the analysis.

Given b € Z and k € N, we want to compute the probability that VC3 selects k vertices from
the minimal cover S before it adds b vertices to the cover. This is equivalent to the probability
that there is n € N such that >7)_; Kz >k and 7", Bg, < b, where B = (1,3,1,3) and
K =(1,0,0,3).

We note that X, is either drawn from X; = {1,2} or from X = {3,4}. The set from which

Xp is drawn depends on whether vy, is in S. The latter depends on the input graph G and the
selections of VC3, Xl, ... Xn 1 (we assume a specific minimal size vertex cover S is arbitrarily
associated with every graph G).

Therefore, we can associate the graph G with a function R : (X} U Xs)* — {1,2}. For any
(a1y...,ap—1) € X* set R(ay,...,ap—1) = 1if v, € S given X1 =ai,....,Xn_1 = ap_1, and
R(ay,...,an—1) = 2 otherwise (these includes also infeasible execution paths for the algorithm).
That is, X is drawn from X, where j = R(Xl, e X 1)

Given R, we now define a stochastic process (Xn)flo:l which has the same distribution as
(X,)2,. Let (Y;1)22, and (Y;2)2%, be a two sequences of i.i.d. random variables such that
Pr(Y,l=1)=~,Pr(Y,} =2)=1—7,Pr(Y,2=3) =vand Pr(Y,2 =4) =1 —~ (y € (0,1) is the
probability VC3 selects v). Now, set X,, = Y,! if R(X1,...,X,,_1) = 1 and X,, = Y, otherwise.
It can be easily verified that indeed (X,,)%2, and (X)), have the same distribution.

As we do not know R, our objective is to lower bound the probability there is n € N such
that >, ; Kx, > k and )_,_, Bx, < b, over a large set of functions R, which includes all the
possible functions derived from graphs.

6.2 Proof the Theorem

Let « >0, N € Ny and r; € Ny for 1 < j < N. Also,letHENz,EjGNrj andﬁjeRer
for 1 < j < N. We assume that 47 is a distribution for any j, and there is 1 < j < N such
that &/ < 1. Let p be the composite recurrence of {(b’,k7,57)| 1 < j < N} as defined in (2.
Finally, let M; be the a-branching number of (b, k7,57) and M = maxj<j<y M;. We assume
that M < oc.

We start with a few technical definitions. Let B (K , I') be the result of concatenating
the vectors b*,62,..., 0N (k' k%,... kYN and 5',7%,...,7", respectively). Formally, set 5 =
i 1Tk (therefore So = O) and r=sy. Forany 1 <j <N and 1 <17 <rjset BSJ +i = b
Ky, +i =kl and Ty, ; =7/ Also, define X; = {i e N| s;_1 <i<s;} and X = szl

{1,2,...,r}.

We say that T € RY, is an extended distribution if for any 1 < j < N it holds that
Y ic X T; = 1; for example, I' is an extended distribution. A rules mapping is a functlonﬁ
R: X*—>{1,2,.. ,N}.

Given an extended distribution T and a rules mapping R, we define a stochastic process
(Xn)p2y where X, € X for any n € N. For 1 <j < N, let (Yj) ° , be i.i.d. random variables
where Pr(Y;{ =i) =, fori € X;. We set X,, = Y] where j = R(X1,...,X,—1). We use Prpy
to denote the probability distribution function (formally, this is a probability measure) of the
process defined by R and Y. In particular, we use this distribution function with respect to two
specific extended distributions: I' and Q. We use T for showing generic results which apply to
both I' and Q.

Define k(ai,...,an) = >y Ko, and p(as, ..., a,) = >, By, to be the coverage and cost
of (ar,...,a,) € X"

SFor a set A we use A* to denote all vectors of elements in A. That is, A = J2°, A™. We use € to denote the
vector of dimension 0 (e € A%).
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For b,k € R>( define the eventEl

F—{3neN:pu(Xy,...,X,) <band s(Xy,...,X,) > k}. (17)

Finally, we say that a rules mapping R is k-consistent for k € N if for any a € X* such
that x(a) < k it holds that K; < k — k(a) for any i € Xp(s) (equivalently, kR@) <k — k(a)).
The notion of k-consistent mapping corresponds to the requirement that the minimum in (2])
is only taken over j such that &/ < k. Let R be the set of all mappings and R(k) be the set of
all k-consistent mappings.

The next lemma shows a strong connection between the process (X,,)2° ; and p.

Lemma 6. For any b € Z and k € N it holds that p(b, k) = infrer(k) Prrr (Sbvk).

While the proof of the lemma is fairly straightforward, it requires multiple technical steps.
We give the proof in Section By Lemma[@ in order to evaluate the asymptotic behavior
of p(ak, k), we can focus on the asymptotics of inf per ) PrR,p(So‘k’k).

Denote the type of (ai,...,a,) € X" by T(a1,...,a,) =T € RY,, where T; = W is
the frequency of each i € X in (aq,...,a,). Equlvalently, T(a1,...,ap) = %Z?Zl €%, where
&l € R is the d-th unit vector ' It can be easily verified that x(a1,...,a,) =n-T(a1,...,a,)- K
and p(ag,...,a,) =n-T(ay,...,ay) B for any (aq,...,a,) € X™, where - is the standard dot
product of two vectors. While (X,,)>°, is not a sequence of i.i.d. random variables, several
properties of types (see [13]) are preserved.

Recall that for two distributions ¢,d € R?, the classic Kullback-Leibler divergence is given
by D (EHJ) = 25:1 c; log C% (we follow the standard convention 0 = 0log 0 = 0log %). We define
the extended Kullback-Leibler divergence for any T!, T? € RZ by

(rr?) ZTllog——Z)\ log;  where A\j= > Tl

1EX 1EX)

There is a simple interpretation for D, (Tl HTQ) when Y!is a type and Y? is an extend distribu-
tion. In this case, D, (Tl HTQ) = z;vzl Nj-Dj+H(Ai, ..., An), where Dj is the Kullback-Liebler

: o 1! ) : :
divergence between the distributions ()‘_j>i€é\f~ and (Ti)ie/\.’j for 1 < j < N, and H is the en-
tropy function.

Lemma 7. For any R € R and extended distribution Y the following hold.

1. Let (ay,...an) € X" and T =T (a1,...,ay). If Prpy (V1 <l <n:X;=ay) >0 then

1
Prpy (V1< 0<n:X;=ay) =exp (—n E Tlog,r>
1EX

2. Let Kn:{(%,,%) <1< ; € N and Z;Zlni:n}. Then, for any a € X",
T(a) € K. In particular, |K,| < (n+1)".

3. LetT € K,,, then

Prry (T(X1,...,Xyn) =T) < exp(—nD. (T||T)).

%Qur definitions implicitly assume the existence of a measurable space (2, F), such that Y;/ and X, are
random variables with respect to (Q, F) for any n > 1 and 1 < j < N. In this terminology, S** € F.
10gd — 0 for i #d and & = 1.
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The proof of the lemma uses standard techniques in the method of types. A complete proof
is given in Section [6.3.2]
Let @ be the vector which solves (@) with respect to (b7, k7,57). That is,

1

F = arg min (chﬁj) . (18)

G-bi<ag-kJ, 3 is a distribution q- k]
Therefore, ,jll—ﬂ.D (cjo*’yj) = M;. As before let Q be the concatenation of ¢, g2,...,g". For-

mally, define @ € R, with Qs; ,+i = =q ' for any 1 <j<Nand1l<i<r;.
The next lemma shows that a lower bound on the probability of events in Prrr can be
derived using a lower bound on the probability of the same events in Prpg .

Lemma 8. Let A C X" such that T(a) =T for any a € A. Then, for any R € R,

log Prpr((Xi,...Xy,) € A) > logPrro(Xi,... X, € A) — nZT log I‘Z' (19)
ieX

Note that the distribution function in (I9) is Prp r in the LHS and Prg g in the RHS.
Proof. Let A" = {(a1,...,a,) € Al Prro(V1 < ¢ <n:X;=ay) > 0}. Clearly,
PI‘R7Q((X1, cee 7X'n) S A) = PI‘RQ((Xl, R ,Xn) S A,).

For any (ay, ..., a,) € A',since Prg (V1 < £ <n: X, = ap) > 0, it holds that ay € Xp(,....q, 1)
and therefore Prpr(V1 < ¢ <n:X;=ay) =[[;_; e, > 0. By Lemmal[7

logPrR,p((Xl, . ,Xn) € A) > IOgPI‘RI((Xl, . ,Xn) c A/)

= log Z Prrr(V1 <l<n:X,=ay)

(@1,...,an)€A’
= log Z exp (—nZT log — ! )
Ty
(a1,...an)€A’ 1€EX

= log Z exp (—nZT <log 1 —i—log% >>
ea Qi

(a1,...an i€EX

= log Z exp(—nZTlogQ> —nZTlog

(at,...an)€A’ ieEX ieEX

= log Z Prro(Vl </l <n:X;,=a) —nZTlog
(at,...an)€A’ ieX

=log (Prro((Xi,...,Xy) € A)) —nZTlog Qi
1EX

The next technical result will be used in the proof of the subsequent lemma

Lemma 9. For any type T' and extended probability T, let \; = Ziexj T; for1 <3 < N. Then
it holds that

S>3 T - Al < 2¢/D, (7Y

j=lieX;
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The lemma follows from a simple application of a known inequality relating ¢;-norms and
Kullback-Leibler divergence along with Jensen’s inequality. The proof is given in Section
To utilize Lemma [8 we need to specify a subset A C S®%* such that all the elements in A
have the same type and A has high probability. The next lemma shows a slightly relaxed claim.

Lemma 10. For any € > 0 there is L > 0 such that for any k > L and rules mapping R € R,
there is a length n*® € N and a type T*E such that:
1.

1
lim inf - log P ( Xy X ,:Tk’R>:
o Ak g 08 TR (T s ) ’

2. Foranyk >L, ReR and1 < j < N set )\?’R = Zz’e/\.’j Tl-k’R. Then,

N
lim sup Z Z ‘Tik’R — )\f’RQi =0.
R

k—
CORER 1 iex;

3. For any k > L and R € R it holds that n®® - (K - THE) >k, nkB. (B THE) < a(1+¢)k
and nPT < a(1 + €)k.

Proof. Let € >0, k € Nand R € R. Also, let s = [ka(1 + ¢)]. We note that
w(X1,. .., Xst1) > a(l +¢)k (since B; > 1 for i € X'). Thus,

1= Prro(u(X1,...,Xn) < a(l +e)k and u(Xy,..., Xni1) > a(l+e)k).
n=1

Hence, there is nf < s such that

1
s+1°

Prrg (1(X1,..., Xuer) <l +e)k and p(Xq, ..., X krqq) > ol +e)k) >

Since the type of Xi,..., X, is in K, (see Lemma [7]), we also have

1 (X1, , Xper) <a(l4+e)k and
1 < Z Prro | w(Xi,..., X kryq) > a(l+¢e)k and
5 TeK k.r T(Xl,---,Xnk,R) =T

Since |K,x.z| < (s +1)", there is T*F* € K,k r such that

1 w(Xi,..., Xer) <a(l+e)k  and
=1 <Prro | w(X1,.... Xpwryy) >a(l+e)k and | (20)

a1+ okt < L
(s+1) T(X1,er 0, Xpen) = THE

Once we established how n®f and T*% are selected, it remains to show the properties
in the lemma. The idea is that by our selection of the vectors T%%, the normalized vectors
kR .
(%) cannot deviate significantly from (Q;)iex; = ¢’. This observation is used to
iex; Ty 1EX

derive the properties below. From equation (20) we have

.1
0> I%Iel% % log PI“R,Q <T(X1, .. ,Xnk,R) = Tk’R)

1
> inf —1 1 2)~(r+1)
jnf +log (a(l+e)k+2)

—(r+1)log (a(l + )k + 2)
k
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As the last term goes to 0 as k goes to infinity, it follows from the squeeze theorem that

- = k’R =
klggo 1«122f k‘ log Prro (T(Xl, oy Xper) =T > 0.

Thus, we have shown Property [1l
For any k € N and R € R, by Lemma [7] we have

(a1 + o)k + 1)~ < Prro <7'(X1, coy XpkR) = TlmR) < exp (—nk,RDe (Tk,RHQ>> .

Therefore,

D, <Tk,RHQ> < (r+1) 1og(nk(R+ )k +2)

Set bmax = max;ex By, It follows from the definition of n®f that n*f > ﬁ- Thus,

D, (Tk,RHQ> < bmax(r +1) lojl(g(a +e)k+2)

Define )\?’R = Ziexj Tik’R for 1 < 7 < N. It follows from Lemma [@ that

kR )\kRQ‘<2 / (TERE|Q) < 2. \/maxr—i-llog(k(l—i—g)k—i—Q)

The right term approaches 0 as k goes to infinity, thus

j=liek;

lim sup Z Z ‘TkR )\k RQZ =

k=0 ReR 5 i€X;

(21)

Hence, we have shown Property 2l We use (21) to prove Property Bl For any k¥ € N and R € R,
we have

DI LTS D MLES S0 SLES S LY

1EX; =1 i= 1EX;

The inequality holds since ag’ - k/ > @ -t/ for any 1 < j < N, which follows from the definition
of @ in (IX).

Hence, we have

ZA”ZQ aK; — B;) > 0.

1EX

Therefore,

N
nPRTRE (0K — B) = nPRY "N T (K, - B))
j=1icX;

_nkRZ)\kRZQZ (ak; — By) +nkRZZ kR )\kRQZ) (aK; — B;)

1EX; j=liek;

z—k.(a(1+e)+1)<%§|m B)) )ZZWR APEQ,|

Jj=liek]
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It follows from (2]]) that there is L > 0 such that for any £ > L and R € R,
al kR kR EQ
(alt+2)+ 1) (maxl(ar; - 59 ) Y.y mtontal< g
Also, for any k € N and R € R it follows from the definition of n*® and T*# that
a(l + )k — by < nPF.TFE. B < a(1 4 ¢)k.

Combining the above we have

1
L N <nk,RTk,R B+ nPRTRR (oK — B)>
«

Al re)y  bma oy €p by
« a 2a 2 «

>

where the last inequality holds for k& > % b”‘a". O
The following lemma, is derived by combining the results of Lemmas [§] and [0l

Lemma 11. For any ¢ > 0,

- a(l+e)kk) > _
hgr_l)ggf&g% z log Prp (S > >—-M(1+¢)

Proof. Let ¢ > 0. Also, let (nk’R)keN,RGR and (Tk’R)keNﬂeR be the numbers and types derived

from Lemma [I0 Define )\?’R = z@'e/\.’j ﬂk’R. By Lemma 8], for any ¥ € N and R € R, it holds
that

1 1
E log PI“R,F <Sa(1+6)k’k) ZE log PI‘RI(T(Xl, . ,Xnk,R) = Tk’R)
1
> log Prag(T(X1, ..., Xpen) = Tk — kRE T o g

1E€EX

By Lemma [I0, the first term converges to 0 as k goes to infinity. Therefore,

1
liminf inf — log Prrr <S°‘(1+€)k’k) > —limsup sup —n®F Z Tk Rlo g QZ
k—oo RER k k—oo RER k
1EX
1 .
— lim sup sup nk R Z Z ()\k RQZ + Tk R )\k RQ ) Ql
k—oo ReR K 5T,
Jj=liek;
> — lim sup sup nk R Z Z )\k RQZ Q
k—o00 RE'R j=1i€X, z
ThR _ kR Qi
— lim sup sup n )\ Q;| max |log—=
k—oo ReR Kk iolicx, i€X,Qi>0 T
— lim sup sup nlC R Z P Z Q;log Ql.
- I

k—o00 RE'R =1 i€x;

The third inequality uses the observation that, for large enough k, if Q; = 0 then Tik’R =0

(otherwise Prgo(T(X1,... X,kr) = T = 0). The last inequality follows from nF® <
a(1 4 ¢)k and Property 2lin Lemma [0l
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Recall that @ is found by solving the constrained optimization problem in (I]). Therefore,

by Kuhn-Tucker conditions, for any 1 < j < N, either ak? - ¢/ = b - ¢/, or ¢’ is a local minima
of h(q) = %;) It follows from [I] that h is quasiconvex (see also Section [) and therefore
its only local minimum is at § = 49. Hence, for any 1 < j < N, either ak/ - @ =V - @ or
D ((joij) = 0. We get that

1 Y k Qi _ 1 EN k
R i , D (7|15
P 2 N Qitos 1 :E”’“R 2P l)

j=1ieX;
j. o
’“RZ T @)

kR kR 7
AL Z)‘j ¢ -YM

(07

j—l
_M ”ZZA”QH (22)
Jj=1liek;
N
S ST B S (07074 )
Jj=liek] Jj=liek;
k,Rmk,R kR
n7T7 .B n7 kR
<M B, ( (
= ok on e \leleZXA v
1+€
<M1 +e)+ A %qmzz(w@ ol
3
j=lick;

The first inequality follows from the definitions of a-branching numbers and M. The last
inequality uses Property B in Lemma [I0l In particular, n*# < a(1 + &)k and n®f . TFE. B <
a(l + ¢)k. Combining the above, and using Property 2l in Lemma [I0, we have,

liminf inf - log P <<a+6>“>> _M(1
W A g s Prar (5 e

O

Combining Lemma [I1] with Lemma [6] we obtain the following (note that, by the definition
of Sbk gbk — SLbJ k)

Lemma 12. For any € > 0, liminfy_,o £ logp(|a(l + )k, k) > —M(1 +¢).

While this claim is strictly weaker than the statement of Theorem [2] it suffices for deriving
all of our algorithmic results.

To complete the proof of the theorem, we need to slightly improve the lower bound stated
above to be independent of €, and to derive a matching upper bound.

The claim in Lemma [I0 can be strengthened to yield types 7% and length n*® such that
nfR.ThE. B < ok (omitting the € term from Lemma [I0). This stronger property, however,
requires restricting the rules mappings considered to be k-consistent.

Lemma 13. There is L > 0 such that, for any k > L and rules mapping R € R(k), there is a
length n*® € N and a type T satisfying
1.

1
lim  inf - logP ( X1 X :TW):
b % e Pree T(X1,..., X kr) 0
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2. For any k> L, R€ R(k) and 1 <j < N set )\?’R = Z’ier Tik’R. Then

N
lim sup Z Z

ThR _ )\?,RQi _o
W0 RER(K) 21 iex,

3. For any k > L and R € R(k) it holds that n®T . (K - T*R) > k, nbE.(B-TF) < ok
and n*® = O(k).

The proof of Lemma [I3] is highly technical and therefore deferred to Section Using
Lemma [I3] we obtain the following.

Lemma 14. )
lininf 7 log inf Prrr (sa’%k) > _M

The proof of Lemma[I4lis essentially identical to the proof of Lemma[lIl The main difference
is in using the lengths and types (n®f and T"%) generated by Lemma [I3] instead of those of
Lemma [0l Thus, we omit the proof.

An upper bound over infrer PrR,p(Sb’k) can be easily derived using standard method of
types arguments, as shown in Lemma However, as we want to provide an upper bound on
p(ak, k), it follows from Lemmafflthat an upper bound should be given for inf rer 1) Prrr(S%F).
Although this small difference is fairly easy to overcome, it renders the proof more technically
involved.

Let 1 < j* < N be the index satisfying M;« = M, and define a function F'(53) such that F'(3)
is the -branching number of (5", k7", 57"). Clearly, F(a) = M, and it follows from standard
calculus arguments that F' is continuous on [a, 00).

Lemma 15. For any 8 > « and k € N it holds that
inf Prp (Sﬁkvk> < (B + 1)1 exp(—F(B) - k).
ReER

Proof. Define R* € R by R*(a) = j* for any a € X*. Then,

Prp«r <Sﬁk’k) =Prp-r 3n: pw(Xy,...,X,) <Pk and k(Xy,...,X,) > k)

k
=Prp-r (31 <n < Bk : p(Xy,...,X,) <Pk and k(Xy,...,X,) > k)
|Bk]
<Y Preer (w(Xy,. .., Xn) < Bk and £(X1,..., X,) > k)
n=1

<Y Prrer(n-B-T(X1,....X,) < Bkand n- K -T(Xy,...,Xp) > k)

= > Prr-r (T(X1,...,X,) =T)
=L T e T e Kyln-B-T' < Bk,n-K-T' >k}
(23)
The second equality holds since p(aq,...,a,) > n for any (ay,...,a,) € X™. The second

property of Lemma [ is used in the last equality.
Now, let 1 < n < Sk, and consider T € {T" € K,| n-B-T' < fk,n- K -T' > k}. If there is
i € X\ X+ such that T; > 0, then

Praer (T(X1,...,Xn) =T) < Prper <31 <l<n:Y) = Z) ~0. (24)
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Now, consider the case where T; = 0 for all i € X'\ Xj«. Let t € R"* be defined by t; = 5je_1+i
for 1 < i < rj« (recall that X« = {sj«+_1 +1,...,s+ +rj}). Also, let \; = ZierTi for
1 <j < N. It follows that A\j» =1 and \; = 0 for any j # j*. By Lemma [7l we have,

Prr«r (T(X1,...,Xn) =T) <exp(—nD. (T|I'))

N

T

=exp | —n ZTilogP—z — Z)\jlog)\j
eX j=1

EA 7 (25)
i=1 Vi

The second equality follows from A\;+ = 1 and A\; = 0 for j # j*. The third equality follows
from the definitions ¢ and I", and the forth from the definition of Kullback-Leibler divergence.
The second inequality follows from n -£- k" = n-T - K > k (note that the divergence is a
non-negative function). For the last inequality a more involved argument is used. Note that

Bn-t- -k =pn-T-K<Bk<n-T-B=n-t-V.
Therefore, t- 5 < ft-k?". As t is a distribution, it follows from the definition of branching

numbers (Definition [I) that F(3) < WD GIRESE
Using (23)), (24)) and (25]) together we obtain the following.

|Bk]
PFR*,F (Sﬁk’k> < Z Z PrR*,F (T(X177Xn) :T)
N1T€{T/GK n-B-T'< fk, }
“"n-K-T' >k
|Bk]
25 5 exp (~kF(5))

n=1 n-B-T < Bk,

Te T/eKn nKT/>k

< (Bk+ 1) exp(—k - F()).
The last inequality follows from |K,| < (n+1)" (Lemma [7]). O

The next lemma shows how an upper bounds over infgcr Pr RI(Sb’k) can be used to derive
an upper bound over infrcr ) Prgr(S%F).

Lemma 16. For any b € Z and k € N, it holds that

inf Prpp <Sb’k> < inf Prpr (Sb’k*km%) ,
ReR(k) ’ ReR ’

where kymaxy = max;cx K.
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The proof of Lemma [16] is given in Section [6.3.1l We use the above lemmas to obtain an
upper bound on lim supy,_, . inf per(x) Prp (SR,
Lemma 17. 1
limsup —log inf Prpp(S*) < —M
ReR(k) ’

k—o0

Proof. Using Lemmas [I6] and

1 1
limsup — log inf PrRI(SO‘k’k) = limsup — log inf PrRI(SLO‘kJ’k)
k—o0 ReR(k) k—o0 RER(K)
1
<1l —1 inf P Stakak*kmax
< limsup -log inf rRrr( )
1
=1 —1 inf P Sakyk_klllax
msup - log fuf Pri( )

1
< limsup —log ( (ak + 1) cexp ( - F _ak . k
k—o0 k k — kmax

ak
= limsup — F <7>
k—o0 k — kmax
= —F(a)
=-M

The first and second equalities use the observation that S®/* = S%% by definition. The forth
equality uses the continuity of F'. O

By Lemmas [I7 and [I4] it follows that

1
lim —log infk Prpp(S°FF) = — M.
R

k—o0 ReR(k)

Therefore, using Lemma [0, we have

1
= lim -1 inf P akky — _ M
Jim 3 log i Prar(ST)

This completes the proof of Theorem 2 O

1
Jim —logp(lak], k)

6.3 Deferred Proofs
6.3.1 The Stochastic Process and Recurrence Relations

In this section we prove Lemmas [6] and We start with some technical definitions and
observations.

For any b,k € R define A»* = () if b < 0, A»* = {e} if K <0 and b > 0 ({¢} is the set which
only includes the 0-dimensional vector), and in all other cases,

M(a17"'7an) < b
APk = L (ay,. .. an) € X K(ar,...,an) >k . (26)
klat,...,an—1) <k

It follows from the definitions that
SOE = (F(ay,...,an) € A (X1,... X)) = (a1,...,an)}. (27)

The definition of S* using A®* is useful because of the following properties. For any two
vectors (a1,...,a,),(c1,...,cm) € AY% such that (a1,...,a,) # (c1,...,Cn), it holds that,

{(le---an) = (al,...,an)}ﬂ{(Xl,...,Xm) = (cl,...,cm)} = 0.
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Note that the sets above are events (element in F). As for any aq,...a, € &, with n > b
it holds that yu(ay,...,a,) > b, we conclude that all the vectors in A»* are of dimension not
greater than b. Therefore the sets A®* are all finite. Finally, it is easy to verify the sets have a
recursive structure. For any k£ > 0 and b € R, it follows from the definition that

Ak — {(al, o) €XY I n>1,(ag,. .. a,) € AbiBal’kaal}. (28)

The following technical lemmas will be useful in obtaining later results. For any R € R and
i € X define R; € R by R;(a1,...,a,) = R(i,a1,a9,...,ay).

Lemma 18. For any extended distribution T, R € R and (a1, ...a,) € X™ such that n > 1, it
holds that

Prpy ((X1,...Xpn) = (a1,...,an)) =Prpy(Xi =a1) - PrRal,T (X1,..., Xp—1) = (ag,...,a,))
Proof. It follows from the definition of the stochastic process (X,)72 ; that
Prry (X1,...Xy) = (a1,...,a,)) =Prry <V1 <l{<mn: YKR(GI"”’W*) = ag)
=Prpy <Y1R(E) = al) -Prry <V2 e az)

n
T X

(=2
=Prpy (X1 =a1)-Prg, v (Vl <{<n-1: nRal(aQ""’a‘) = ag+1>

= PI‘RJ‘ (Xl = al) . PrRal,T ((Xl, ‘e 7Xn—1) = (ag, ‘e ,an))

0 otherwise

This leads to the next lemma.

Lemma 19. Let T be an extended distribution, R € R, b € Z and k € Ni. Set j = R(e).

Then,
Prry (Sb’k) = Z T;-Prry (Sb_Bi’k_Ki>
ier

Proof.
Prpy (Sb’k) = Prpy (3(@1, cap) € AYF (X, X)) = (ag, .. an)>
= Z PI‘RJ‘ ((Xlaan) = (al,...an))
(al,...,an)EAbvk
= > Prgy(X1=a1) Prg, v ((X1,..., Xn 1) = (a2,...a5))
(a1,...,an)EAbK

:Z Z PI‘R7T(X1 :i)-PrRhT ((lean) :(al,...an))

IEX (a1,..,an) EAP~Bisk—Ki

= Prpy(Xi=1i)- > Prr,x (X1,..., X)) = (a1, ... a,))
iexX (@1,..,an) AL Bik—K;

=3 Prpx (Y] =i)-Pra.y <E|(a1, can) € ABRK (LX) = (ag,. ,an))
ieX

=3 Ti Py, ¢ ( Sb—Bi,k—Ki)
1EX);

The first and last equalities follow from (27)). The second and sixth equalities uses the obser-
vation that A% is finite. The third equality is due to Lemma [I8 The forth equality is derived
from (28). The last equality also uses the definition of Y7. O
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Now we are ready for proving Lemmas [6] and

Proof of Lemmal[d. We prove the claim by induction on b. For b < 0, for any R € R we have
Prr r(S%*) = 0; therefore, inf per(r) Prrr(SP*) =0 = p(b, k).

Let b € N and assume the induction hypothesis holds for any smaller value of b. If k =0
then for any R € R(k) we have Prg(S%*) = 1; therefore, infper (k) Prrr(SP*) =1 =p(b, k).

It remains to handle the case where £k > 0. For any 1 < j < N for which £/ < k (re-
call that k% < k if, for all 1 < i < ry, E‘i < k) define R7 € R(k) such that Ri(e) = j
and Prg; p(SP*) = infper(r),re)=j Prer(SP%). As for any R € R(k) kR < k, we have
inf per ) Prpr(SPF) = ming ;< fi<k Prp; p(S”%). By the definition of R/, it also holds that,
for any 7 € A}, PrRZ'I(Sb_Bi’k_Ki) = infrerr—k,) Prrr(SP~Bik=Ki) (for any 1 < j < N such
that k7 < k).

We use the above in the following equalities.

inf Pr (Sb’k) = min Prp; (5%
ReR(k) RL 1<j<N,ki<k RJ’F( )
=  min Z r;- PrR] (§b—Buk—Ki) By Lemma 19
1<GSNKI<k ]

=  min Z T, inf  Prgp(St-Bok=Ki)

1<j<N, k1<k ReR(k—Kj;)
= min Z i -p(b— B,k — K;) Induction Hypothesis
L1<GSN i<k ;

X
Tj

= min Y 7 plb—blk—k)=pb k)
1<jSNki<k i~

The fifth equality follows from the definitions of I'; B and K. O

Proof of Lemma[I6. We prove the Lemma by induction on b. For b < 0 it holds that

Rel%f(k) Prrr (Sb k) =0= }%nf Prrr (Sbk km‘""‘) .

Let b > 0 and assume the claim holds for smaller values of b. If k < kjax then

£ Prap (%) <1= inf Prpp (545,
Rem(k) IR T < }%16173 I'rRT

and the claim holds.
We are left with the case where k > k. Let R* € R such that

P « <Sb7k_k5max) — 3 f P (Sbvk_kmax)
Tr*T I%IelR IR
and set j = R*(e). We also note that by the definition of R*, for any i € X},

Prp o <Sb—Bi,k—kmax—Ki) — inf Prpy (Sb—Bi,k—kmax—Ki> . (29)
i Rer ®

Let R° € R(k) such that R°(e) = j, and
Prger (Sb’k) = inf Prrr (Sb’k) .
ReR(k),R(€)=j
Note that since k& > kpax such R exists. It follows from the definition of R® that for any
1€ Xj,
Prper (Sb*Bhk*Ki) — inf  Prpr (Sb*Biv’f*’fmx*Ki) . (30)
v ReR(k—K;)
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This leads to the following inequalities.

inf Prpr (Sb’k> < Prper <Sb’k>

RER(k)

= Z I'i-Prger <Sbe“k7K¢> Lemma [T9
ier

= > T _nf  Prgp (SRR g
Z " Rer(i-ky) T a- (E0)
ZEXJ'

< Z I'; - inf Prrr <Sbei’k7kamaX) Induction Hypothesis (31)
: ReR
ZGXJ'

< DT Prggp (St ) Eq. (29)
ier

= Prps p( Sk Fmax) Lemma [T9]

— fP Sb,k_kmax
el P )

Hence, we proved the induction step for this case. O

6.3.2 Properties of Types
Proof of Lemma [7.

1. Since Prpy(V1 < ¢ < n : X; = ay) > 0 we have that for any 1 < ¢ < n it holds that
ap € X; with j = R(aq,...,ay—1). Therefore, by the definitions of the random process
X,,) and types, we have the following.

PrR,T(Vl <Ii<n:X,= ag) = PI“R,T <V1 <i<n: }/%R(al""’azfl) = (M)
= H?:ITW

= exp <Zn . TilogTZ)

1eX

1
= exp <—n Z T; log T)

ieX

2. We note that the claim is essentially trivial. We give the detailed proof for completeness.

It follows from the definition of types that for any (a,...,a,) € X" and T = T (aq,...,a,)
it holds that T; = @ for any i € X. Since ),y [{¢| a¢ = i}| = n, we have T € K,
as required.

Let ¢ : K, — {0,...,n}" defined by ¢(T) = nT. It is easy to see that the image

of ¢ is indeed a subset of {0,...,n}" and that ¢ is a one-to-one function. Therefore
|Kn| < [{0,...,n}"|=(n+1)".

3. Let

A= {(al, - ,an) € X"[T(al, - ,an) = T, V1l < / <n:ay € XR(al,...,az,l)}'

We now start proving an upper bound for |A|. For 1 < j < N let ¢/(ay,...,a,) be
the result of removing from (ai,...,a,) all entries which do not belong to X;. Formally,
oA X is defined by Way,...,an) = (ag,... ,ag, ), where {{1,.... 0} ={{]1 <<
n, ag € X;} and € < ly < ... < £. We further define p(a) = (¢'(a@), ¢*(a),...,¢" (@)
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with p : A = X x &S x ... x &Y. In the following we bound image size of ¢, and prove
it is an injective function[]

Bounding the image. For 1 < j < N define \; = Zz‘e;\fj T;. The value A\; can be
viewed as the frequency of elements in X; in a vector a € X™ such that 7(a) = T.
Following part 2 of the lemma, it holds that n); is integral, and it can be easily observed

that ¢/ (a) € XJ.)‘jn for any 1 < j < N.

For 1 < j < N such that \; # 0 define 79 € RLy by T/ = 3LT; for i € Xj and T/ = 0 for
i€ X\ AX;. For 1 <j < N such that \; = 0 define 77 =0 € RY, . It is easy to verify
that if \; # 0 then T (7 (a)) = T7 for any a € A. Define C7 = {E € Xjf\jn]T(E) = TJ}. It
follows that Im(7) C €7, and Im(p) € C! x C2? x ... x CN. Tt is known that the number
of vectors in X" of a given type T is not greater than exp (—n’ dicx T/ log TZ’) (Theorem
11.1.3 cf. [13]). Therefore |C7| < exp <—)\jn Yicx Tl-j log TZJ) Hence,

[Im ()] < [CY-[C? ...+ |CN <exp [ —n Y A > T/ log T/ | . (32)
j=1  iex

¢ is an injection. Let (a1,...,ay),(d1,...,dy) € Awith p(a1,...,a,) = @(d1,...,dp).
Assume by negation that (aq,...,a,) # (d1,...,d,). Let ¢ be the minimal index such
that ay # dy. By the definition of A and the choice of ¢ we have ay,d; € &; with
j = R(a1,...,ap_1) = R(dy,...,d;_1). By the definitions of ¢ and ¢’ it holds that
(agys--evag,) = @(ar,...,an) = @(dy,...,dp) = (dgll,...,d%/) where f1,...,¢, and
¢4,..., 0, are two monotonically increasing series. Since (a1,...,a,) and (di,...,dp)
are identical up to the £ — 1 position and a¢,d, € &}, for some 1 < w < /£ it it holds that
ly =Ly, for ¢ <w and £, = £,, = { Therefore ay = ay, = dp, = dg. A contradiction. Thus
 is an injection.

Since ¢ is an injective function and by (B2 we obtain the following.

n N
|A| < exp —nz Aj Zsz logT? | =exp | —n ZT, log T; — Z Ajlog A ,
j=1  ieX i€ex i=1

where the last transition follows from the definitions of A; and Tij .

"The image of a function f: X — Y is {f(z)| € X} and denoted Im(f).
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Using the first property of the lemma and the definition of A we have,

PrR7T(T(X17 ce 7Xn) = T) - PrR,T((Xla e 7X7l) € A)
= Y Prpy(V1<l<n:X,=ay)

(a1,...,an)EA
1

< _ . _
< Z exp< nZTﬂogTZ)

(a1,...,an)€EA 1€X

1
= |A| - exp <—nZTilog T_z>
1EX

N
1
<exp|—n ZTilogTi—Z)\jlog)\j - exp (—nZTilog?>
7

= 4 j=1 ieX

N
T;
= exp —nZTi log T+t nZ)\j log A\; | =exp(—nD. (T]|T))

7

ieX j=1
O
For the proof of Lemma [9 we use the next result (Lemma 11.6.1 cf. [13]).

Lemma 20. For two distributions 0!, 0% € RY, it holds that

1 (& ’

1 -9 1|2
3 <Z|Uz _Ui|> <D (v'o%).
i=1

Proof of Lemma[d. We first define vectors t*, ..., Y and o',...,o", such that #/,77 € R;jm all
the vectors are distributions, 7" is the concatenation of \i',..., AxtYY, and T is the concatena-
tion of o!,..., oM.

Formally, for 1 < j < N and 1 <i < rj set T)g = Ts,_,+i (recall that s; = Zizl r). For
1 < j < N such that A\; # 0 set t_f = )\LjTSj_l_f_i for any 1 < ¢ <r;. For 1 < j < N such that
Aj = 0 set ¥ to be an arbitrary distribution. By definition, for any 1 < j < N and 1 <i <r;
it holds that )\jtZ =Ts; 1+ and @ZJ = TSFIJFZ-.

Using the above notation we have the following.

N
D, (T||T) = Tilog Tf > Ajlog

i€X o=

N 7 N no
_ZZ)\jt_flog ]’—Z)\j (ng)log)\j

Jj=11i=1 ? 7j=1 i=1

N i fj
=Y ) Hlog L (33)

j=1 =1 Ui

N
=> XD (#v)

j=1

2l 1 = ) J i
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Also, by Jensen’s inequality (see, e.g., Theorem 2.6.2 in [13]), we have
N T 2
(3
=1

7 i=1

g_ g
t — o]

2 N ri
. ) - (o
j=1 =1

Indeed, let z; = >07 \fg - @g |, and consider W, Z to be random variables such that Pr(W =
j)=2Aj and Z = z. Then

o
t; — Uy

(34)

N i N\ 2 N A , ’
Sy (Sl -t]) = g1z g1 - (0,3 - o
j=1 i=1 j=1 =1

Using inequalities (B3]) and (34]) we have
S AT =SS ]
Jj=liek; j=1i=1
N T
DD
j=1 =1
N Tj 2
< [2u(Sr-)
j=1 i=1
< 2v/ D, (T|T)

6.3.3 Proof of Lemma [13]

In this section we give the proof for Lemma [I31 Most of the proof is dedicated to showing the
following limit.
1

lim inf o logPrrg (S7°) =o. 35

k—oco RER(k) k &HIRQ (35)
Once the above limit is established, arguments similar to those in the proof of Lemma [I0 are
used to complete the proof.

One implications of Lemma [0l is that for any € > 0 it holds that

1
lim inf 3 log Prq ((S*( %) — 0, 36
hoo RER kO 1Q (36)
Our approach to show (B5]) uses the above limit. Conceptually, we focus in the analysis on
events in which some fixed size prefix of the process provides a good cost to coverage ratio,
namely, H < (a —n) for some 1 > 0. Conditioned on such events, the event S**
becomes equivalent to S(@+9* k" with respect to the process (Xn)p i1 This allows us to use
([B6). While the proof is based on the above intuition, it is more involved, as we need to handle
several corner cases.

We first partition the possible values of j, 1 < j < N, as follows. Define the strict values by
S={1<j<N|VieX;:if Q; >0 then aK; = B;}
and the non-strict values by

N={1,...,N}I\S={1<j<N|JieX:Q;>0and aK; > B;}.
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The last equality follows from the definition of ¢ in (IX), as well as Qs;_1+i = (j{ forl<j<N
and 1 <4 <rj.

With a slight abuse of notation, we also use N as a function from X* to <U jeN Xj> . Given
(a1,...,a,) € X*, we define N'(ai,...,a,) to be (a1,...,a,) after removing entries in J,c5 A;.
Formally, N(a1,...,a,) = (ag;,...,as,), where {1 < ly < ... < Ly and {{]| ap € U;cp Xj} =
{l1,..., 0}

For every j € N set d;j € X; such that aKg; > Bg; and Qq; > 0. For j € § set d; € &)
such that @4, > 0. It follows from the above that there is 7 > 0 such that By, < (a — n)de
for every j € NV.

Our analysis focuses on events in which (Xi,..., X)) (for some n) are in the following sets.
For k,v € Ny define

V1<l<n:Qq >0 and
N(ay,...,a,) C{djlj e N} and
MVE = (a1y...,an) € X*| K(ay,...,an—1) <k and
k(N (a1,...,an—1)) <V and

(k(at,...,an) >k or k(N(ai,...,an)) > v)

Further, define M** = {e} for v € Z if v <0 or k < 0. It is easy to show that for every
(ai,...,a,) € MY it holds that n < k; therefore, M™* is always finite. A useful property of
vectors in MV is that their costs can be bounded by their coverage. That is, for every a € MbF
it holds that

(@) < an(a) — nr(N (@) (37)

Similar to the sets A%F (see Section B.3.1), the sets M“* admit a recursive structure. It
follows from the definitions that, for every v, k € N4,

My’k = {(dj,al,... ,an)

JEN, (a,...,an) € M”*de’k*de}

(38)
U{(i,al,...,an) JES, i€X;, Qi>0, (a1,... an) eM”’k*Ki}.
Also, similar to A»*, for any two vectors (ay,...,a,),(c1,...,cm) € M¥F such that
(aty...,an) # (c1,.-.,Cm), we have that
{(Xl,. o Xn) = (al,. .. ,an)} N {(Xl, . 7Xm) = (Cl, . ,Cm)} = 0. (39)

Let Qmin = miniEX:Qi>0 Ql

Lemma 21. For every k € Z, v € Z and R € R it holds that

Yoo Prre((X1,e, Xn) = (a1, a0)) 2 (Quuin) "0

(a1,...,an)EMV-E

Proof. We prove the claim by induction on k. For k < 0 it holds that M** = {¢}, therefore

Z Prro((X1,...,Xn) = (a1,...,ay)) = 1> (Qmin)max{u,o} ‘

(a1,...,an)EMVF

For k > 0,let v € Z and R € R. Assume v > 0 and let j = R(e). If j € N then, following
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[BY) and Lemma [I8] we have
> Prro((Xn,.., Xn) = (a1, an))
(aly"'7an)€MV’k

> > Prro((X1,. .., Xnt1) = (dj,a1,. .., an))

udej k—Kg.

(aly"'7an)€M J
= Qu Z Prr, Q((X1,..., Xp) = (a1,..., az))
(al,...,an)eMuinj’kinj
max{v—K,.,0} 0
> Qu Q0 z Qe
The second inequality uses the induction hypothesis. By the definition of d;, it holds that

Ky > 1.
If j € S then, using again ([B8) and Lemma [I9] we have

> Prro((Xi,.. Xn) = (a1, an))
(aly"'7an)€M”’k

> ) > Prro((X1,. ., Xnt1) = (i,a1,...,a))

1€X;: Qi>0 (aq,...,an)EMVF—K;

= Y @ 3 Pri, o(X1, ..., Xn) = (a1,...,an))

i€X;: Qi>0 (@1,e,an)EMVF—EG

D DR T A

iEXj: Q>0

The second inequality uses the induction hypothesis. The last equality uses the fact that
> i€X;: Q>0 Qi = Zz‘e;\fj Qi=1.

It remains to handle the case where v < 0. However, in this case MVF = {€}; thus,

Z Prro((X1,...,Xn) = (a1,...,ay)) = 1> (Qmin)max{u},o ‘

(al,___,a")EM”vk

Lemma 22. For every k € N and R € R(k) it holds that Prg o(S**F) > QF . .

Proof. Let (ay,...,a,) € M®* Tt follows from the definition of M"* that x(ay,...,a,) > k and
k(ay,...,an—1) < k. Let j = R(a1,...,a,—1) and assume Prr o((X1,...,X,) = (a1,...,ay)) >
0. Then, a, € X;. As R is k-consistent, it follows that K,, <k — k(a1,...,a,—1). Hence,

k(at,...,an) = k(at,...,an—1) + Ky, <k.

Thus, we have that
k(at,...,an) = k.

Using (37), we also have
ula, ... an) < aulay,...,ay) = ak.
We conclude that if (ay,...,a,) € M®F and Prro((X1,...,Xn) = (a1,...,a,)) > 0 then
wlay,...,ay) < ak and k(ay,...,a,) > k. It follows that

Prr.o(Semk) > > Preo ((X1,...Xn) = (a1,...,a,)) > (Qmin)",

(a17...7an)eMk,k

where the last inequality is due to Lemma 211 O
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Lemma 23. 1
liminf inf % log Prr o (So‘k’k> =0

k—oo ReR(k)
Proof. We use a more compact notation for the proof of the lemma. Given a = (aq,...,a,) € X"
define |a| = n. We use a @ ¢ to denote the concatenation of two vectors a = (ay,...,a,) € X"
and ¢ = (¢1,...,¢p) € X™. That is,a® ¢ = (a1,...,0n,C1,...,Cn).

We generalize the definition of R; for R € R as given in Section Given ¢ € X*, define
Rz € R by Rz(a) = R(¢ @ a). It is easy to verify that if R € R(k) then Rz € R(k — k(c)). By
iteratively applying Lemma [19] it is easy to show that for any a,¢ € X* and R € R,

PI‘R’Q((Xl, R ,X‘a@a) =c®d @) = PI‘R7Q((X1, . 7)(m) = E) . PrR@,Q((Xh . 7X|&\) = d). (40)

Let ¢ > 0. We use the sets A»* as defined in Section (see (26])). We first show that,
for k € N,

{ewa| e e M*F k(c) < k,a e Aletenk—r@)h—r(@) 1} C gokk (41)
Let @ = (c1,...,cm) € MF with £(€) < k and @ = (ay, ..., a,) € Alten(b—r(@)k=r(e)
If K(2) > k then H( ¢) = k and @ = e. By (37) it holds that u(¢) < ak, and by the definition
of Me** k(cy,...,cm_1) < k. Therefore, ¢ = c¢® a € AYFF,

If k(¢) < k then K(N(é)) > ¢k. Therefore, using ([B7), it holds that

p(@) < ar(e) —nr(N(€) < ar(e) — nek.

Hence,
p(e®a) < ak(e) — nek + (a +en)(k — k(¢)) < ak.

Also, by the definitions, we have that k(¢®a) > k and k(cq, ..., ¢m,a1,...,a,-1) < k. Therefore
(#T) holds.

Finally, we note that if (c1,...,cm) = @ € M k(€) > k and Prro((X1,..., X)) =
¢) > 0, for some R € R(k), then x(¢) = k. If the conditions for the claim hold then we have
k(cl,...,cm—1) < k and ¢, € & for j = R(c1,...,¢m—1). As R is k-consistent, we have that
K., <k—k(cr,...,cm-1); therefore k(c1y. .. om) < k.

It follows that, for any k € Nand R € R(k),

Prag (sa’f k) = Prag <Ela € AN (X, .., X)) = a)

~pr (El EGMEk’k,H:(E)Sk ) (Xl,... X‘c|):5 >

=RONT a e Alatentbok@)hok@ (X, X)) = @

= Z Z PI“R,Q ((Xl, . X|C\ )PI‘RQQ( Xl,---,X\a\) :(_z)

ceMek:k k(e)<k aecAlaten) (k—r(e))k—r(c)

= Z PI‘R7Q ((X177X|E‘) :E) Z PrRa,Q ((Xl,...,Xw) :d)
cEMER (@) <k Ge Alaten) (k—r(@) k—r(?)

= Y Prpo((X1,...,Xq) =¢) - Prr.q <S(a+€’7)(’f*'f(é)),kw(é)>
ceMek:k

The first and last equality use (27]). The second equality is by (@0) and the observation that the
events considered are disjoint. By (B8], there is L > 0 such that, for any k > L and R’ € R,

Prr o (S(a+€”)k’k> > exp(—ke).
Also, by Lemma 22] for any k € N, k < L and R’ € R(k), it holds that

Prr o (S(O‘Jren)k’k) > Prri g <S°‘k’k) > exp (L1og Qmin) -
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Combining the above, we have that

liminf inf l

loo P ak,k
k—oo ReR(k) k 08 TTRQ (S )

1 A pi
iminf inf - 3 Xy, ... X)) =¢) - (avtem) (k= () k(@)
R 76M€MPTR7Q (X1, Xjg) = &) - Preg (S )

1
>liminf inf -1 P X1,...,Xs) = ¢) - exp(—ck
- lkrgloré R€1r713(k) o8 ce;k,k e (( ' ‘C|) C) exp( ) )

1
=— liminf inf =1 P X1,...,X)z)=c¢c
e+liminf inf clog| > Prag((Xi....Xp)=2)

ceMek:k
> — e+ liminf inf llo (Q€k ) =—ec—clo 1
- k—oo ReR(k) k & min J s Qmin.

Since the last inequality holds for any € > 0, we have

1
liminf inf =logP <S°"“"“>>O.
e R€1r712(k) OB IR -

Also, as

1
limsup inf —logPr <So‘k’k) <0,
hone RER() k0T =

we conclude that

1
lim  inf —logP <S°"“"“>:O.
kgrolo Rel%(k) k 08 TIRQ

Proof of LemmalI3. Let k € N, and R € R(k). By the definition of S®** and since p(ay, ..., a,) >
n for any (aq,...,a,) € X", we have

K
Prro <Sak’k) < Z Prrpo ((X1,...,Xy) < ok and k(Xq,...,X,) > k).
n=1

Therefore, there is 1 < nkB < ok for which

PTR,Q (Sak,k)
ak

We can write the above in terms of types:

PrR,Q (Sak,k)

S PI‘R7Q (,u(Xl, e ,Xnk,R) S ak and K(Xl, e ,Xnk,R) Z k) .

<Prgrqg (,u(Xl, e ,Xnk,R) < ak and H(Xl, e ,Xnk,R) > k)

ak
= PI‘R7Q (77, . T(Xl, ‘e ,Xnk,R) -B S ak and n - T(Xl, e ,Xnk,R) - K 2 /{))
= > Prro (T(X1,..., X,er) =T).
Te K, kr:
nF BT K >k,

nF BT . B < ak

Since |K,kr| < (nP® 4+ 1)" < (ak +1)" and Prgg (S***) > 0 (by Lemma 22), there is
Tk ¢ K, x,r such that nEBTER K > | , nkBTER . B < ak, and

PTR,Q (Sak,k)

_ 7k,R
(ak + 1)7"+1 S PrR?Q <T(X17 R 7Xnk,R) == T ) .
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Once n*® and TF® are defined, it remains to show the three properties in the lemma.
Property B holds by the definition.
From Lemma 23], we have

1
liminf inf - logPrrg (T(X1,- s X o) = THF)

k—oo ReR(k)
1 Prp Q(Sak’k)
> i f f -1 ——— | =0.
llgg Rel%(k) it ( (ak 4+ 1)+t 0

To show Property [Il we note that since

limsup inf -—logPr <TX,...,X , :Tk’R><0
k—)oopRER()k g (T4 w) -

we have

1
lim inf -logP ( Xy X ,:T"“’R>:O 42
p b e Prra T(X1,..., X kr) ; (42)

as required.
We now show Proerty2l Forany 1 < j < N,k € Nand R € R(k), define )\?’R = Zier Tik’R.

Then using Lemmas [ and [7] we have
kR )\k Qi <limsup sup 24/D. (THE|Q)

k—oo ReR( k)j 1icX; k—oo ReR(k)

1
< limsup sup 2\/W log (Prro (T(X1,..., X kr) = THE))
k—oo ReR(k) ne

km X
<limsup sup 2\/— = log (Prro (T(X1, ..., Xpkr) = THE)) =0,
k—oo RER(K)

where the last equality is since nFBT . K > k. Tt follows that n®f > ch (recall kpmax =

max

max;ex K;). The last equality is by (@2). This completes the proof of the lemma. U

7 Discussion

In this paper we introduced a new technique for obtaining parameterized approximation al-
gorithms leading to significant improvements in running times over existing algorithms. The
analysis of our algorithms required the development of a mathematical machinery for the anal-
ysis of a wide class of two-variable recurrence relations. Following the above results, several
issues remain open:

e From theoretical perspective, it is desirable to obtain deterministic variants of our algo-
rithms. Derandomizing our technique is left for future work.

e Sanov’s theorem also falls into the category of Large Deviation Theory. The theorem has
multiple extensions and variations from the viewpoint of theoretical probability theory.
One of the most general of these is Gartner-Ellis theorem [22] [17] (see a unified claim in
[24]). By using this theorem, some specific steps within the proof of Theorem [2] may be
skipped. We keep these steps to make the proof clearer and more accessible to readers
outside the above areas.

e The most similar work we found on recurrence relations with two or more variables is
due to Eppstein [18]. The recurrence relations considered in [I§] are different from the
relations considered in this paper. However, intuitively, the two classes of recurrences
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seem to be related. It would be interesting to establish such a relation, which may lead
to a statement similar to the one of Theorem [2] for the recurrence relations considered
n [18§].

We considered a family of two-variable recurrence relations. It seems possible to extend
the results to multivariate relations, such as

bi,...,bm, k min Z ,...,bm Zm,k: k:
plbr )= 1<j<N: k1<k27 )

with the initial conditions p(by,...,by, k) = 0 if by < 0 for some 1 < ¢ < m, and
p(b1,...,b;m,0) = 1 if by,...,b,, > 0. However, we are not aware of any interesting
applications for such generalizations.

In the definition of composite recurrence as given in (&), only values of j such that &/ < k
are considered in the min operation. One way to eliminate this requirement is to define a
relation ¢ : Z x Z — [0, 1] by,

Tj
_ 3 J
q(b, k) = 1g;1<nNZv cq(b— bk — k)
q(b,k) =0 Vb<0,ke€Z
q(b,0) =1 Vb >0,k>0

An analog of Theorem [2] can be established for ¢ stating that

1 1
Ve >0: lign inf z loggq((a+¢€)k,k) > —M and limsup z log q(ak, k) < —M,
— 00

k—o00

where M = maxi<;j<y M;, and M; is the a-branching number of (b, k7,57) (as in Defi-
nition [I]).

Often the analysis of branching algorithms uses complex recurrence relations which involve
two functions or more to obtain improved bounds on running times. Examples for such
analyses can be found in [I1] and [20]. When transformed to the context of randomized
branching, the analyses yield recurrence relations in two functions, such as

05-p(b—1,k—1)+0.5-q(b—2,k)

p(b,k) =min (
05-p(b—1,k)+0.25-q(b—2,k)+0.25-q(b— 2,k — 2)
0.5-pb—1,k—1)+0.5-q(b—3,k

q(b,k) =min P ’ )+ a( k)
05-p(b—1,k)+0.25-q(b—3,k)+0.25-q(b— 3,k — 3)

We are currently unable to analyze the asymptotic behavior of such relations. Such an

analysis however, is likely to lead to an improved parameterized approximation for small

values of a (for both Vertex Cover and 3-Hitting Set), as the algorithms in [II] and

[20] have better running times as exact algorithms, compared to the running time of our

algorithms for approximation ratios approaching 1.

Currently, the parameterized algorithm for Vertex Cover with the best running time is due

o [12]. We were unable to obtain a randomized branching variant for this algorithm. One
reason is that an incorrect branching can lead to an unbounded increase in the mininmal
vertex cover size.
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e We showed the application of randomized branching to Vertex Cover and to 3-Hitting
Set. While we believe that the technique can be used for other problems, such as Feedback
Vertex Set, Total Vertex Cover and FEdge Dominating Set, we leave such results for future
works.

Initial experiments for Feedback Vertex Set led to a parameterized random 1.5-approximation

with running time O* <(%)k) = O*(1.778%). The algorithm is a fairly naive and builds

on the randomized O*(4F) algorithm of [A].
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