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Abstract

Scheduling, the task of sorting and distributing workload, is a fundamental area of algorith-
mic research. In this work, we analyze scheduling problems in two elementary scenarios.

In the first part of the thesis, we are interested in the problem of partitioning the vertex
set of a hypergraph into parts of equal size. It is our goal to minimize the number of
hyperedges between parts. This problem derives its importance from a scheduling task
arising in high-performance computing. The processes of a parallel application are to be
mapped onto processors in a parallel system so that on the one hand all processors receive
the same workload and on the other hand the necessary communication between processors
is minimal. Balanced partitioning of simple graphs is a classical and well-studied problem
whereas only limited theoretical results are known for the hypergraph case. We shed
new light on this scenario by discussing algorithmic strategies for approaching it and
developing approximation algorithms for several of its variants. By proving strong lower
bounds on the approximation factors achievable in polynomial time, we also establish a
strong distinction between partitioning problems in graphs and hypergraphs.

In the second part of the thesis, we study the Generalized Reordering Buffer Management
problem. Buffer management problems arise in scheduling scenarios where the execution
of a task can be delayed in order to improve the overall performance of the system. More
formally, we consider a sequence of colored items arriving online. Each item must be
processed by one of k servers. In each time step, the scheduling strategy must choose an
item from the b still unprocessed items and a server to process that item. Processing an
item only incurs cost if the previously processed item of that server had a different color.
The goal is to minimize the total cost incurred by the algorithm. We present an algorithm
that achieves competitive ratio O(log k(log k + loglogb)) for Generalized Reordering
Buffer Management with uniform costs. Our result is a considerable improvement over

previous work and the algorithm is asymptotically optimal if k is a fixed constant.
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1. Introduction

Whenever an assignment is so complex that it must be split into multiple subtasks, we
open the box of Pandora that is scheduling, the burden of arranging and dividing that
workload. But just as Pandora’s box ultimately contains the virtue of Hope, so lies in
scheduling one of the most rich and fruitful directions of algorithmic research. In less
poetic terms, scheduling is the duty of distributing and ordering tasks with the goal
of fulfilling some measure of efficiency. Very often a single decision maker must find a
strategy to arrange the workload subject to multiple or even conflicting constraints. The
performance of the strategy can then be analyzed using formal mathematical analysis,
experimental study or a combination of the two. This work focuses on the mathematical

analysis of two fundamental scenarios from the vast landscape of scheduling problems.

The first part of this thesis is devoted to algorithms for load balancing in parallel
systems. A classical challenge when using highly parallel machines is the distribution of
the workload among the machine’s processors; see Codd for a very early discussion [Cod60].
In modern large scale scientific computing, two major goals have been identified for the
scheduling algorithm: First, the load on a processor should be proportional to its speed.
Second, the amount of communication between processors should be minimized. It is
therefore convenient to model the workload as a graph whose vertices represent the units
of computation and whose edges represent the communication requirement between units
of computation. This leads to the classical algorithmic area that is graph partitioning. A
typical graph partitioning problem asks, for example, to divide the vertex set of the graph
into roughly equal-sized parts (corresponding to identical processors) so that the number
of edges between parts (corresponding to the communication requirement) is minimized.

While the above model has been widely used in both theory and practice, researchers
have long raised the need for a more expressive representation of communication than
graphs, see, e.g., Hendrickson and Kolda [HK00]. By representing the computation with a
hypergraph, one can model scenarios such as multicast communication more accurately. In
a hypergraph, the vertices are connected through hyperedges that encompass at least two
vertices. Standard graphs are the special case of hypergraphs in which every hyperedge

encompasses exactly two vertices. Hypergraph partitioning is therefore a natural extension
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of graph partitioning. The use of hypergraphs instead of graphs may however come at
the cost of increased algorithmic complexity. We will develop strategies for computing
balanced partitions in graphs and hypergraphs and give an overview of the computational

hardness of hypergraph partitioning problems.

In its second part, this thesis studies algorithms for scheduling a sequence of tasks that
arrive one-by-one. We are interested in scenarios where tasks can be delayed in order
to reduce the cost of processing the sequence. As an example by Spieckermann et al.,
consider a painting shop in a car manufacturing plant [SGV04]. Painting two consecutive
cars with different colors incurs significant setup costs compared to painting them with
the same color through, e.g., cleaning procedures. The overall cost of processing the
sequence is hence dominated by the number of color changes, i.e., the number of context
switches of the service station. In this scenario it may be possible to delay some tasks of
the sequence, for example by temporarily storing some cars in a parking lot. This allows
the scheduling strategy to partially reorder the sequence. If, for instance, the sequence
is red, blue, red, delaying the blue car to the end of the sequence reduces the number of
context switches by one. Hence, the reordered sequence incurs a smaller total cost. A
popular method of allowing limited reordering power is to employ a reordering buffer of
limited capacity. The scheduling strategy can either decide to process the next task of
the sequence or place it in the buffer instead. When the buffer fills up, the strategy must

pick a task from the buffer to process.

The basic scenario outlined above can be varied and extended in multiple ways, some
of which are outlined next. We say that tasks arrive online if the scheduling strategy has
to make its decisions with no knowledge about future requests. Furthermore, the cost of
a context switch might depend on both the old and the new state. In the GENERALIZED
REORDERING BUFFER MANAGEMENT problem (GRBM), there are multiple service
stations available to process a task. In the example of the car manufacturing plant, this
corresponds to multiple painting stations built in order to reduce the number of necessary
color changes. We give a detailed analysis of GRBM and we present an algorithm for its

online variant.

In the remainder of this introductory chapter, we give a more detailed introduction
to the two main areas of this thesis along with a formal definition of the problems we
consider. We also review the state of the art and discuss related work. Finally, we give a

summary of the new results we obtained in this work.
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1.1. Balanced Cuts in Graphs and Hypergraphs

In balanced graph partitioning, one is asked to partition the vertex set of a graph into
parts of equal or similar size, so as to minimize the boundary of the parts. Most often,
the boundary of a part is defined as the number of edges with exactly one endpoint in
the part. Alternatively, the number of vertices connected to these edges, the number
of directed edges leaving the part, or, if the underlying structure is a hypergraph, the
number of hyperedges with some but not all of its vertices within the part may be counted.
As argued above, this representation has been used successfully to model the task of load
balancing in parallel systems. We will, however, use the graph partitioning terminology

to keep the presentation in line with the majority of the literature.

As an exemplary problem, we consider the task of partitioning a (hyper-)graph of n
vertices into two parts A and B. Given a partition, let the size of this cut be the number

of (hyper-)edges with endpoints in both A and B.

If A and B are allowed to be of arbitrary size, the task is to find a minimum cut in
a graph. This classical GLOBAL MINCUT problem is solvable in polynomial time, even
for hypergraphs, via a reduction to flow networks, see, e.g., Chekuri and Xu [CX17| and
references therein. For the case when A and B should have roughly the same size, the
MIN-RATIO CUT problem has been a very influential ambassador. In this problem, the
goal is find a cut (A, B) that minimizes the ratio of the size of the cut §(A, B) to the size
of the smaller part min{|A|, |B|}, i.e., the goal is to minimize %. MIN-RATIO
CuT is NP-hard, as shown by Matula and Shahrokhi [MS90], hence it likely cannot be
solved with a polynomial-time algorithm. In a highly influential work, Leighton and
Rao gave an approximation algorithm to find a cut of ratio at most O(logn) of the
optimum [LR99]. They also demonstrate how to use an algorithm for finding min-ratio
cuts as a subroutine in many other balanced graph partitioning algorithms. Most of
these results have been improved using more advanced techniques introduced by Arora
et al. [ARV09), e.g., there is an algorithm for approximating the min-ratio cut up to a
factor of O(y/logn); see further discussion in Section m

The main algorithm developed by Leighton and Rao is based on first defining a metric
on the given graph. This metric is then used in order to find sets of cut cost proportional
to the volume of the set in the metric, i.e., the length of edges times their cost. One can
show that there always exists such a set, and that the total volume of the graph is a
lower bound on the cost of an optimal min-ratio cut. Leighton and Rao also apply their
technique to directed graphs. Via reductions, this leads to O(logn)-approximations for

MIN-RATIO CUT in hypergraphs.
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When dealing with exact balance constraints, different techniques are necessary. This
is well-illustrated by the connection of MINIMUM BISECTION to the classical PARTITION
problem. MINIMUM BISECTION asks to partition the vertex set of a graph into two parts
of equal size so that the number of edges between parts is minimized. The problem is
NP-hard, as shown by Garey et al. [GJS76]. PARTITION is a weakly NP-complete problem
that asks to partition a multiset of integers into two sets so that both sum to the same
value (Problem (SP12) as described by Garey and Johnson [GJ79]). In a graph of disjoint
cliques, the MINIMUM BISECTION problem essentially asks to solve PARTITION in order
to decide whether to cut a single edge or not. Hence, even an approximation algorithm
for MINIMUM BISECTION requires a very careful control of the cuts generated by the
algorithm.

The most successful approach to approximating the optimal cut size of the minimum
bisection comes from the use of trees that are edge cut sparsifiers. These are constructions
of weighted trees that come with a mapping of the tree vertices into the vertices of the
original graph; while not entirely accurate, one can think of these trees as weighted
spanning trees of the original graph. The goal of the mapping is that for any two
sets of vertices A, B, the sizes for A and B are similar in the graph and in the tree.
Perhaps surprisingly, it is possible to construct tree so that §(A, B) is distorted by at
most a polylogarithmic factor for any sets A, B. Récke gives a construction of a family
of such trees with expected distortion O(logn) [Rac08|. Furthermore, he shows that a
comparatively simple dynamic program suffices to compute the optimal bisection of a
weighted tree. This gives an O(logn)-approximation algorithm for MINIMUM BISECTION.

For problems which do not require strict balance, results for undirected graphs mostly
extend to hypergraphs. In our work we investigate whether the same is true for problems
with strict balance constraints such as MINIMUM BISECTION. We are particularly
interested in constructing trees that are cut sparsifiers for hypergraphs and vertex cuts,

as those can be used to tackle a variety of partitioning problems.

1.1.1. Formal description of the problems

A hypergraph G = (V, E) consists of a set of vertices V' and a set of hyperedges E, with
each hyperedge e € E being a subset of vertices of cardinality at least 2. If all hyperedges
have the same size r, we say the hypergraph is r-uniform.

Given an hypergraph G = (V, E) and disjoint vertex sets A, B C V, an (A, B) edge
cut is a set of (hyper-)edges FF C E whose removal from E disconnects A and B. Let
the cost (or size) dg(A, B) of the cut be the number of the edges in the smallest (A, B)
edge cut. We write dg(A) for 6g(A,V \ A) and drop the subscript if the hypergraph is
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clear from the context. If A C V has size |A| = |n/2], we say that A is a bisection of G
with cost 0(A). The sparsity of a subset () # A C V with |A| < n/2is dq(A)/|A]|, a set of
minimum sparsity is called min-ratio cut of G. We will sometimes consider hypergraphs
with positive edge weights to which these definition extend naturally.

In the MINIMUM BISECTION problem we are given an undirected graph G with the
goal to find a bisection of G with smallest cost. Similarly, in the MINIMUM HYPERGRAPH
BISECTION problem we are given a hypergraph G and are asked to find the bisection of
G with smallest cost. An a-approximation algorithm for these problems is an algorithm
that finds a bisection of cost at most o - OPT, where OPT denotes the cost of an optimal
bisection. We require that the running time of any approximation algorithm be polynomial
in the size of the input.

Similarly, a vertex cut separating two disjoint sets of vertices A and B of an undirected
graph G = (V, E) is a set X C V whose removal from V' disconnects A\ X and B\ X.
The vertex cut may include vertices from both A and B. Let the cost y¢(A, B) of the
vertex cut be the total number of vertices in a minimum-weight (A, B) vertex cut. Again,
we may drop the subscript if no confusion is possible. If A C V has size [n/2], we say that
A is a vertex bisection of G with cost (A, V \ A). In the MINIMUM VERTEX BISECTION
problem we are given an undirected graph G and are asked to find a vertex bisection of
G with smallest cost. We will sometimes consider graphs with positive vertex weights to
which these definition naturally extend.

A Vertex Separator (A, B,X) is a set X C V whose removal separates G into two
disconnected pieces A and B (we do not require that A and B are connected themselves).

Its sparsity is defined as
RY
min{|A[, B[} + [ X]

A vertex separator of minimum sparsity is called min-ratio vertex cut of G.

For simplicity of exposition, we assume from now on that the number n of vertices of
any hypergraph is even, so that both sides of a bisection have size n/2. This assumption
does not affect our asymptotic results.

An edge cut tree T = (Vp, Ep,wr) of a hypergraph G = (V, E) is an edge-weighted
tree with V' C Vp; typically, the vertices of G are the leaves of the tree. The edge cut
tree is dominating if for any two disjoint sets A, B C V', we have dg(A, B) < or(A, B).
The edge cut tree has quality or approximation guarantee « if for all disjoint A, B C V, it
holds that

56(A, B) < 0r(A, B) < a- 6(A, B) .

Observe that this implies that the tree is dominating.
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Similarly, a vertex cut tree T = (Vp, Ep,wr) of a hypergraph G = (V, E) is a vertex-
weighted tree with V' C Vp. The cut tree approximates edge cuts with quality « if for
any two disjoint sets A, B C V,

5G(AvB) SPYT(A7B) SOC(SG’(AaB) :
The tree approximates vertex cuts with quality « if for any two disjoint sets A, B C V,
’YG(AaB) S'VT(AaB) SQ'VG(AaB) .

Conjectures and hypotheses in computational complexity

As is common practice, the hardness results in this thesis depend on established conjectures
and hypotheses from computational complexity. Here, we only state those most relevant
to our results. An in-depth introduction into the field is provided by the textbook by
Arora and Barak [AB09|. For an entertaining perspective on the likelihood of some of
these conjectures, see a recent survey by Williams [Will9)].

Certainly the most famous conjecture from the field is P # NP, see Garey and
Johnson |GJ79]. Here P denotes the set of decision problems that can be solved by a
deterministic Turing machine in time polynomial in the input size. The set NP consists
of the decision problems that can be solved by a nondeterministic Turing machine in
time polynomial in the input size. Equivalently, the P ## NP conjecture states that there
exists no polynomial-time algorithm for 3SAT. The 3SAT problem that asks to determine
whether a given 3SAT formula is satisfiable.

The Exponential Time Hypothesis (ETH) is a stronger hypothesis formulated by

Impagliazzo and Paturi.

Hypothesis 1.1 (ETH, [[P01]). 3SAT on n variables cannot be solved in 2™ time, for

some € > 0.

The Hypergraph Dense versus Random Hypothesis (HDRH) was recently posed by
Chlamtac et al. [CDK12L [CDMI17]. . Informally, the hypothesis postulates that no algo-
rithm can distinguish (with high probability) a random hypergraph from an adversarially
chosen hypergraph containing a dense subhypergraph. We defer its formal definition to
Section [2.2.2] Tt is unknown whether HDRH implies ETH, yet HDRH seems to yield
stronger lower bounds for problem such as DENSEST k-SUBGRAPH. In the DENSEST
k-SUBGRAPH problem, the goal is to find a k-vertex subgraph of a graph with maximum
number of edges. The problem does not admit an (’)(nl/ (loglog ")c)—approximation algo-

rithm under ETH as shown recently by Manurangsi [Manl17], where ¢ > 0 is a universal
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constant. Under a simpler version of HDRH, a lower bound of Q(nl/ 4*5) for any € > 0
was shown by Chlamtac et al. [CDK12].

1.1.2. Related work
Computing balanced cuts

Saran and Vazirani initiated the search for approximation algorithms for MINIMUM
BISECTION by showing an n/2-approximation [SV95|. Using recursive min-ratio cuts
of the graph, Feige et al. improved the approximation factor to O(y/nlogn) [FKNOQ].
Shortly after, Feige and Krauthgamer achieved the first polylogarithmic approximation
ratio for MINIMUM BISECTION in a breakthrough result [FK02|. Their algorithm’s solution
is O(«-log n)-approximate, where « is the approximation ratio of an algorithm for finding
a min-ratio cut; plugging in the algorithm by Arora et al. gives a = O(y/logn) [ARV09).
Feige and Krauthgamer’s algorithm constructs a decomposition tree of the graph using
a variant of min-ratio cuts. The vertices of the decomposition tree are then combined
via a nontrivial dynamic programming scheme. While this tree is reminiscent of the
trees used as cut sparsifiers discussed below, their method does not generalize as far as
cut sparsifiers do. In particular, the tree by Feige and Krauthgamer does not offer an
immediate correspondence between cuts in the graph and cuts in the tree. Récke later
gave an algorithm for constructing a family of trees with O(logn) average distortion of
cut sizes [Rac08]. MINIMUM BISECTION and other graph partitioning problems can be
solved exactly on trees and allow the application of Récke’s framework, e.g., MuLTICUT
and MINIMUM K-MULTICUT. The result immediately implies O(logn)-approximation
algorithms for these problems.

Despite being a topic of active research for many years, there are few results concerning
the approximability of MINIMUM BISECTION. It is unknown whether P # N P implies
that no polynomial-time approximation scheme can exist for the problem. A polynomial-
time approximation scheme (PTAS) is a family of (1+¢)-approximation algorithms for any
e > 0, Khot rules out the existence of a PTAS given the assumption that 3SAT cannot be
solved by randomized subexponential time algorithms [KhoO6]. Feige showed, assuming
random 3SAT formulae under a natural distribution cannot be refuted in polynomial
time, that there is no (4/3 — ¢)-approximation algorithm for any & > 0 [Fei02].

To the best of our knowledge, no approximation algorithms for finding a minimum
bisection in a hypergraph have been published prior to our work. This stands in contrast to
the many results and software packages available for heuristic (hyper-)graph partitioning.

We do not attempt to survey them here and instead refer to the work of Schultz and
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Sanders [SS13], the survey by Bulug et al. [BMST16| and references therein.

If the balance constraint is relaxed, the aforementioned results on approximating the
min-ratio cut are key findings. The work of Leighton and Rao is based on rounding a
linear programming relaxation [LR99] of the problem. Arora et al. gave a novel rounding
algorithm for a semidefinite programming relaxation of the problem [ARV09]. Min-ratio
cuts can be used to find bicriteria approximations to the minimum bisection. A (b,b')-
bicriteria approximation algorithm for & < b < 1/2 finds a a set of b’ - n vertices whose
cut cost is at most the cut cost of an optimal set of b - n vertices. Goemans et al. show
how to obtain a (1/2,1/2 — ¢) bicriteria approximation to MINIMUM BISECTION with
approximation factor a (reported in [LR99]). Here, o denotes the approximation factor
of the min-ratio cut algorithm. For the task of partitioning a graph into k parts of
equal size, a bicriteria approximation algorithm cannot be avoided as shown by Andreev
and Récke [AR06]. They observe that any approximation algorithm for the problem
must decide when given a graph of disjoint cliques whether a single edge must be
cut. In doing so, the algorithm would solve instances of the NP-complete 3PARTITION
problem. Krauthgamer et al. give an O(y/logn log k)-approximation that violates the
balance constraint by a factor of 2 [KNS09|. Feldmann and Foschini demonstrate an
algorithm that violates the balance constraint by only a factor of (1 + &) and obtain an
O(log n)-approximation based on the tree decomposition by Récke [FE15].

Interestingly, some of the work with the non-strict balance constraint extends well
to hypergraph cuts and vertex cuts. For min-ratio cuts, Agarwal et al. present an
O(y/log n)-approximation algorithm for the problem in directed graphs, which implies an
algorithm with the same guarantees for vertex cuts and hypergraph cuts [ACMMO5|. Via
reductions, this implies a (1/2,1/2 — ¢) bicriteria approximation algorithm to hypergraph
bisection for any constant € > 0. On the other hand, there is some evidence that finding
exact hypergraph cuts and finding exact vertex cuts is hard. Lee shows that K-VERTEX
SEPARATOR, the problem of finding a set of vertices whose removal leaves every connected
component with at most k vertices, is at least as hard as DENSEST K-SUBGRAPH, a

problem commonly believed to be hard to approximate [Leel9].

Trees as cut sparsifiers

A tree that acts as a sparsifier for the minimum s-t cuts in a graph is the classical
Gomory-Hu tree named after its authors [GH61]. Gomory and Hu gave a polynomial-time
construction of an edge-cut tree that exactly represents all minimum s-t-cuts in the graph.
Furthermore, their tree is an s-t flow sparsifier of quality 1, which means that for any pair

of vertices s, t, the value of the s-t flow in the original graph is the same as in the tree.
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Trees that represent all cuts in the graph have been studied in the context of oblivious
routing. An oblivious routing scheme is a probability distribution over (u,v)-paths for
each vertex pair (u,v). Given a demand for each pair of vertices, the oblivious routing
scheme specifies a path for each demand by drawing from the probability distributions.
Routing the demand creates load on the edges of the network. The goal is to minimize
the expected congestion, defined as the maximal ratio of load to capacity over all edges.
Hence, while the Gomory-Hu tree is a flow sparsifier for s — t-flows only, an oblivious

routing scheme requires a flow sparsifier for multicommodity flows of good quality.

Riécke showed that there exists a tree and a randomized embedding of this tree into the
graph that is a flow sparsifier of quality (’)(log3 n) [Rdc02]. Later, Harrelson et al. gave a
polynomial-time construction of a suitable tree with quality O(alognloglogn), where «
is the min-cut max-flow gap for multicommodity flows [HHRO3]. As shown by Leighton
and Rao, « is O(logn) for general graphs [LR99|. In planar graphs and other graphs
excluding any fixed graph as a minor, « is O(1) as shown by Klein et al [KPR93]. While
any flow sparsifier is a cut sparsifier of the same quality, better cut sparsifiers might exist:
Récke and Shah show that the tree by Harrelson et al. is in fact a cut sparsifier of quality
O(log'® nloglogn) [RS14].

While the above results use a single tree, Récke considered a probability distribution
over trees and obtained a flow sparsifier (and cut sparsifier) of quality O(logn) [Rac08].
This asymptotically matches the lower bound of {2(logn) that holds for both tree flow
sparsifiers and tree cut sparsifiers. For most, but not all applications, one can use the
probability distribution over trees to solve cut problems in arbitrary graphs. One simply
solves a given cut problem on each tree, and maps the best cut on a tree back to the graph
at a loss of only O(logn) in the approximation factor. The above strategy works well if
the target function of the application is linear in the set of edges cut, e.g., for MINIMUM
BISECTION and MIN-SUM GRAPH PARTITIONING. For problems such as MIN-MAX
k-PARTITIONING [RS16] and SIMULTANEOUS SOURCE LOCATION [AGGT09), the use of

a single tree is necessary.

We are not aware of any tree cut sparsifiers for hypergraphs or vertex cuts prior to
our work. Negative results are only known insofar that oblivious routing is known to be
considerably harder in directed graphs. Ene et al. show an ©(n) lower bound for oblivious
routing in general directed networks [EMPSI16|. As the tree cut sparsifiers for graphs also
yield polylogarithmic oblivious routing schemes, this suggests that similar trees might not

exist for directed graphs.
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1.1.3. Our results

This work improves the understanding of MINIMUM HYPERGRAPH BISECTION and gives
upper and lower bounds on the approximability of this important problem. On the
positive side, we obtain an O(y/n)-approximation algorithm for MINIMUM HYPERGRAPH
BISECTION. The O notation hides polylogarithmic factors in n and we defer the precise
bounds to Chapter 2] Moreover, we obtain improved guarantees if either all hyperedges
are large or all hyperedges are small. If all hyperedges have size at least Q(n®), we show
an @(nl_a)—approximation algorithm. If all hyperedges have size at most 2(n®), a simple
reduction to graph bisection gives an @(na)-approximation algorithm.

The approximation guarantees we reach for MINIMUM HYPERGRAPH BISECTION might
seem unsatisfactory at first sight, as polylogarithmic approximation guarantees for the
graph case have been known for a long time. Nevertheless, we show that algorithms with
strong approximation guarantees are unlikely to exist for hypergraphs. More precisely,
we prove that a polynomial-time approximation algorithm for MINIMUM HYPERGRAPH
BISECTION with approximation guarantee nl/(°81987)° for some universal constant ¢
would violate the FEzponential Time Hypothesis. Here poly(z) denotes an arbitrary
constant-degree polynomial in . The proof of this result relies on a reduction from the
DENSEST k-SUBGRAPH problem, for which a similar hardness was recently shown by
Manurangsi [Manl7]. Furthermore, we show that MINIMUM HYPERGRAPH BISECTION
does not admit an approximation algorithm of guarantee O(nl/ 4=¢) provided that the
Hypergraph Dense vs Random Hypothesis holds. Analogous results are given for MINIMUM
VERTEX BISECTION.

Further evidence that balanced hypergraph cuts are hard to approximate comes from
our study of trees as cut sparsifiers for hypergraphs. We show that a single tree must have
quality Q(y/n) in the case of hypergraph cuts and unweighted vertex cuts. We complement
this result by constructing a tree of quality @(\/WWQ for vertex cuts. We show how
the tree can be applied for constructing minimum vertex bisections in graphs. Observe
that we do not provide any lower bounds for convex combinations of cut trees such as the
ones used by Récke [Rac08|. Even so, this result marks a sharp distinction between the
quality of edge cut trees that can be achieved in graphs (where polylogarithmic quality is
possible) and hypergraphs.

1.2. Generalized Reordering Buffer Management

In the REORDERING BUFFER MANAGEMENT problem (RBM), a sequence of items arrives

one-by-one and must be processed by the algorithm. The items represent some indivisible
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1.2. Generalized Reordering Buffer Management

unit available for processing, e.g., cars in a manufacturing plant or TCP requests in a
streaming application. In order to distinguish between different types of items, we say
that each item has a color which summarizes its properties. On arrival, the item is placed
in a buffer that can hold up to b items. When the buffer is full, the algorithm must choose
an item from the buffer to process next. If it processes two consecutive items of different
colors, this incurs a cost of 1; more complicated cost models will be discussed later. The

goal is to process all items while minimizing the total cost.

The above model was introduced by Récke et al. [RSW02]. This thesis studies the online
case of the problem, in which the algorithm does not know any future items when making
a decision. Récke et al. show that simple algorithms perform poorly for this problem.
As an example, consider the Largest-Color-First algorithm (LCF) that picks, if possible,
an item of the same color as the previously processed one, and otherwise an item of the
color that is most frequent in the buffer. Now, suppose the first b — 2 items have colors
1,2,...,b—3,b—2. After that, the sequence consists of two items of color b—1 followed by
two items of color b, and these last four items are repeated many times. LCF will only ever
process the items of color b — 1 and b, as those will be the largest colors in the butter. An
optimal strategy instead begins by processing the b — 2 first items and then performs LCF
on the remaining sequence. For a sufficiently large sequence, this leads to LCF having
Q(b) times the cost of the optimal strategy, i.e., the LCF is (b)-competitive. Similar lower
bounds can be shown for First-In-First-Out and Least-Recently-Used strategies. Récke et
al. also present the Bounded Waste (BW) strategy as the first nontrivial algorithm for
the problem and prove that it is O(log? b)-competitive [RSW02].

RBM is not only relevant due to its elegant description and the algorithmic discoveries
it inspired, but also because of its many applications. We have already seen the example
of a paint shop in a manufacturing plant and highlight two more applications now.
Krokowski et al. consider a 3D rendering system that assembles multiple primitives to
the screen [KRSWO04]. In such a system, the graphics processor slows down if subsequent
primitives have different attributes such as texture or shader program. The authors
show that using a reordering buffer can improve the performance of the system and
they discuss several fast algorithms for the task. Azar et al. provided the example of a
network device that receives packets from an input stream and must forward them to
specific destinations [AEGK14]. If the device has no open connection to some destination,
setting up a new connection incurs significant delay. When the device is limited to k£ open
connections, e.g., k = 1, it can improve its performance by first storing all packets in a
buffer. The device serves the open connections as long as packets for theses destinations

exist. When none of the packets in the buffer can be distributed, the device must close a
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1. Introduction

connection and open a new one. Other applications have been identified in the context of
information retrieval [BB02|, storage systems [RSW02], and web caching [FMPT04].

A natural generalization of the problem is to consider multiple service stations available
to process items. Récke et al. [RSW02] name this problem multi service sorting buffer,
yet the name GENERALIZED REORDERING BUFFER MANAGEMENT (GRBM) has become
more common. Even for a buffer of size one, this problem is nontrivial: The algorithm
must decide for each item, which of its k service stations should (possibly) change its
current color to process it. This is equivalent to the well-known PAGING problem, that has
been analyzed since the 80’s; see, e.g., Sleator and Tarjan [ST85] and further discussion
in Section GRBM finds its usage, e.g., in the paint shop application (if there are
multiple paint stations available) and the network device application discussed above. Azar

et al. were the first to show algorithms for the online variant of this problem [AEGK14].

In this work, we are interested in algorithms for GRBM. We consider the uniform
case, in which each color change costs exactly 1. Note that our algorithms also apply to

classical RBM by setting the number of servers to one.

1.2.1. Problem statement

We now precisely define the model used for our discussion of GRBM. In this problem,
the algorithm controls k servers located in a uniform n-point space, i.e., all points are
at distance 1 from each other. Each point in the metric space is associated with a color.
At each time step, an item of some color ¢ arrives and is immediately placed in a buffer.
We say that a buffer has size b, if it can hold up to b + 1 items. If the buffer is full, the
algorithm must remove at least one item from it before moving to the next time step,
i.e., a buffer of size b contains b items at the end of the time step. If one of the servers
currently resides on color ¢, the item is immediately removed from the buffer at no cost.
Otherwise, the algorithm must specify a server movement in which it moves one of the
servers to a new color and removes all items of the color from the buffer. The goal is to

process the entire sequence with a minimum number of server movements.

The cost of processing a sequence in the above description is simply the total distance
travelled by the servers. In the uniform cost model we consider, this is equal to the
number of sever movements. Other works have considered a more refined scenario, in
which the cost of a server movement depends on both the old and the new color of the

server. The colors are then represented as points in some n-point metric space.
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Competitive analysis

We use the standard model of competitive analysis to determine the performance of an
algorithm in an online scenario. Here, we only review the most important notions from
the field of online algorithms. See the textbook by Borodin and El-Yaniv for an in-depth
introduction into the field [BE9S].

For a given problem, let carc(o) denote the cost incurred by algorithm ALG on
input sequence o. Similarly, let copr (o) denote the cost that an optimal algorithm with
unbounded resources and full knowledge about the sequence o achieves. For minimization
problems such as RBM, algorithm ALG is said to be c-competitive if for any input
sequence o

carg(o) < c-copr(o) +d

where d is a constant independent of o. We call the smallest ¢ so that ALG is c-competitive
the competitive ratio of the algorithm.

Randomized online algorithms are often framed as a two-player game between the
algorithm on the one side and an adversary on the other side. The adversary knows
the algorithm and has unlimited computational power. His task is to generate an input
sequence for the algorithm. Ben-David et al. prove that the power of the adversary
against a randomized algorithm heavily depends on the knowledge it obtains about the

algorithm’s random choices [BBK'94|. They distinguish three types of adversaries:

e Oblivious adversary: The adversary has no knowledge about the random choices

and must construct the item sequence in advance.

e Adaptive online adversary: The adversary knows all previous decisions by the

algorithm, but not its random choices for the next round.

e Adaptive offline adversary: The adversary knows all previous decisions and all

future outcomes of the random choices.

They show that, in fact, the adaptive offline adversary is so powerful that randomization
cannot improve an algorithm’s competitive ratio against it.

This thesis studies randomized algorithms for the GRBM problem against an oblivious
adversary. We are interested in the expected cost of a randomized online algorithm, where
the expectation is over the random choices given a fixed input sequence. We say that

randomized algorithm ALG is c-competitive if for any input sequence o

E[CAL(;(U)] <c- COPT(O') +d ,
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where d is a constant independent of . Again, we call the smallest ¢ so that ALG is
c-competitive the competitive ratio of the algorithm. In other words, the best possi-
ble deterministic online algorithm has the same competitive ratio as the best possible
randomized online algorithm against an adaptive offline adversary.

Observe that the study of competitive analysis makes no assumptions on the running
time of the online algorithm under investigation. As both RBM and GRBM have been
shown to be NP-hard problems, it is unlikely that even a clairvoyant algorithm can find

an optimal solution in polynomial time.

1.2.2. Related work
Generalized reordering buffer management.

Récke et al. introduced GRBM alongside classical RBM under the name multi service
sorting buffer [RSWO02|]. The authors observe that for a buffer of size one, it is equivalent
to the paging problem. Chan et al. [CMSvSI2| formally analyze the offline variant
and show that it is NP-hard for any number of servers k by reducing RBM to it and
showing that RBM is NP-hard. On the positive side, Azar et al. [AEGKI14| present a
deterministic online algorithm of competitive ratio O(min{k?Inb, kb}) and a randomized
online algorithm that attains competitive ratio O(v/bln k). Their randomized algorithm
is a variant of the Marking algorithm for the PAGING problem. Marking a color is delayed
until v/b items of a color have arrived, while several clean-up procedures prevent a buffer

overflow.

Reordering buffer management.

Both the online and offline variant of RBM have widely been studied. In this survey, we
focus on results for the online variant of the problem; see [AR15] for further references.
The first nontrivial algorithm for RBM was the Bounded Waste (BW) strategy by Récke et
al. [RSW02]. This algorithm is O(log? b)-competitive in the uniform cost model. Englert
and Westermann developed the Mazimum Adjusted Penalty algorithm (MAP) that is
O(log b)-competitive [EWO05|. This result even holds in a non-uniform setting where the
cost of a color change depends on the new color. They also show that BW performs poorly
in this case. In fact, Englert and Westermann prove that MAP is 4-competitive against
an optimal algorithm with buffer size b/4 and that increasing the buffer by a constant
factor only increases the cost by O(logb). Avigdor-Elgrabli and Rabani developed the
simple, deterministic Threshold or Lowest Cost (TLC) strategy with competitive ratio
O(log b/ loglogb) [AR15]. Their algorithm is combinatorial, yet they provide an LP-based
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analysis. Finally, Adamaszek et al. presented a deterministic algorithm with competitive

ratio O(y/log b), nearly matching the lower bound of Q(y/log b/ loglog b) for deterministic
algorithms shown in the same publication [ACERII].

Adamaszek et al. introduced the online block-devices problem, in which the server
must return to a neutral location at the end of each time step [ACER12|. The authors
gave a randomized online primal-dual algorithm of competitive ratio in O(loglogb).
For RBM in the uniform cost model, Avigdor-Elgrabli and Rabani gave a randomized
O(log log b)-competitive algorithm [ARI3|, asymptotically matching the lower bound
given by Adamaszek et al. [ACERII]. Their algorithm first computes a nearly optimal,
fractional solution to an LP relaxation of the problem. Second, a randomized rounding
procedure transforms that fractional solution into a probability distribution over integral
solutions. In contrast to the block-devices problem however, the authors do not use a
packing-covering LP, hence the standard primal-dual framework does not apply. Instead,

the authors combine a primal-dual analysis with a more complicated dual fitting argument.

For the non-uniform case, Avigdor-Elgrabli et al. achieved an exponential improvement
over previous work by giving a randomized O((log log(by))?)-competitive algorithm, where

~v is the ratio between shortest and longest distance [AIMR15].

In an even more general scenario, the switching cost between colors depends on
both the old and the new color. In this scenario, the colors are arranged in a metric
space. If the metric is an edge-weighted tree, algorithm PAY introduced by Englert et al.
applies [ERW10]. PAY works in two steps: In the selection step, the items in the buffer can
“buy” edges towards the position of the current color. As soon as this color can be reached
via the “paid” edges, the algorithm starts the processing step. During the processing step,
the algorithm visits all colors in the connected component of “paid” edges. Englert et
al. show that PAY is O(D log b)-competitive on trees and O(log? k log n)-competitive in
general metric spaces. Here, the factor D denotes the hop-diameter of the tree, which is
the number of edges on the longest path between two leaves. An improved analysis of PAY
by Englert and Récke shows that the algorithm is O(log b)-competitive on hierarchically
separated trees (HSTs) [ER17]. An HST is a rooted, edge-weighted tree, whose edge
weights increase by some constant with the distance to the root. Fakcharoenphol et al.
show that any metric can be embedded into an HST so that the average stretch of an
edge is O(logn) [FRT04]. This implies that PAY has competitive ratio O(lognlogb) in
arbitrary metric spaces. Kohler and Récke use a different technique based on finding
stable blocks in the buffer and processing them [KR17|. This algorithm does not make
use of HSTs and the authors show a competitive ratio of O(log A + min{logn,logb}),

where A is the aspect ratio of the metric, the ratio of the longest to the shortest distance
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between points in the metric. Their algorithm is memory-robust, i.e., its performance
degrades gracefully with the size of the buffer.

Interestingly, both FRT-based algorithms and memory-robust algorithms can be shown
to have competitive ratio Q(logn) on arbitrary metrics. The FRT-embedding loses a
factor of O(logn) and is optimal for general metric spaces. Bienkowski et al. show that
any memory-robust algorithm must be Q(min{b,logn})-competitive [BBJT18§].

In another interesting scenario, colors are equidistant on an n-point line. Gamzu and
Segev gave an O(logn)-competitive algorithm for the problem [GS09]. An elegant proof
of this competitive ratio was given by Englert, who also notes that it is an interesting
open problem whether a better competitive ratio is possible [Engl8|. He observes that
the techniques employed so far are known to only give Q(logn)-competitive results, so

any improvement would require a fundamentally different approach (see also [BBJ"18]).

1.2.3. Delay problems

RBM falls into a broad class of reordering and aggregation problems that have recently
gained much attention. Very broadly, these problems give a set of items, usually in a
metric space, that need to be served by one or multiple servers. The service cost, which is
the total distance travelled by the servers, may be reduced by rearranging and aggregating
items. The algorithm’s power to do so is, however, limited by charging a cost for delaying
items. For example, RBM limits the number of unprocessed items via the buffer size.
Next, we briefly survey other problems in this class.

In the ONLINE SERVICE WITH DELAYS (OSD) problem introduced by Azar et al.,
items arrive online in an n-point metric and can be served at any time after their
arrival [AGGPI17|. As for RBM, we associate the points of the metric space with colors.
The cost of serving the sequence is the total delay of the items. In fact, each item may
have its own (monotone, increasing) delay penalty function. The authors also introduce
the k-OSD problem, in which there exist k servers to process the items.

While (G)RBM and (k-)OSD are similar in flavor, there are interesting technical
differences between the problems. For RBM, no constant competitive online algorithm for
uniform metrics can exist. For OSD, on the other hand, there is a simple 2-competitive
strategy: Move the server to a color ¢ whenever the items at ¢ have accumulated delay
penalty 1. One can see that between two movements of the online algorithm to ¢, the
optimal algorithm must either have moved to color ¢ as well, or accumulated delay penalty
1. In fact, Azar et al. show that k-OSD on uniform metrics can be reduced to classical
PAGING up to a constant factor.

Azar et al. also gave an O(kh*)-competitive algorithm for k&-OSD on HSTs of height A.
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Using a randomized FRT-embedding, this implies an (’)(k:log5 n)-competitive algorithm
in general metrics. The authors note that their algorithm is quite different from the
PAY algorithm used by Englert et al. for RBM on HSTs [ERW10]; in fact, a PAY-style
algorithm performs poorly for delay problems. Very recently, Azar and Touitou gave an
improved randomized algorithm for OSD with competitive ratio O(log?n) on general
metrics for kK =1 [AT19].

ONLINE MULTILEVEL AGGREGATION can be considered a variant of OSD. In this
problem, items arrive on the leaves of a tree of depth D and each item comes with a
penalty function. The cost of processing an item is the total weight of the path from
the root to the item. An algorithm may process a set of items together, only paying the
cost of the spanning tree connecting the items of the set with the root. Again, the cost
of serving the sequence is the sum of service costs (weight of the spanning trees) and
delay cost (total penalty of the items). The online multilevel aggregation problem was
introduced by Khanna et al. [KNR02| and later studied by Bierikowski et al. [BBBT16]
who gave an O(D*2P)-competitive algorithm for the problem. Azar and Touitou gave a
deterministic O(D?)-competitive algorithm for this problem. For the special case where
all delay penalty functions are deadline functions (i.e., they are 0 before the deadline and
infinite after it) Buchbinder et al. gave a deterministic algorithm of competitive ratio
O(D) [BENT17|. Interestingly, there remains a large gap to the best-known lower bound
of 2 shown by Bienkowski et al. [BBCT14].

Other than the examples mentioned above, there exist numerous results for classical
online problems in a scenario with delays, e.g., online facility location [AT19], min-cost
matching [EKWI6], bin packing [AEvSV19], and set cover [CPSV18§].

k-Server

The PAGING problem, which we identified above as a special case of GRBM, arises
naturally in computer systems using both slow, but large storage and a fast, but limited
cache. Suppose a sequence of pages is requested online. At each time step, one of the
n pages is requested and the online algorithm must move it into a cache that can hold
up to k pages if the page is not already contained in it. Such a page fault incurs unit
cost, and the algorithm’s goal is to minimize the total cost. The central decision by the
paging algorithm lies in the question which page to evict upon a page fault. Sleator and
Tarjan gave the first online analysis of the Least-Recently-Used algorithm (LRU) and
showed that it is k-competitive [ST85|. This strategy always evicts the page from the
cache that has been requested least recently. Manasse et al. showed that no deterministic

algorithm can have competitive ratio below k, making LRU an optimal strategy for
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paging [MMS90|. For randomized algorithms, that lower bound is the k-th harmonic
number Hy = ©(log k), which is nearly matched by the (2Hj, — 1)-competitive Marking
algorithm developed by Fiat et al. [FKL."91|. Achlioptas et al. provide a tight analysis of
algorithm Marking [ACNO0O]. Multiple Hj-competitive algorithms are known, the earliest
was given by McGeoch and Sleator [MS91].

While today optimal algorithms are known for the paging problem, the same is not true
for its generalization, the k-SERVER problem. In this problem introduced by Manasse et
al., k servers must serve items in a metric space online [MMS90|. The paging problem
corresponds to the uniform metric in which all points are at unit distance from each
other. The k-server problem has famously been conjectured to admit a deterministic k-
competitive algorithm for any value of k, the k-server conjecture [MMS90]. The conjecture
seemed far out of reach at the time it was posed, as not even an algorithm with competitive
ratio depending only on the number of servers k was known. Fiat et al. gave the first
such algorithm, albeit with an exponential dependency on k& [FRR94]. Koutsoupias and
Papadimitriou then showed that their work function algorithm has competitive ratio
2k — 1 [KP95]. The work function algorithm has been the best-known deterministic
k-server algorithm for more than 25 years now. For a modern look on the algorithm and

a brief survey of the problem, see the paper by Koutsoupias [Kou09].

The power of randomization for the k-SERVER problem has recently received strong
attention. The randomized k-server conjecture states that a randomized O(logk)-
competitive algorithm for the problem exists. The conjecture implies that k-SERVER
admits the same approximation ratio in arbitrary metric spaces as in a uniform metric
space. Significant progress towards the resolution of this conjecture was made by Bansal et
al., who showed an O(log k)-competitive algorithm for k-SERVER in star metrics [BBN12].
Their algorithm applies the primal-dual scheme developed by Buchbinder and Naor [BN09).
With a more complicated linear programming relaxation, they extended their techniques to
develop an O(log? k log® nlog log n)-competitive algorithm for the general case [BBMN15].
Although this algorithm’s performance still depends on n, it was the first algorithm
to only have polylogarithmic dependency in both n and k. Bubeck et al. used a novel
linear programming relaxation and techniques borrowed from online learning algorithms
to develop an O(log? k log n)-competitive algorithm for the k-server problem [BCLT1§].
Their result is a central building block in a recent breakthrough by Lee who gave an

algorithm of competitive ratio O(log® k).
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1.2.4. Our results

The main result of Chapter (3| is a randomized O(log k(logk + loglogb))-competitive
algorithm for GRBM on uniform metric spaces. This is the first algorithm to achieve
polylogarithmic competitiveness for the problem. For constant k, our algorithm asymp-
totically matches the lower bound of Q(loglogb + log k). This lower bound is on the one
hand inherited from the connection of GRBM to RBM (with the case of a single server),
which has a lower bound of Q(loglogb). On the other hand, GRBM turns into the paging
problem for b = 1, which gives a lower bound of (log k).

Our algorithm also implies an O(loglog b)-competitive algorithm for classical RBM.
This reproves a result by Avigdor-Elgrabli and Rabani [AR13|. Interestingly, our algorithm
uses a different framework and is based on a novel linear programming relaxation for
GRBM. This new linear program builds upon the work by Adamaszek et al. for scheduling
block devices [ACERI2].

1.3. Bibliographical Notes

The results of Chapter [2| have been obtained in joint work with Roy Schwartz and Harald
Récke. They have been presented in preliminary form at the 30th ACM Symposium on
Parallelism in Algorithms and Architectures [RSS18§].

The proofs shown in this chapter are mostly extended and revised version of those
shown in [RSS18|. In addition to providing full proofs for all results, this thesis also
shows how to adapt the Minimum Hypergraph Bisection procedure to Minimum Vertex
Bisection. It also shows how a vertex cut tree can be used to find a minimum vertex
bisection.

The results of Chapter [3| have been obtained in joint work with Matthias Englert and
Harald Récke and have been presented in preliminary form at the 60th Annual IEEE
Symposium on Foundations of Computer Science [ERS19|. The proofs shown in this
chapter are mostly extended and revised versions of those shown in [ERS19]. Section
gives an entirely new competitiveness proof based on a more rigorous analysis of the

probability space.
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2. Balanced Cuts in Graphs and
Hypergraphs

This chapter is devoted to our results on computing balanced partitions in graphs and
hypergraphs. We begin by analyzing more precisely the relationship between edge cuts
in graphs, hyperedge cuts in hypergraphs and vertex cuts in graphs and we explain the
folklore reduction between them. After this warm-up exercise, we turn to MINIMUM
HYPERGRAPH BISECTION and we give an approximation algorithm for this problem.
We also analyze the computational hardness of finding a good hypergraph bisection by
proving lower bounds based on the complexity hypotheses HDRH and ETH. In the third
part of this chapter, we first give a construction for a vertex cut tree approximating
hypergraph cut and vertex cuts. We then give four lower bounds that demonstrate the

limits in constructing such trees.

2.1. Preliminaries

This work essentially considers three types of cut problems. The first type are classical
edge cuts in undirected graphs. In this scenario, an undirected graph G = (V, E) is
disconnected by removing edges from the edge set E. The second scenario is a natural
extension, namely hyperedge cuts in hypergraphs. Here, a hypergraph H = (V, Ey) is
disconnected by removing hyperedges from the set of hyperedges Eyr. The third scenario
is vertex cuts in undirected graphs where an undirected graph is disconnected by removing
vertices from the vertex set.

This initial section demonstrates reductions between the three cut problems we consider.
The reductions are mostly simple and well-known in the literature. We include them for

completeness and as a reference for future sections.

Edge Cuts in Graphs and Hyperedge Cuts. We begin by exploring the relationship
between edge cuts in undirected graphs and hyperedge cuts in hypergraphs. Every undi-
rected graph is clearly a 2-uniform hypergraph, so any algorithm for cutting hypergraphs

works on graphs as well. On the other hand, the following construction transforms a
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hypergraph into a weighted, undirected graph so that any cut size is distorted by at most
the maximum hyperedge size.

Given a hyperedge H = (V, Eyy), replace each hyperedge h € Ef with a clique C},
among the vertices of h of edge weights 1/(|h| — 1). Call the resulting multigraph (with
parallel edges) G’. In order to obtain a graph G out of the multigraph G’, replace parallel
edges with a simple weighted edge.

Proposition 2.1. For any hypergraph H = (V, Eg) of maximum hyperedge size hpyax,
there is a weighted graph G = (V, Eg) over the same vertex set so that for any A C 'V,

86(A) < 8(A) < min{|Al, humax/2} - G(A) .

Graph G can be constructed in polynomial time and |Ey| < |Eg| < h2.x - | En|.

max

Proof. Given hypergraph H, use the above construction to obtain the undirected, weighted
graph G. Suppose hyperedge h is cut by a set A C V and let z = |h N A|. It follows that
the number of edges of clique C} that is cut by A is

(RO A[-[hn (VA A)f = a(|h] - 2) =: f(z) -

On the one hand, function f is concave in x, so it is minimized for z =1 or z = |h| — 1.
For both cases, this gives that at least |h| — 1 edges of C}, are cut. As the edge weight in
Ch is 1/(Jh| — 1), the lower bound follows.

On the other hand, the number of edges in the cut is at most |A|(|h| — 1), which
gives the upper bound of |A|. Furthermore, function f is maximized at x = |h|/2, so
f(x) < |h|?/4. The weight of edges cut is therefore |h|?/(4|h| —4) < |h|/2 as |h| > 2,
which gives the second upper bound. O

Vertex Cuts in Graphs and Hyperedge Cuts. We now demonstrate a reduction from
hyperedge cuts to vertex cuts in undirected graph. The following construction is essentially
given by Leighton and Rao [LR99].

Given a hypergraph H = (V, E), we construct a bipartite graph G = (V U Ey, Eg).
Graph G is bipartite between V and Ex. For any h € Ep and v € h, construct an
edge {v,h} to obtain the set Fg. For vertices in Fp, set the vertex weight to 1. For
vertices v € V, set the vertex weight to degy (v) + 1, where degy (v) denotes the number

of hyperedges in H vertex v is contained in.
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Proposition 2.2 ([LR99|). For any hypergraph H = (V, Egr), there is a vertex-weighted
bipartite graph G = (V U Ey, Eg,w) so that for any disjoint A,B C 'V

5H(AvB) = 'YG(AvB) :

Graph G can be constructed in polynomial time and has total vertex weight |Eg| +
|V|(dave (H) + 1), where davg(H) denotes the average vertex degree in H.

Proof. Given hypergraph H, use the above construction to obtain the undirected, vertex-
weighted graph G. Observe that a minimum-weight vertex separator of any two vertex
sets in G never picks a vertex of V. To see this assume for a contradiction that the
minimum-weight separator S of A and B contains vertex v € V. Replacing v by all of
its neighbors (in G) still separates A and B, yet the weight of S decreases by 1, which
contradicts the optimality of S. Therefore, optimal vertex separators in GG are taken from
Ep only and thus correspond to collections of hyperedges in H. As w(h) = 1 for all
h € Eg, the claim follows. ]

Leighton and Rao actually give a variant of the above construction [LR99|]. They use
two weight functions w and b on the vertex set, where w(v) is the cut weight of a vertex
v and b(v) is its balancing weight. Vertices of G in V obtain infinite cut weight and
balancing weight 1. Vertices of G in Ep obtain cut weight 1 and balancing weight O.
This transformation allows a one-to-one correspondence between edge partitions in H
and non-infinite cost vertex partitions in G. Let ¢ denote the cost of a vertex cut with

respect to weight function w, then we obtain the following theorem.

Proposition 2.3 ([LR99|). For any hypergraph H = (V, Eyy), there is a vertez-weighted
bipartite graph G = (V U Ey, Eg,w,b) with two vertex weight functions w, b so that for
any disjoint A, B CV

51(A, B) = "8(A, B) .

Graph G can be constructed in polynomial time and has total vertex weight b(VUEg) = |V].

2.2. Approximating Minimum Hypergraph Bisection

2.2.1. Approximation algorithms

The approximation algorithm for MHB shown in this section is an adaptation of the
algorithm by Feige et al. for Graph Bisection to hypergraphs [FKNO0|. We begin by
sketching their algorithm.
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2. Balanced Cuts in Graphs and Hypergraphs

Their algorithm proceeds in two phases. In the first phase, it partitions the graph into
small subgraphs using recursive min-ratio cuts. The goal is that each of the subgraphs
returned by the first phase is nearly monochromatic. This means that the subgraph lies
almost entirely on one side of some fixed optimal bisection. In the second phase, the
algorithm tries to compute, for each subgraph, the cut induced by the optimal bisection
within the subgraph. This divides each subgraph in two. Finally, all subgraphs are
grouped to form a bisection. The algorithm’s approximation ratio in graphs is @(\/ﬁ)
We show the same ratio is achieved in hypergraphs.

Before presenting the overall algorithm in detail, we consider the problem of cutting a
few vertices from a hypergraph. This is used later as a subroutine in the second phase of

the algorithm we present.

Cutting k vertices from a hypergraph

The problem of removing k vertices from a hypergraph is called the UNBALANCED k-CUT

problem. We give two simple algorithms approximating an optimal solution.

Proposition 2.4. There ezists a min{k, hmax/2} - O(log n)-approzimation algorithm for
UNBALANCED k-CUT in hypergraphs where hyax is the size of the largest hyperedge.

Proof. UNBALANCED k-CUT can be solved in graphs with approximation factor O(logn)
using the convex combination of edge cut trees by Récke [Rac08|. The result therefore

follows by applying the transformation of hypergraphs into graphs of Proposition O

If all hyperedges span more than k vertices, any set of k vertices has no internal
hyperedges. In this case, UNBALANCED k-CUT asks to find k vertices so that the total
number of hyperedges they are incident to is minimal. This is an instance of MINIMUM
k-UNION (MKU). This problem was studied recently by Chlamta¢ et al [CDM17] and is
discussed in detail in Section [2.2.2] Chlamtac¢ et al. obtain the following result.

Proposition 2.5 ([CDMIT|). If all hyperedges have at least size k, and k = Q(n'~?),

a(l—a)+5)

then there is an @(n -approzimation algorithm for the unbalanced k-cut problem,

for any constant € > 0.
Approximation algorithm for minimum hypergraph bisection

We are now ready to adapt the algorithm by Feige et al. to hypergraphs [FKNOO].
Suppose we are given a hypergraph G = (V, E) on n vertices. The algorithm first

guesses the value OPT of an optimum solution. This can be done by binary search on the
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2.2. Approximating Minimum Hypergraph Bisection

range of possible values, as this only increases the running time by a polynomial factor.
We assume from here on that the value of OPT is known.

The first phase of the algorithm uses an approximation algorithm A for min-ratio cut
in hypergraphs and a parameter k to be determined later. Algorithm A is then used
recursively on hypergraph G as follows. We start with the entire graph G and have A
compute an approximate min-ratio cut (V7, Va) of the vertex set of G. If the sparsity of
that cut is more than o OPT /k, we stop. If, on the other hand, the sparsity is at most
aOPT /k, let G’ and G” be the subhypergraphs induced by V; and V3, respectively. On
both subhypergraphs G’ and G”, continue this process recursively. When the recursive
process ends, the graph has been partitioned into subhypergraphs GG;. Each subhypergraph
G; has the property that algorithm A has not found a cut of sparsity less than « OPT /k
in G;. It follows that no cut of sparsity less than OPT /k exists in G;. In other words,
the recursive procedure results in a partitioning of G into well-connected subhypergraphs.
This concludes the first phase of the algorithm. The next two lemmas show the main

properties of the hypergraphs G;.

Lemma 2.6. The total weight of edges cut in the first phase is at most

OoPT
a - nlog nT .

Proof. Every cut S; of the first phase fulfills the inequality |0(.5;)|/]S;| < o OPT /k, where
S; denotes the smaller side of the cut. This gives |6(S;)| < «|S;| OPT /k.

We can amortize the increase §(5;) of the total cut-cost in the i-th step to the vertices
on the smaller side. Since during the whole construction a vertex appears on the smaller
side of a cut at most logn times, we amortize at most aclogn - OPT /k against a single

vertex. Summing over all vertices gives the lemma. O

Let G; denote the subhypergraphs returned after the first phase. We fix some optimal
bisection represented as a black and white coloring of the vertices. Subhypergraph G;
has minority color white, if it contains fewer white vertices than black vertices; otherwise,
its minority color is black. The vertices that have the minority color are called minority
vertices. The following lemma shows that the first phase ends with only few minority

vertices in the subhypergraphs.
Lemma 2.7. There exist less than k minority vertices by the end of the first phase.

Proof. Let k; denote the number of minority vertices in part G; and let OPT; be the
number of hyperedges of the (fixed) optimal bisection inside G;. Note that ), OPT; <
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OPT, as the subhypergraphs G; are disjoint. As no cut of sparsity below OPT /k exists,

every i must fulfill

OPT; . opPT
ki — k '

Summing over all ¢ gives

> OPTi _ 3k

orPT — &k
As the left-hand side is at most 1, the same holds for the right-hand side. The total
number of minority vertices ), k; is therefore at most k. O

The second phase of the algorithm aims to approximate the optimum cut within each
piece G;. For this we “guess” in each subhypergraph the number of minority vertices
k; and remove this many vertices using the algorithm from Proposition 2:4] These
guesses are made one-by-one within a dynamic program by Feige et al. which we describe
next [FKNOO].

Feige et al.’s dynamic programming algorithm labels each part G; either black or
white. It furthermore determines for each part the number k; of minority vertices in the
part. The dynamic programming table is C;(W, B, my, mp). A table entry stores the
(approximate) cost of labeling parts G1,...,G; so that parts of W vertices in total are
labeled white and parts of B vertices in total are labeled black. The total number of
minority vertices of white parts and black parts are myy and mp, respectively.

For j = 1, suppose that we label G; = (V1, E1) white. Then C;(|V1],0,¢,0) equals the
cost of cutting ¢ < k vertices from G using the algorithm from Proposition When
labeling G'; black, the table entries follow by symmetry. For j > 1, we guess whether G
is labeled black or white and then the number of minority vertices. There are only 2n for
each part, which gives a polynomial running time of the dynamic program.

If the total number of parts is p, we choose the labeling of parts corresponding to
the smallest table entry C;(W, B, my, mp) with W — my +mp = n/2 (so that we can
combine the parts to a bisection) and my +mp < k (so that there are at most k minority

vertices).
Lemma 2.8. The total cost of the cut computed in the second phase is O(logn)k OPT.

Proof. Suppose the optimum solution has k; minority vertices from subhypergraph G;.
This means that a k;-unbalanced cut through G; of cost at most OPT exists. Our
algorithm therefore finds a cut of cost at most k; OPT O(log n) in G;. Summing over all
subhypergraphs gives cost at most

O(logn) Y _ k; OPT < O(logn)k OPT .
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We have used in the inequality that the total number of minority vertices is at most k by
Lemma 2.7 O

Theorem 2.9 ([RSSIR|). There is a polynomial time O(y/nlog®*n)-approzimation
algorithm for MINIMUM HYPERGRAPH BISECTION.

Proof. From lemmas and 2.8 we know that the total cost is at most
<O;: + k> OPTlogn .
The theorem follows by setting k = \/an and using o = O(y/logn). O

If either all hyperedges are large or all hyperedges are small we can obtain the following

improved bounds.

Theorem 2.10 (|RSS18|). If all hyperedges have size at least Q(n®), there exists an
O(n'~) approzimation algorithm for MINIMUM HYPERGRAPH BISECTION.

If all hyperedges have size at most O(n®), there is an O(n®)-approzimation algorithm
for MINIMUM HYPERGRAPH BISECTION.

Proof. 1f all hyperedges have at least size z = Q(n®), we choose k = z for the first phase
of the algorithm. Then the total number of minority vertices for the second phase is
at most z by Lemma [2.7] This means we can use the algorithm from Proposition [2.5
for the second phase. The approximation factor of the overall algorithm becomes then
O(n'~%) + O(n1-a)+e) ¢ O(n'~).

If all hyperedges have size at most O(n®), applying Proposition and a logarithmic
approximation algorithm for MINIMUM BISECTION in simple graphs gives an (’j(na)
approximation algorithm for MINIMUM HYPERGRAPH BISECTION. O

2.2.2. Hardness results

This section shows that a polynomial-time algorithm with approximation ratio pl/(loglogn)®
for MHB would violate the Ezponential Time Hypothesis (ETH). The stronger Hypergraph
Dense versus Random Hypothesis (HDRH) is shown to imply that the approximation ratio
for MHB cannot be better than n'/4=¢. Both results indicate a stark contrast between
classical MINIMUM BISECTION and its variant for hypergraphs MHB, as polylogarithmic
approximation algorithms for the graph case have long been known, see Feige and
Krauthgamer [FK02].
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Hardness based on hypergraph dense versus random

The hardness results of this section stem from the connection between MHB and the
MINIMUM k-UNION (MKU) problem. In MKU, one is given a hypergraph G = (V, E) of n
vertices and m hyperedges. The goal is to pick 1 < k < m hyperedges so that their union
has minimum cardinality. MKU has been introduced recently by Chlamta¢ et al. who
gave an @(ml/ 4+€)—appr0ximation algorithm [CDM17]. The authors observe that MKU
is closely related to DENSEST k-SUBGRAPH (DKS), the problem of finding in a graph a
subgraph on k vertices with maximum number of edges. We have seen in Section [2.2.1]
that this problem is equivalent to the UNBALANCED k-CUT problem if all hyperedges
have size more than k. Our goal is now to analyze this connection more precisely. We
start by defining some concepts from random hypergraphs.

For integers n, » < n, and a probability 0 < p < 1, the random graph G,p, is a
graph on n vertices constructed via the following random process. Independently for any
r-subset S of vertices, add a hyperedge S with probability p to the hypergraph. Writing
G ~ Gpp,r means that G is constructed through this random process.

We sometimes say that some property P holds with high probability. This means
that the property P holds with probability at least 1 — # for an arbitrary constant c.
Sometimes the property P will be parameterized by a different constant ¢ (hidden in the
O-notation) that may depend on c.

Chlamtég et al. show that for any & > 0 no m!/4—¢
exists if the HDRH holds.

This hypothesis is based on the HYPERGRAPH DENSE VERSUS RANDOM problem. This

-approximation algorithm for MxU

game is a variation of the DENSE VERSUS RANDOM distinguishing (promise) problem
introduced (implicitly) by Bhaskara et al. [BCCT10|. Informally, DENSE VERSUS RANDOM
is a simple two-player game. At the beginning of each round, a random graph is generated
based on the game’s parameters. Player 1 can either use the random graph or construct
a graph containing some subgraph of high density. Player 2 must then guess if Player 1
presented the random graph or not. The goal of Player 2 is to guess correctly with
high probability. An in-depth discussion of DENSE VERSUS RANDOM, its variants and
algorithms tackling it can be found in Vijayaraghavan’s thesis [Vij12].

HYPERGRAPH DENSE VERSUS RANDOM adapts DENSE VERSUS RANDOM for hyper-
graphs. Formally, the problem is parameterized by an integer k£ and constants r and

0 < a,B < r —1. The problem asks to distinguish between the following two graphs:

Dense G is adversarially chosen so that a planted subhypergraph of G on k vertices has
log-density 5,
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Random G ~ G, ., where p = n®~"+1.

The log-density of a hypergraph on k vertices and average vertex degree dayg is 10g, (dave)-
It follows that the average degree within the subhypergraph of the dense case is k”.

Hypothesis 2.11. [HDRH, [CDM1%[] For all constant r and 0 < o, < r — 1, for
all sufficiently small € > 0, and for all k such that k'? < n(+)/2 we cannot solve
HYPERGRAPH DENSE Vs RANDOM with log-density o and planted log-density B in
polynomial time (with high probability) when f < a — €.

We say that an instance of MKU is quasi a-reqular if the hypergraph is r-uniform
for some 7 and the degree of each vertex is O(n®). A quasi a-regular instance of MKU
is written as (G,n, m,a,r). We first show how the lower bound on the approximation
ratio for quasi a-regular MK U-instances predicted by HDRH is parameterized by «. In
doing so, we extend the result by Chlamtac et al. [CDM17]. This will later serve us for

obtaining precise lower bounds for uniform MHB instances.

Lemma 2.12. Assuming Hypothesis (HDRH), there is no polynomial-time algorithm
for MKU that achieves approximation factor (9(mmin{a/(20‘_2)’0‘/(1+0‘)2}_€) with high
probability for sufficiently small .

Proof. In order to establish the lemma we first show some facts about G, ;. The proofs
of these facts have been deferred to Appendix

Claim 2.13. A random graph Gy p, fulfills the following properties.
1. Any vertex of a Gy p, with p = n'*T*"" has vertex degree ©(n®), with high probability.

2. Any set of n hyperedges in a Gy p, with p = n'T" covers at least Q((n/p)l/’")
vertices, with high probability.

a=r covers at least

3. Any set of nU+9/2 /- hyperedges in a Gnpr with p = n
Q(n(Ha)/Q*E) vertices, with high probability, if a < 1, r is sufficiently large and e

1s a small constant.

We show that an approximation algorithm for MKU distinguishes between the Dense
case and the Random case of the HYPERGRAPH DENSE vS RANDOM problem. We use the
hypergraph provided by HYPERGRAPH DENSE vS RANDOM as input for MKU. By Fact [T}
this is a quasi a-regular instance of MKU in the Random case with high probability.
In the Dense case, the instance chosen by the adversary must therefore also be quasi

a-regular, otherwise distinguishing them would be trivial.
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In the Dense case, the adversary has planted a subhypergraph of k vertices and log-
density /8 in the graph. This subhypergraph contains ¢ = k7 /r edges as k? is the
average vertex degree and r the size of the hyperedges. It follows that in the Dense case,

the minimum union of £ hyperedges has size at most k.

Let k be the size of the minimum f-union in the Random case, i.e., the minimum size
of a union of ¢ hyperedges in a G, ,,. We show that k is considerably larger than k
with high probability. Assuming Hypothesis no polynomial time algorithm may
distinguish between k and k. This gives a lower bound of 12:/ k on the approximation ratio

for algorithms approximating MkU.

In the remainder of the proof, we show how to set the parameters of the HYPERGRAPH
DENSE VERSUS RANDOM instance so as to obtain the desired gap I%/k Recall that we
aim for a result that is parameterized by a. We distinguish two cases depending on the

value of a.

a > 1. We choose ¢ = n (note that this in fact chooses k for the Dense vs Random
instance, because we have set £ = k'*#/r before). We first show that k!T8 <
n(1+®)/2 a5 this is a constraint on k that must be fulfilled for Hypothesis
Indeed, k'8 =1l = rn < n(1+9)/2 for o > 1 and n sufficiently large.

Fact [2| implies that with high probability & will be at least Q((n/p)l/r). Let m
denote the total number of edges in the random instance. Fact [I] implies that, with
high probability, m = ©(n'*®). We use this fact and rewrite (n/p)"/" with respect

to m:

(n/p)'"=© <(m1/(1+a>nr(1+a>>l/r>
=0 <(m1/(1+a)mr/(1+a)1)1/r>
=0 (ml/(’”(”“))ﬂ/(Ha)—l/r)

In the first equality, we used that p = n't*~". As k = (rn)Y/(+5) which is in
O(m!((1+a)(1+8)y (with r being constant and 8 > 0), it follows that

1

~ 1___ 1., 1
k/k=Q (mr<1+a) ERRERY (1+a)(1+/3>>
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We now choose f = a — ¢ and €/2 > 1/r, then the exponent is at least

1 1 1 1 1 1 1
l+a (1I4+a)(l4+a—e) r 1+« l+a—c¢ T

.o e £
T (1+w)? (14+aw? 2
S @

(1+ «a)?

The second inequality uses that 1+ o > 2. It follows that the gap k /k is at least
Q(ma/(1+o¢)2—a).

a < 1. We choose £ = n{17®)/2 /r This choice is valid as k'*t# = fr = n(1+2)/2 Fact
implies that with high probability k& will be at least Q(n(1+a)/2=¢) if 1 is sufficiently
large. Again the total number of edges in a random hypergraph is m = ©(n'T%) by

Fact [1], so
]; _ Q(m1/2*€/(1+a)) '

On the other hand, k = n(+®)/Q1+8) — @(m!/C1+6)) o the gap k/k is

ik > Q(m1/2f€/(1+a)71/(2(1+5))) '

Using 8 = a — ¢ and €’ = 3¢/2, the exponent is

1 1 e 1 a—¢€ €
2 2(14+8) 14+a 2 l4+a-¢ 1l+4a
1 a—c¢ €
>§.1+a_1+oz
« 3e « ,
> — > — €

21+a) 2(14+a)  2(1+a)
It follows that the gap l;:/k‘ is at least Q(mo‘/(Q“‘zo‘)_a,).

The combination of both cases directly yields the lemma. O

An instance of MKU can be transformed into a suitable instance of MHB using a
construction we describe now. At a high level, our reduction takes the instance G of
MKU and first constructs the dual hypergraph G* by switching vertices and hyperedges.
Then a new supervertex that is incident to every hyperedge of G* is added to G*. The k
vertices in G* corresponding to the k hyperedges with minimum union in G now represent
the best unbalanced k-cut in G*. By adding sufficiently many extra vertices, we extend

this argument to computing a bisection.
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/\i
i\@@5

Figure 2.1.: Left: A 2-uniform instance of MKU. Right: The corresponding instance of
MHB constructed through our reduction.

Given an instance of MKU G’ = (V', E') with n = |V’| and m = |E’|, the reduction
formally constructs the following hypergraph G = (V| E). The vertex set V consists of
a supervertex w and a vertex v; for each hyperedge h € E’. For v; € V', a hyperedge
h; connects w with all vertices v; fulfilling v;- € h}. Additionally, there exist p padding
vertices ug, 1 < £ < p , with p = max{m + 1 — 2k, 2k — m — 1}, where k is the number of
hyperedges that must be chosen in the MKU instance. If k& > (m + 1)/2, the padding
vertices are connected with the supervertex w by infinite-cost edges. Otherwise, they are
not connected to any vertex. An example of the construction is given in Figure

As every hyperedge in the graph is incident to the supervertex w, any bisection (V7, Va)
of G must have one side without any internal hyperedges (namely the side not containing
w). Let V4 be this side. Furthermore, let 7 = |[V| = m 4+ 1 + p denote the number of
vertices in G. Note that m <n <2masl <k <m.

Lemma 2.14. An f(|V|)-approzimation algorithm for MINIMUM HYPERGRAPH BISEC-
TION on hypergraphs G = (V, E) implies an O(f(|E'|))-approzimation algorithm for
MINIMUM k-UNION on hypergraphs G' = (V' E'), for some polynomial function f.

Proof. We use the construction described above to obtain an instance of MHB from an
instance of MKU. Let S* C E’ be an optimal solution to the MKU instance covering
OPTwmku vertices. We first claim that a bisection of G cutting OPTy\xy hyperedges
exists. Observe that the hyperedges of S* correspond to k vertices of hypergraph G.
These vertices are only connected to OPT iy hyperedges (those corresponding to vertices
covered by S*), so disconnecting them from the rest of G costs at most OPTyxu. If
k > (m + 1)/2, the number of vertices in V is i = 2k, so we have a bisection. If
k < (m+ 1)/2, the number of vertices n = 2(m + 1 — k). Adding the p =m+1 -2k
padding vertices that are not covered by any hyperedge to our k vertices from S* gives a
bisection.

Let (V1, Va) be the bisection of G obtained by an f(|V|)-approximation algorithm and
let b be the number of hyperedges it cuts. Clearly b < f(|V]) OPTyku as there exists
a bisection of cost OPTy\y. We show how to construct a set S C E’ of k hyperedges
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that cover at most b vertices of the MKU instance. This gives an f(|V|) = O(f(|E']))-
approximate solution for the MKU instance, because |V| < 2m = 2|E’| and f is at most
a polynomial.

First, suppose k > (m + 1)/2. Then both V; and V; consist of n/2 = k vertices. As
the p padding vertices are connected to the supervertex with edges of infinite cost in this
case, all of them must be in Vs, the part containing the supervertex. The k vertices of V}
are therefore connected to b hyperedges in total. To see this, observe that each of these
hyperedges contains the supervertex and is therefore cut by the bisection. Hence the k
vertices of V; correspond to k hyperedges of E’ covering b vertices.

Now, suppose that & < (m + 1)/2. Then both V; and V5 consist of n/2 = (m +1— k)
vertices. Again, assume that Vi does not contain the supervertex and observe that V;
has no internal hyperedges. The number of padding vertices is p =m + 1 — 2k, so V;
contains at least k non-padding vertices. Choose an arbitrary set S of £ non-padding
vertices from Vj. The vertices of S are connected to at most b hyperedges as they, too,
have no internal hyperedges. The set S therefore corresponds to a set of k hyperedges

from E’ that cover at most b vertices of V'. O

Theorem 2.15. Assuming Hypothesis (HDRH), there is no O(n1/4_5) approrimation
algorithm for MINIMUM HYPERGRAPH BISECTION, where n denotes the number of vertices
of the hypergraph, for any e > 0.

Furthermore, there is no O(nmin{a/2’a(1_a)}_€) approzimation algorithm for MINIMUM
HYPERGRAPH BISECTION on @(n“)-umform hypergraphs, for any € > 0.

Proof. The lower bound of (’)(nl/ 4_5) follows immediately from Lemma and the
work by Chlamtac¢ et al. [CDM17].

For the second statement, observe that our reduction from MKU to MHB transforms a
quasi c-uniform instance (H',n,m,«,r) of MKU into an instance G = (V, E) of MHB.
The hypergraph G has 1 = ©(m) vertices and m = n hyperedges. As the instance of
MKU is quasi a-uniform, every vertex of G’ has degree ©(n®), and, given that the size r
of the hyperedges is constant, m = ©(n!*/r) = ©(n'*®). The hyperedges of G therefore
have size ©(n®) = O(m®/(1+2)) = @(7*/(1+®)). With v = a/(1 + a), the hyperedges of
G thus all have size ©(n7).

Lemma [2.12] implies that quasi a-uniform instances of MKU cannot be approximated
up to factor mmin{e/(2+2a).a/(1+a)*}—< = Aq

Q o« 1« 1 a
14+a)? 1+a 1+a 1+a 1+a/ ’
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it follows that MHB with hyperedge sizes ©(n”) cannot be approximated with factor
pmin{y/2,5(1-7)} O

Via the reduction of Proposition any hypergraph can be transformed into a simple
graph with two weight functions. Cuts in this graph are equivalent to the hypergraph, if
the balancing weight function is observed. Together with the previous theorem, this gives
a lower bound on the approximation ratio of an algorithm for Minimum Vertex Bisection

with two weight functions.

Corollary 2.16. Assuming Hypothesis (HDRH), there is no (’)(nl/‘l*E) approrima-
tion algorithm for doubly weighted MINIMUM VERTEX BISECTION, where n denotes the

number of vertices of the graph, for any € > 0.

Hardness based on exponential time hypothesis

The inapproximability of MKU and, hence, MHB not only follows from HDRH. We
show next that an f-approximation algorithm for these problems implies an O(f?)-
approximation algorithm for DENSEST k-SUBGRAPH (DKS). Recall that DKS asks to
find a k-vertex subgraph of a given graph with maximum number of edges. The hardness
of this problem has been widely studied, see, e.g., Manurangsi [Man18|, Bhaskara et
al. [BCVT12| and references therein. Recently, Manurangsi showed that the problem
does not admit an n'/(°8198")°_approximation algorithm under the Exponential Time
Hypothesis for some universal constant ¢ > 0. Under the stronger GAP—ETHE], no

subpolynomial approximation ratio is possible [Manl17].

Lemma 2.17. An f(|V|)-approzimation algorithm for MINIMUM HYPERGRAPH BISEC-
TION implies an O(f2(|V|))—appr0:rimati0n algorithm for DENSEST k-SUBGRAPH for any

polynomial function f.

Proof. Given an instance G = (V, E) of DKS, we first guess the number of hyperedges in
the densest k-vertex subgraph of G. Call this number £*. The goal of an a-approximation
algorithm to DKS is to find some k-vertex subgraph of G with at least £*/a edges.

We define the following problem P: Find those ¢* edges, whose induced subgraph
contains the minimum number of vertices. Let k* be the number of vertices in an
optimal solution to this new problem and observe that k* < k. This is because the

optimal subgraph of our DKS-instance is a feasible solution to problem P as well. A

!The GAP-ETH is an open hypothesis given by Dinur as follows: “For some constant ¢ > 0, any
algorithm that is given a 3SAT formula ® on n variables and O(n) clauses, and decides between
sat(®) = 1 and sat(®) < 0.9 must run in time at least 2°". (Here sat(®) denotes the maximal fraction
of satisfied clauses).” [Dinl6].
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B-approximation algorithm to problem P returns a subgraph G’ of G with ¢* edges and
at most k*B < kf vertices.

Suppose we are given a [-approximate solution G’ to P. Then a random k-vertex
subgraph of G’ contains any edge of G’ with probability at least (%)2 = ,81—2 It follows
that a random k-vertex subgraph of G’ contains ¢* /3% edges. This means that the random
subgraph is a 3%-approximation to the densest k-subgraph. Furthermore, the random
choice can be derandomized via the method of conditional expectations.

It remains to show what factor 8 we can achieve for problem P. Suppose that we are
given an f(|V])-approximation algorithm for MHB. We claim that this implies § = f(|V]).

Observe that P is in fact an instance of MKU on the dual graph of G, i.e., the
instance of MKU has |V| hyperedges and |E| vertices. Following Lemma [2.14] an f(|V])-
approximation algorithm for MHB is an O( f(m))-approximation to the MKU, where m
is the number of hyperedges in the instance. Here, m = |V/|. This proves g = f(|V|). O

Corollary 2.18. Assuming the ETH, there is no efficient approximation algorithm for
MINIMUM HYPERGRAPH BISECTION with approzimation ratio n'/(°8187)° for some

universal constant ¢ > 0.

Proof. Follows from Lemma and [Manl7]. O

2.3. Trees for Vertex Cuts and Hypergraph Cuts

This section considers the more general challenge of representing the complete cut structure
of a hypergraph by a tree. We further extend this to vertex cuts in graphs and give a
construction of a vertex cut tree with quality O (vVW), where W is the total vertex weight.
We then explore the limits in constructing such a tree by showing lower bounds on the
quality of cut trees. Observe that the lower bounds shown in this section do not rely on
any assumptions from computational complexity. This is partly due to the fact that we
only exclude the existence of algorithms via a specific technique, instead of showing a

lower bound over all algorithms.

2.3.1. Constructing vertex cut trees

This section demonstrates the construction of a dominating vertex cut tree of quality
@(\/ W) for node-weighted graphs of total weight W. We assume the minimum weight of

a vertex to be 1 as can be achieved in many scenarios through rescaling.
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Vertices of G Vertices of G2

Figure 2.2.: Construction of the vertex cut tree.

Construction

The construction of our vertex cut tree employs a recursive partitioning of the graph
using min-ratio vertex cuts. We define the weighted version of a min-ratio vertex cut of

G = (V,E,w) as a vertex separator (A4, B, S) of minimum sparsity

w(S5)
min{w(A), w(B)} +w(S)

Let A be an a-approximation algorithm for finding min-ratio vertex cuts. There exist
polynomial-time algorithms with o = O(y/logn) [FHLOS, [ACMMO5].

Use Algorithm A to find the min-ratio vertex cut (A, B,X) in the graph. Let
G{( ,G§ ,... be the connected components after removing the separator X. Repeat
the process on each subgraph until no cut of sparsity less than af (W) can be found for
some function f that we chose later. This implies that no cut of sparsity less than f(1V)
exists.

Let G1,Go, ... denote the subgraphs remaining at the end of this process with G; =
(Vi, E;) and let S denote the union of all separators found. The cut tree is constructed
by first adding a root vertex r of weight w(S). For any vertex s € S the root obtains
a child of weight w(s). Further, the root obtains a child tg, of infinite weight for any
subgraph G;. Any vertex v € V; is added as a leaf of weight w(v) to tg,. A sketch of the
construction can be seen in Figure .

Analysis

Our analysis proceeds in two parts. We first show that the tree constructed according to

the above algorithm is dominating (independent of the choice of f). We then show that
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for an appropriate choice of f, the tree has quality O(yv/alognW).
Lemma 2.19. For any two disjoint sets A, B C V, we have yg(A, B) < yr(A4, B).

Proof. Let X be some minimum vertex separator of A and B in the tree of non-infinite
weight. We construct a set X’ C V of equal weight that separates A and B in the graph.

First suppose that X does not contain the root . Then X only contains vertices of V
and we set X’ = X. Additionally, any pair of vertices a,b € V is only separated by X in
T if either a or b belongs to X. It follows that either A C X or B C X and therefore
X' = X separates A and B in G.

If X contains the root r, let X’ = (X NV)US, i.e., the cut in the graph is the separator
together with the vertices of X N'V. Let a € A, b € B and we show that X’ separates a
and b in G. If either a € X’ or b € X', this is obvious, so suppose neither belong to X’;
in particular, a and b are not in the separator S. They furthermore do not belong to the
same subgraph G;, as X separates them in 7. This means that a and b belong to different
subgraphs G;. As the vertices of S C X’ separate all subgraphs G; by construction, it
follows that a and b are separated by X'. O

Lemma 2.20. If G is connected, we can choose function f so that for any two disjoint
sets A,BCV,

vr(A, B) < O(v/Walogn)ya(A, B) .

Proof. In the following we construct a vertex cut X separating A and B in T

First, we include the root r of 7" into this cut. We derive a bound on the weight w(r)
as follows. The weight of the root is the total weight w(S) of the vertices in the separator
S. For any separator (A;, B;, S;) found during the construction let A; be the side of the

cut that has the smaller number of vertices (not necessarily the smaller weight). We have

w(S:) w(Si) .
w(A;) + w(S;) < min{w(A;), w(B;)} + w(S;) <a-f(W).

The second inequality follows from the construction of the algorithm. This gives

<t
T l—af(W)
< 2af(W) - w(4y) ,

w(Si) af(W) - w(A;)

for sufficiently large n if we choose f such that af (W) = o(1). We amortize the weight

w(S;) of the separator against the weight w(A;) of the vertices in A;. Since a vertex can
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be on the smaller side of the cut at most logn times we get that

w(S) = Zw(Si) <2af(W)Wlogn .

%

Since the cost of the optimum cut is at least 1 this gives
w(r) =w(S) < 2af(W)Wlogn -vq(A, B) . (2.1)

In addition to the root r we add some leaf vertices for every subgraph G; = (V;, E;)
to the cut X. Let A; = ANV; and B; = BNV, (note that these sets might be empty).
If w(A;) < w(B;) we add the leaf vertices corresponding to A;, otherwise we add those
corresponding to B;. This forms an (A, B)-cut in T: a vertex a € A; is separated from
vertices in B of other subgraphs G because of the root r, and it is separated from the
vertices in B of its own subgraph G; because either A; or B; is in the cut. We use X; to
denote the set of vertices that were added in this step for subgraph G;.

Let X denote the intersection of the optimal (A4, B)-separator with the subgraph G;.
Since the sparsity of any vertex separator in Gj is at least f(W) it follows that

w(X7)

wxiuxn =T

To see this, recall that X is either A; or B;, whichever has the smaller weight, hence X'
separates X; from the rest of the subgraph. By rearranging this inequality we obtain
w(X;) <w(X;UXF) < f(W)~lw(X}). As the subgraphs G; are disjoint, taking the sum

over all ¢ gives

D_w(Xa) < fW)™H Y w(Xy) < F(W)"a(A, B) - (2.2)

7

Combining equations (2.1) and (2.2 gives that the cut X we constructed fulfills
w(X) < (fW) ™ +2af (W)W logn) - v (A, B) -

We now choose f(W) = 1/y/2aW logn to balance the two terms of the above sum.
Observe that, as a € O(y/logn), we fulfill af(W) = o(1). With our choice of f, we obtain

w(X) < O(/Walogn). O

Combining Lemma and Lemma with a € O(y/logn) gives the following

theorem.
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Theorem 2.21. For a graph G with total vertex weight W, there is a polynomial-time
construction of a vertex cut tree for approximating vertex cuts with quality O(log3/ 4 n)vw.

Application to vertex bisection

We demonstrate how to apply Theorem [2.21] in order to find a minimum vertex bisection.

A vertex bisection of a graph G = (V, E) is a coloring of the graph vertices using three
colors black, white and gray. The number of black vertices is at most |V'|/2, an so is the
number of white vertices. The cost of the bisection is the number of gray vertices. No

edge of the graph connects a black vertex and a white vertex.

Given graph G, construct a vertex cut tree 7' = (Vp, Er) as described in the previous
section. Let bw : Vp — {0,1} be a function assigning balance weight to the vertices of
the tree. A vertex v € V of the original graph has balance weight 1. A vertex v € Vp\ 'V
has balance weight 0. Observe that any vertex bisection in GG induces a coloring of the
tree vertices, so that any path between a black vertex and a white vertex must contain a
gray vertex. In this coloring, the total balance weight of black vertices is at most n/2;
similarly, the total balance weight of white vertices is at most n/2. Again, the cost of the

partition is the total cost of the gray vertices.

Tthe minimum-cost coloring of the vertices of T' respecting these two conditions can be
found through a dynamic program. We say a coloring of a subtree is valid if any path

between a black and a white vertex contains a gray vertex.

For any tree vertex v, Cf (p,q, ) is the cost of the minimum-cost valid coloring of v
and the subtrees of its k first children, where the color of v is = € {b, g, w}, p is the total
balance weight of the white vertices, and ¢ is the total balance weight of the black vertices.
If v is a leaf, then C2(0, bw(v),b) = 0, CY(bw(v),0,w) = 0 and C2(0,0, g) = c(v), all other
values are infinite. For any internal vertex, C}(p,, qg) = minge (g 13 {CE* (p, q,2)} + c(v),
where wu is the first child of v and k, its number of children. Similarly, we set C(p, g, w) =
min,e rg.} {CF* (p—bw(v), ¢, )} and we set C;(p, ¢,0) = minge (53 {Cy* (p, g—bw(v),z)}.
For k > 1, let w denote the k-th child of v and k, the number of children of u, then

Chp,q.9) = min {CS'(0,q,9) + CL* (pus qur z0)}
P=Pu-+tp
4=qu+q’
Z’ué{b,w,g}

Chp,qw)=  min  {CF'(,q ,w) + CE (pu, qu,zu)}
p=pu+p +bw(v)
9=qu+q’
mue{g,w}
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Cf(p, 7.0 = p—rghip/ {Cil)cil(p/v q.b) + C{fu (Pus qu, u)} -
9=qu+q’ +bw(v)
Iue{g’b}
The algorithm outputs the partition associated with the smallest entry CffT (p,q,x),

where p,q < |V|/2, r is the root of the tree, and = € {b, g, w} is arbitrary.

Corollary 2.22. There is an O(\/ﬁlog3/4 n) approzimation algorithm for MINIMUM
VERTEX BISECTION in an n-vertex graph G = (V, E).

Proof. The correctness of the dynamic programming scheme follows by induction over
the depth of a vertex. The quality of the cut tree is (’)(log3/ 4 n)vVW, where W is the
total vertex weight of graph G by Theorem [2.21 O

Corollary 2.23. There is an O(\ /Ndave log?’/4 n) approzimation algorithm for MINIMUM
HYPERGRAPH BISECTION in an n-vertex hypergraph G = (V, E), where dqyg is the average

vertex degree in G.

Proof. This follows by applying the reduction from Proposition 2.2l In the tree, we
must slightly change the definition of balance weight, as only vertices that correspond to
vertices in the original hypergraph instance obtain balance weight 1.

If the solution computed on the tree places a vertex v € V' of the original hypergraph
in the separator, we modify the solution by adding all hyperedges incident to v into the
cut. This only decreases the cut size and we may place v in an arbitrary part of the

bisection. 0

Remark. It seems tempting to use the reduction from Proposition [2.3]in the above corollary
and obtain an O(\/ﬁlogg/4 n) approximation algorithm for MINIMUM HYPERGRAPH
BisecTIiON. Unfortunately, this is not possible. Recall that Proposition [2.3] constructs a
graph with two independent vertex weight functions. One of the weight functions gives
the balancing weight of the vertex, the other one gives its cut weight. The construction of
our cut tree T, however, cannot properly distinguish two weight functions and the proof
of its quality fails. More specifically, the proof of Lemma fails, as the optimal cut
in a subtree cannot simply take all vertices from the smaller side, as both sides possibly

have infinite cut weight.

2.3.2. Lower bounds

We complement the positive result from the previous section by various lower bounds

for approximating vertex cuts or hypergraph cuts by cut trees. We first show that in
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order to get any reasonable approximation guarantee one needs to consider vertex cut
trees instead of edge cut trees. This is in strong contrast to ordinary graphs where edge
cut trees already give a polylogarithmic guarantee, see, e.g., Récke and Shah [RS14]. We
then show that even vertex cut trees will not yield such guarantees by giving an O(y/n)

lower bound for hypergraph cuts and an O(n!/3) lower bound for vertex cuts.

Edge cut trees for hyperedge cuts

Theorem 2.24. For any n > 3 there exists a hypergraph on n vertices so that the quality

of any edge cut tree is at least n/8.

Proof. Consider a hypergraph H = (V, Ep) over n vertices whose only hyperedge spans
all vertices. Let T'= (V, E1) be a rooted edge cut tree for hypergraph H. Without loss
of generality, every edge of T defines a cut of weight 1 in the hypergraph, thus we may
assume that all edges of the tree have weight 1. Furthermore, we may assume that every
internal vertex of the tree except the root has at least degree 3, otherwise we can remove
that vertex without changing the weight of any cut. It follows that T has less than 2n
edges.

We now derive our contradiction. Let A, B be two different subsets of V' with A # V'\ B.
Let F4, Fp C Er be the minimum-size sets of edges separating A from V' \ A in T and B
from V' \ B in T, respectively. Clearly F4 and Fp must be different, as a smaller cut for
either A or B could otherwise be found. This means that, for every nontrivial subset of
hypergraph vertices () # A C V, there must be a unique set of edges that is the minimum
cut of A and V' \ A in the tree. We know that there are 2" — 2 > 2"~! proper, nonempty
subsets of V' . After excluding half of them for being a complement, 2”2 remain, all of
which must be well-represented by T

As |Er| < 2n, the number of subsets of Er of size at most n/8 is less than
n/8

2n n( 2n n/ 2\ 1 n/& 28\
< — < | e—— - - /8 n—2
() =5l <slem) <al) <) =

The third inequality holds as (n/2) < 2"/8 for n > 3. This means that the number
of subsets with cost at most n/8 is less than 2"~2. Hence, there must be at least one
nontrivial vertex set A whose cut cost in the tree is at least n/8, which proves the

lemma. O

Observe that the above proof can also be generalized to show that for any polynomial-

sized family of edge cut trees, there must be at least one cut in the hypergraph that each
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one of the trees approximates with factor (n). Furthermore the theorem implies that a
simple, asymptotically optimal construction of an edge cut tree is the following. Suppose
that the hypergraph is connected, then connect all vertices with a simple path. Every
edge of the path is weighted with the number of hyperedges containing it. The cut cost of
the path now clearly dominates the hypergraph and each hyperedge contributes at most
its size to the cut cost of the path. This gives quality Amax < n.

Vertex cut trees for hyperedge cuts

The bad example from the previous section can be perfectly represented by a vertexr cut
tree, namely a star on all vertices. The following theorem gives a lower bound on the

quality of vertex cut trees for approximating hyperedge cuts in a hypergraph H.

Theorem 2.25. There exists a hypergraph on n wvertices such that the quality of any
vertex cut tree is Q(y/n).

Proof. Consider a hypergraph H = (V, Ey) with a top vertex v connected to n vertices
U = {u,...,u,} with simple edges of weight 1, as well as a hyperedge of weight \/n
spanning all vertices u;. Figure shows a sketch of graph H.

@ " O

Figure 2.3.: Bad example for approximating hyperedge cuts via vertex cut trees.

The cut size of any non-empty set S C U is g (S) = v/n + |S|, as both the hyperedge
and all edges connecting S to the top vertex v must bet removed. The cut size of any
set S"U{v}, 0# 5" CU isog(S"U{v}) =vn+n—|5 It follows that any set S with
1 < ¢ < n/2 vertices from U has 65 (S) > /n +£.

Let T be a dominating vertex cut tree of H. Fix a root of T' so that none of its children
have strictly more than n/2 vertices from U in its subtree. Also fix an arbitrary order
among the children of each node.

Suppose that some node z of this tree has £ vertices of U in its subtree. We claim that
x corresponds to a cut in the graph with at least /3 vertices of U on both sides of the
cut. This is evident if £ < n/2: node x separates the ¢ vertices in its subtree from the
n — ¢ > (/3 vertices outside its subtree. If £ > n/2, recall that none of the children of x

have more than n/2 vertices of U in its subtree. This means that x corresponds to a cut
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that partitions the graph into subgraphs, so that no subgraph contains more than n/2
vertices of U. We may therefore group the subgraphs in such a way that both groups
contain at least n/3 > £/3 vertices of U. As the tree is dominating, node x must therefore
have weight at least w(x) > max{\/n, ¢/3}.

We now explicitly construct a set S whose cut size is Q(y/n). Suppose without loss
of generality that an in-order traversal of the tree 71" visits the vertices of U in the order
Ui, ug ... Uy, Let k= |y/n] =0O(y/n) and S = {s1,...,s,} be the set {ug, usg,...,up}
with s; = uy, for i € [k]. As|S| =k < n/2, the cut size of S'in H is §y(S) = k++/n < 2y/n.
We show that the vertex cut cost in the tree v (S, V '\ S) is Q(n).

Fix a cut X = {z1,...,2x} of S and V' \ S in T. As any node of T has weight
at least /n, we assume that |X| < k/2 as otherwise the total weight of X is Q(n)
immediately. Define another subset of R C U disjoint from S to be R = {ry,...,rx} =
{ury2s Ug a4k - - s Up2_j /o b With the correspondence r; = u,_g /2. We assume here that k
is divisible by 2, otherwise let r; = w;_(1_1)/2, which does not change our results.

We count for every node x; the number p; of (s;,7;) pairs it separates. More precisely,
let p; be the number of pairs (s;,7;) for which x; lies on the unique path connecting them

in T. As X separates the sets S and R, we know

RS

Zpi >k .
J=1

Moreover, the weight of a node x; is roughly k times p;:

Claim 2.26. w(z;) > £(p; — 1).

Proof. If p; =1, the right-hand side is 0, so the claim holds. Assume that p; > 1. Recall
that an in-order traversal of the tree visits the vertices of U in the order uy, ..., u,. This
means that if the subtree of z; contains vertices u; and uy with ¢ < 4/, it also contains all
vertices u;» for ¢ <¢” <4i'. For any pair (r;,s;) that x; separates, at least one of r; and
s; must lie in the subtree of ;. By definition of r; and s;, this means that the subtree of
xj contains at least one of u;;,_y /o and ;. Let 1, 7 be the smallest and largest integers,
respectively, so that x; separates (r;, s;) and (ry, sy). With our above observation, this
means that the subtree of x; contains at least all nodes u; with ik <t < i'k —k/21e., it
contains at least k(i' — i) — k/2 nodes.

By definition of p; it is at most ¢/ — i 4 1, so the number of nodes in the subtree of z;

is at least
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As any node with ¢ nodes of U in its subtree has at least weight ¢/3, the weight of x;
must be at least (pj 1). O

The total weight of X is therefore at least

|X| |X| \XI 2 2 2
k kK2 k2 k

Zl %ZZE =D ij ’—6_12 12

]: :

The first step uses Claim and the second inequality uses the assumption that | X]|
contains at most k/2 vertices. As k = O(y/n), the total weight of X is Q(n). O

Note that the same result holds for unweighted hypergraphs. To see this, replace the
weighted hyperedge with |y/n] different hyperedges, each spanning n — 1 vertices of the
set U.

Vertex cut trees for weighted vertex cuts

The result from the previous section also yields a lower bound for vertex cut trees
approximating weighted vertex cuts. The proof is based on the graph Gy = (Vi, Ex)
shown in Figure Graph Gp is precisely the graph constructed by applying the
reduction from Proposition 2.2) to the hypergraph H from the previous section. It consists
of a vertex t of weight /n (representing the hyperedge from H), connected to vertices
ui, ..., u, of weight \/n + 1. Each of the u; is connected to a vertex w; of weight 1
(representing the edges of H). Finally, all w; are connected to a vertex v of weight n.
Graph Gg has N = 2n + 2 vertices of total weight 2n + n(y/n + 1) + /n = O(NVN).

Figure 2.4.: Bad example for approximating weighted vertex cuts via vertex cut trees.
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Theorem 2.27. There exists a vertex-weighted graph on n vertices such that the quality

of any vertex cut tree for approzimating vertex cuts is Q(y/n).

Proof. Let T be a vertex cut tree for Gg. We first show that 7' is also a vertex cut tree
for hypergraph H = (V| E) considered in the previous section, shown in Figure For
any two disjoint vertex sets A, B C V, dg(A, B) = v, (A, B) by Proposition As the
vertex set of Gy is a superset of V', this means that 7" is indeed a vertex cut tree for H.
By Theorem T has quality Q(m ) for approximating hyperedge cuts in H. As
the number of vertices in Gy is N = 2|V| + 2, it follows that T" is a vertex cut tree of
quality Q(v/N) for Gg. O

Vertex cut trees for unweighted vertex cuts

We now plan to adapt the analysis from the previous section to unweighted vertex cuts.
This is not straightforward as the lower bound we show relies heavily on the fact that the
graph G is weighted.

For simplicity of exposition, let k& = /n be an integer. The graph Gy shown in
Figure 2.4] is transformed as follows. Any vertex of weight z is transformed into a clique
C, on z vertices. Edges between formerly weighted vertices in Gy are transformed into
complete bipartite subgraphs between these cliques. We also change the vertex weight
from y/n + 1 to \/n compared to the previous section, hence the number of vertices is
N = k? 4+ 2k%2 + k. Let U; denote the clique resulting from the vertex u; in Gg. The
resulting graph G is shown in Figure 2.5

Top clique of k? vertices

Simple vertices

Cliques of k vertices

Bottom clique of k vertices

Figure 2.5.: Bad example for approximating unweighted vertex cuts via vertex cut trees.

We plan to adapt the proof of theorems [2.25] and [2.27] This proof is based on the

observation that for any tree, there must exist k vertices u; that are spread apart in the
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1 2 34 5 6 7 8 91011 12)13 14 15 16 17 18|19 20 21)22 23 24 25 26 27

Cluster 1 Cluster 4 Cluster 7

U permutation 7

@D15(20)4 23 7 8 (1) 5 24(19)14 18 QY (Y22 6 13 16 9 27 (3) 17 26(12)25(10)

Group 1 Group 2 Group 3

Figure 2.6.: Choose clusters 1, 4 and 7, then 3 integers from every group have been chosen.

tree and, therefore, separating these vertices in the tree is costly. When the vertices u;
are now cliques U;, the vertices of the clique may not be concentrated in a vertex cut
tree. Nevertheless, we show that there are k cliques U; whose combined vertex set is
well-spread over the tree.

In the unweighted graph, call the clique vertices U; core vertices; enumerate them
so that core vertices of the same clique are consecutive. Given any vertex cut tree, an
in-order traversal of the tree induces a permutation of the core vertices. We first show
that, for any permutation, there is a choice of core vertices from ©(k) cliques, such that
the following holds: After applying the permutation, there exist ©(k) disjoint intervals of
length k2, in which ©(k) chosen core vertices are found. This means that we can choose
cliques such that the vertices from these cliques are sufficiently spread apart in the tree.

We formalize the technical observation as follows. Divide the set L = {1,...,k%} into
k% clusters of k consecutive integers {(i — 1)k + 1,...,ik} for i = 1,..., k?. Given some
permutation 7 of L, we define groups. Intuitively, a group is a set of n consecutive integers
in the image of 7. Formally, group j is {7~ *(( — 1)k?+1),..., 771 (jk?)} for j =1,... k.
We want to choose (the integers of) ©(k) clusters, so that each group contains O(k)

integers. An example for k = 3 is shown in Figure [2.6

Lemma 2.28. For any permutation 7 there exists a choice of 2k clusters such that there

are at least k/9 groups from which O(k) integers have been chosen.

Proof. Choose 2k clusters uniformly at random without replacement. We show that in
expectation at least k/9 groups have O(k) integers chosen from them. This implies the
lemma.

Let Y; be the number of chosen integers from group j, and let X; be the indicator
variable of the event that k/2 <Y; < 7k/2. We plan to show E[Z§:1 X;] > k/9, it
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therefore suffices to show for any j
!
E[X;] =Prlk/2 <Y; <Tk/2) >1/9 .

Observe that Y; follows a weighted hypergeometric distribution: Let C; denote the
indicator variable that cluster i has been chosen and c¢;; the number of integers from
cluster j that the permutation m maps to group j. The clusters are chosen without
replacement and Y; = 2521 ¢;jC; counts the total weight (number of integers) obtained.
It follows that the expectation of Y; is 2k%. To see this, observe that E[C;] = 2k/k* = 2/k
and Zi:1 cij = k3.

We now argue that the variance of Y; is at most 2k?. With Cov denoting the covariance,

Var[Y, ch Var[C Z cijeej Cov[Cy, Cy) .

1<i<t<k?

The variance of indicator variable C; is 2(1 — 2) = (2k — 4)/k* < 2/k. Furthermore, C;
and Cy are negatively correlated for i # ¢, as sampling is without replacement: Choosing
C; reduces the probability that Cp is chosen as well. It follows that the covariance is

negative, so
Var[Y, Zc Var[C 202 < 2K% .

The last step follows as k? integers are mapped to group j in total, at most k from each
cluster; so the sum ZZ 1 ZQJ is at most (max; ¢;;) - (Eil cij) =k - k2.
Chebychev’s inequality states with p = E[Y;] and 02 = Var[Y;] for any ¢ > 0

o2
PelY; —p < 21—
We have 02 < 2k%, ;1 = 2k and we choose t = 3k/2. The inequality then yields

2k2

Prlk/2 <Y; < Tk/2] > 1 ~ GEr -

~8/9=1/9 . O

We now give a proof of the theorem.

Theorem 2.29. There exists an unweighted graph on n vertices such that the quality of

any vertexr cut tree for approrimating verter cuts is Q(n1/3).

Proof. We use the graph G defined in the beginning of the section. The vertices are
named as in Figure . The clique of k? vertices is the top clique P, the clique of k
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vertices connected to all other cliques of k vertices the bottom clique (). The single vertex
connected to all vertices of clique U; is w;.

In order to separate any ¢ cliques U; from the rest of G, one can remove the bottom
clique @ and the vertices w;. The cut size is therefore y5(U’) < k + ¢, where U’ is the
union of the cliques we remove.

Let T be a dominating vertex cut tree of G and let w(z) denote the weight of tree
node x. Fix a root of T so that none of its children have more than k3/2 core vertices in
its subtree. We first show that every node x of this tree with j > k core vertices in its
subtree must have weight at least max{k,j/(3k)}. If j < 3k?, node z defines a cut in the
graph with both sides having at least k core vertices. For any set of k disjoint pairs of
core vertices, there exist k vertex-disjoint paths connecting them via the bottom clique.
All of these paths must be cut by node z so its weight must be at least k. If j > 3k2,
observe that z defines a cut in the graph with both sides having at least j/3 core vertices.
Pick j/(3k) cliques U; from each side with no clique being chosen twice, and then one
vertex per clique. This gives j/(3k) pairs of vertices separated by z. For each pair, there
is a path connecting the two vertices via the top clique and we can choose these paths so
that they are all vertex disjoint. As node x interrupts all of the paths, its weight must be
at least j/(3k).

Enumerate the core vertices of the tree via an in-order traversal. The vertices jk? +
1,...,(j+1)k? form a group in the tree, for j = 1,..., k. Choose 2k cliques U; so that at
least k/9 groups have ©(k) of their vertices chosen. These vertices form the set S. An
appropriate choice is possible, as shown by Lemma The cut cost of S in the graph
is O(k), as argued above. We prove that the cut cost of S in the tree is Q(k?). In the
following we refer to the vertices in S as S-vertices and to those in U \ S as U-vertices.
Fix a separator X of S in T. We first show that the cut cost of X is large if only few

U-—vertices can reach the root.

Claim 2.30. If in a subtree T" at least j U-vertices are separated from the root, the cut
cost inside T' is at least j/(3k).

Proof. The proof is by induction over the height of 7”. The claim holds if 7" is just a leaf
vertex. If a U—vertex is cut away from the root it means that the leaf vertex is in the cut
and the cost is at least 1 > 1/(3k).

For the induction step consider a root vertex rp» with children ¢, ..., cs. Assume that
we aim to separate ¢; U—vertices of the subtree of ¢; from the root. If vertex rp+ is part
of the separator, the claim holds as w(rqv) > j/(3k). Otherwise, we have to pay at least
¢;/(3k) in each subtree by induction hypothesis which sums up to the same cost. O
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Removing node set X from the tree partitions 7" into connected components. If the
subtree of the (former) root contains at least one S-vertex, the cost of X is (k?) by
Claim m This follows, as all k> — 2k? U-vertices are then disconnected from the root.
We therefore assume that no S—vertex is in the connected component of the root. For
tree node x, let S, denote the set of S—vertices in the subtree of x. Observe that with
our assumption J,.x Sz = 5.

We show below that w(x) is at least |S;|/6 for any x € X. This gives that the total
weight of set X is

S wiz) > % SIS, > £IS| = K22 |

zeX rxeX
The second step follows from the fact that (J,.y S; = 5. The cut cost of S in T is
therefore Q(k?) while its cut cost in G is only O(k). As the number of nodes in G is
n = O(k?) this gives a lower bound of Q(n1/3) in the quality of the tree.

Claim 2.31. w(x) > |S;|/6 for any x € X.

Proof. Recall that |Sg| < |S| = 2k and w(x) > max{j/(3k), k}, if j > k, where j denotes
the number of vertices in the subtree of x. The claim therefore holds if j > k. Now
suppose that the subtree of x contains j < k core vertices. We show that w(z) > j.
To see this, observe that x must separates a clique U;. Pair the j vertices in U; with j
vertices in some other clique and connect the pairs by mutually vertex-disjoint paths. As
node z interrupts all of these paths in the tree, its weight must be at least j. It follows
that w(x) > j > [S;]. O

O
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3. Generalized Reordering Buffer
Management

This chapter presents our results for GENERALIZED REORDERING BUFFER MANAGEMENT.
Our main result is an online algorithm for the problem that achieves competitive ratio
O(log k(log k+loglogb)). The algorithm is based on a new linear programming formulation
of the problem which is shown in the first section of the chapter. The next section shows
how this LP can be used for designing an online algorithm. The analysis of that algorithm
is split into sections and The first part of the analysis focuses on explaining how
the different elements of the algorithm harmonize. The second part demonstrates in detail
how the algorithm handles k& > 1 servers, as opposed to the (already nontrivial) classical

scenario of a single server that is RBM.

3.1. The Linear Programming Relaxation

Recall that we define GRBM as the problem of processing a sequence of colors arriving
online using k servers and a buffer of size b. At any time step ¢t > 1, a new item arrives
and is immediately placed in the buffer. A server can move from color ¢ to a different
color ¢’ at cost 1. He then processes all items of color ¢ currently in the buffer. As long
as the server stays on a color, new items of that color are processed immediately without
additional cost. The algorithm can only move to the next time step if the server contains
at most b items. The goal is to minimize the total cost.

In order to simplify the presentation, we allow the algorithm to also perform block
operations on the colors. A block operation on color ¢ removes all items of that color
from the buffer and incurs cost 1. Clearly, two server movements can simulate a block
operation, so we changed the cost model outlined in the introduction by a constant factor

only.

3.1.1. LP formulation

Our new linear programming relaxation for GRBM is shown below.
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3. Generalized Reordering Buffer Management

min Zt,c yc(t) + Zt,c xc(t)

s.t. S0 <k vt >1
oc(t) < 1 Ve, t>1
Bolt = 1) — Be(t) < e(t) w1 WPk
(<t |Be(O, ) e ye(T) + [Ee(@, )] - () > |E(@,8)] =b Vo, t>1
Ye(t), we(t), 0c(t) > 0

For any time step ¢ of the algorithm, variable y.(t) = 1 if a block operation on color ¢ is
performed at time t. The variable d.(¢) < 1 indicates if a server is located at color ¢ at
the beginning of time step ¢. We set 6.(0) = 0 for all colors c. There exist k servers which
gives constraint ) 6.(t) < k. In order to account for server movements, we introduce
variables x.(t). With the constraint d.(¢t — 1) — 0.(t) < z.(t) they indicate if a server
moves away from color ¢ at time ¢. The objective is to minimize the number of block

operations ), . yc(t) plus the number of server movements >, . z.(t).

It remains to show how models the buffer constraint that a new time step only
begins if at most b items are in the buffer. We first introduce some notation. For two
vectors of time steps U, W € Nj with v, < w, for every color ¢, let E (7, ) be the set of
items to color ¢ arriving in the interval [v., w.). If w. =t for every color ¢, we simply
write E.(¥,t); if t < v, the set E.(¥,t) is empty. The set of items arriving between time
step vectors ¥ and W is E(V, W) = |, Ec(V, W ); similarly, E(¥,t) = J, Ec(¥,t). In order
to simplify the presentation, we set |E.(¥,t)| =0 if t < v,.

The buffer constraint requires that the number of unprocessed items at the end of a

time step is at most b. This is equivalent to requiring for each vector ¥/
|E(v,t)| — |buffer(t)] > [E(7,1)] = b, (3.1)

where buffer(t) is the current content of the buffer at the end of time step ¢. The
left-hand side is at most the number of items that arrived since ¥ and have already
been removed. The number of items removed via block operations since v is at least
> e 2or<t [Ee(,7)|ye(T). For the colors that currently hold a server, the number of items

that arrived since ¢'is ) |Ec(¥,t)[0c(t). This means that we can require the following
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constraint:

DD BT ye(r) + Y 1E(@,1)[6e(t) > [E(@, 1) b (3-2)

c 1<t

Observe that the above constraint is not a faithful representation of the GRBM problem
as an optimal solution might not satisfy it. This is because the constraint ignores items
that have been removed by a server that has since changed location. We therefore require
that the optimal solution accompanies every server movement from c to ¢’ with a block
operation on the old color ¢. This makes the optimal solution fulfill Constraint , and

its cost increases by at most a factor of 2.

Simply using Constraint for modeling the buffer constraint unfortunately leads to
a large integrality gap of the LP. As an instructive example, consider a scenario with only
block operations (k = 0) where a sequence of b + 1 items of the same color arrive. The
optimal solution experiences at least cost 1 during the first b + 1 time steps, as it must
perform a block operation. If the algorithm is, however, permitted to perform fractional
block operations (via the y.(t)-variables), it simply performs 1/b of a block operation
in step b+ 1 and proceeds to the next time step. This indicates an integrality gap of b,

which is much more than we are aiming for.

The LP is therefore strengthened by adding so-called knapsack cover inequalities (see
Carr et al. [CFLP0Q]). We proceed as follows. Whenever |E.(0,7)| > |E(¥,t)| — b, we
decrease |E.(V, T)| to |E(¥,t)] — b in Constraint . We claim that this does not change
the feasibility of any integral solution. To see this, we note that this makes no change if
ye(7) and 6.(t) are 0. If y.(7) = 1 or d.(7) = 1, the left-hand side of the constraint is still
at least |E(U,t)| — b afterwards; hence the constraint stays fulfilled. We define

. min{|E.(0,7)|,|E(¥,t)| — b} if |[E(T,t)| >b
|Ee(U,7)]¢ =
0 otherwise.

Replacing |E.(¥,7)| by |E¢(¥,7)|: in Constraint (3.2)) yields precisely the constraint used
in the linear program

Linear program is in fact a generalized version of the one used by Adamaszek et
al. for the block devices problem [ACERI2|. To recover their formulation, set kK = 0 and

remove all constraints except the buffer constraint.
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3. Generalized Reordering Buffer Management

3.1.2. Modifying the buffer size

In the context of RBM, Englert and Westermann [EWO05] first used the idea of comparing
the performance of an online algorithm with the performance of an optimal algorithm
with smaller buffer. A refined version of their argument is crucial in the analysis of RBM
by Avigdor-Elgrabli and Rabani [AR13]| and the analysis of the block-devices problem
by Adamaszek et al. [ACERI12|. In both problems, decreasing the buffer size by a factor
of (1 — @) only increases the cost by a constant factor. This section shows that

the same holds for GRBM. This will allow us to formulate a stronger version of linear

program

Theorem 3.1. For any input sequence, the cost OPTy of an optimal offline solution
utilizing a buffer of size b/ = (1 —¢€)b > 0 is at most a factor of (3+elnd’)/(1 —¢) larger
than the cost OPTy of an optimal offline solution utilizing a buffer of size b.

Proof. This proof is a slightly adapted variant of proofs given by Englert et al. [ERWQ9]
and Adamaszek et al. [ACERI2].

Fix an input sequence and consider an optimal offline strategy using k servers and a
buffer of size b. In a slight abuse of notation, we will call both the optimal strategy and
its cost OPTy. Without loss of generality, we may assume that OPT} visits each color
exactly once with a server; otherwise, we re-color remaining items of the color after a
server first left it. This does not change OPT}, and can only increase OPT}. Also, without
loss of generality, we assume OPT}, does not perform any block operations.

For a color ¢, let tsiart(c) and tenq(c) denote the time step when a server of OPT}, visits
and leaves c, respectively.lﬂ We call a color finished at time t if ¢ > tenq(c). We call a
color active if it is currently assigned a server.

In the following we construct a strategy for processing the input sequence with a buffer
of size /. The strategy performs the same server movements as the optimal strategy
OPT}, and some additional block operations. Whenever the buffer is full and contains
no active color, the strategy wants to perform the next server movement of OPT}. This,
however, may require it to move a server away from some color ¢ before all items of that
color have been processed, i.e., we still have ¢ < tonq(c). In this case, the strategy defers
the server movement and first performs block operations. These block operations remove
additional items and thereby increase ¢ to tepg(c) or beyond. At this point, the algorithm

performs the previously deferred server movement.

'Here, we assume that only a single item is processed per time step, i.e., a block operation takes r time
steps to process r items, but it does not process any new items of the same color arriving during that
time. This clearly does not change our model.
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3.1. The Linear Programming Relaxation

When waiting for tenq(c), the strategy performs block operations until a block operation
is successful, i.e., if t > tenq(c) holds afterwards. The strategy always chooses a color ¢
that causes the maximal total increase in lateness ¢(c’). Initially, £(¢’) = 0 for every color
c. A successful block operation does not change the lateness of any color. If the block
operation on ¢ is unsuccessful, the lateness £(q) increases by n(c’) for every unfinished,
inactive color ¢ that finishes before tgart(¢’) (including ¢ itself). Here, n(c’) denotes the

number of items of color ¢’ that are currently in the buffer.

Claim 3.2. The lateness of a color is at most €b.

Proof. Let ¢ denote the inactive color that finishes next according to OPT;. Among
unfinished, inactive colors this color has the largest lateness ¢(c). Assume we perform a
block operation on some color ¢ with £(c) + n(q) > €b, i.e., the claim would be violated if
the block operation were unsuccessful.

There at most b items in the input sequence that occur before te,q(c) and that belong
to colors ¢’ with tenq(c) < tstart(q’), as otherwise OPT} could not hold these items within
its buffer. Observe that all items that contributed to the increase of ¢(c¢) and also the n(q)
items of g belong to this class of items. Since the strategy for buffer size b’ has removed
them, there are at most b — ¢(c) —n(q) < b—eb =1V of these items left. This means that
the strategy can hold all of these items in its buffer and can therefore advance to tenq(c).

Hence, the block operation on ¢ is successful, which is a contradiction. O

Claim 3.3. There exists a color ¢’ such that 37, Al(q) > b'/(1 +1Inb'), where Al(q) is

the increase of the lateness of color q in case the block operation on ¢ is unsuccessful.

Proof. Let s = /(14 Inbd) to shorten notation, and assume for contradiction that the
increase in total lateness for every color is less than s.

Every server movement finishes one color and starts a new one. Sort the inactive
unfinished colors according to their start times and let ¢; be the i-th color among them.
If follows that there are i currently unfinished colors that end before tspar(c;). Performing
a block operation on ¢; incurs an increase of at least i - n(¢;) in total lateness. As the
total lateness increase for every color is assumed to be at most s, it follows that n(c;) =0
for i > s. Also note that active colors and finished colors have no items in the buffer.
Since the buffer is full, it follows that

Ls] Ls] 4 b
b = Zn(cl) < SZ; <s(l+1Ins)=

i=1 i=1

m(l +1n8) < b/ 5

which is a contradiction. O

95
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Our strategy always performs a block operation on a color with maximal increase in
lateness, as described in Claim Every successful block operation is followed by a server
movement that is also performed by OPT}, thus there can be at most OPT}, successful block
operations. Every unsuccessful block operation increases > ¢(c) by at least b'/(1 + Ind')
according to Claim [3.3] The total lateness amassed throughout the algorithm is at
most b OPT}, by Claim |3.2) . Hence, at most €b(1 + Inb’) /b’ OPT, = = (1 + Inb") OPT,
unsuccessful block operations are performed by the strategy. Finally, the strategy performs

OPT} server movements imitating OPTy. Its total cost is therefore

(24 5 (1 4+ b)) OPT, < (3 +Inb)/(1 — &) - OPT, . =

Using the above theorem, we perform the following modifications to our linear program.
Let e = 1/Inb, so b’ = (1 —1/Inb)b. Then the optimal solution value of LPy j is at
most a constant factor smaller than the one of LP, ;. We furthermore remove all buffer
constraints for pairs (v,t) with |E(v,t)| < b from LPy ;, which does not increase the
optimum solution value. The resulting LP and its dual program shown below.

min Dot e Ye(t) + 204 ze(t)

s.t. S 6.t < k Z(#)
S(t) < 1 Pe(t)
St 1)~ 8e(t) < (1) Be(t=1)  (Primal)
Y 7t with |E(7,8)| > b
(<t | Be(0, ) eye () + | Ee(T,1)[10c(t)) > |E(0,8)] =V a(d,t)

Ye(t), zc(t), 0e(t)

v
o

max ZmﬂE(Ua t)] —b)a(@,t)— k>, Z(t) — DerPe(t

~—

s.t. i [Ee(T,7)|e-a(@t) < 1 yo(r)
Be(t=1) < 1 2(t) (Dual)
—pe(t) = Z(t) = Be(t) + Be(t — 1) + 25 |Ee(0, )]s - a(¥,1) < 0 de(t)
a(V,t), pe(t), Be(t), Z(t) > 0

We obtain the following corollary.

56



3.2. Algorithm Overview

Corollary 3.4 ([ACERI2|). For b = (1— @)b, the value of LP is at most a
constant factor larger than the cost OPTy of an optimal offline algorithm using a buffer

of size b.

Proof. Follows from Theorem [3.I] and the above discussion. O

3.2. Algorithm Overview

Our algorithm and its analysis are divided into two main parts, the base procedure
and the cost control procedure wrapped around it. The base procedure is essentially
the O(loglogb)-competitive algorithm for scheduling block-devices by Adamaszek et
al. [ACER12]. This algorithm only schedules block operations but it never moves a server.
If left alone, it produces a valid solution to GRBM, but this solution is not competitive
with an optimal solution. The cost control procedure therefore schedules additional block
operations and it specifies a movement strategy for the k servers with the goal to greatly
reduce the number of block operations performed by the base procedure.

The base procedure is an LP-based algorithm using the primal-dual schema of Buch-
binder and Naor [BN09|. At each time step, the algorithm picks a violated primal
constraint (¥,¢) and increases the corresponding dual variable (5, t) continuously. The
resulting violation of the dual constraints then triggers a fractional increase of primal
variables y.(7). In order to obtain an integral solution that can be translated into actual
block operations, the base procedure applies a randomized rounding scheme. The ran-
domized rounding makes sure that the buffer constraint is fulfilled, i.e., it ensures that at
most b items reside in the buffer before the next time step. In the analysis, the cost the
solution is compared against the profit of the dual solution the algorithm constructed.

The cost control procedure is built around the base procedure in order to adapt it
to GRBM. When a new item arrives in a buffer of b items, the cost control procedure
may accommodate the new item by performing a block operation itself. Alternatively, it
can choose to leave the item to the base procedure. In the latter case, the cost control
procedure may react to the assignment of primal and dual variables by the base procedure.

The cost control procedure is vaguely inspired by the randomized Marking algorithm for
the paging problem by Fiat et al. [FKL™91]. In contrast to that algorithm, however, the
cost control procedure is nontrivial even in the case of a single server. We note that the
cost control procedure is deterministic for k = 1 and it only performs integral assignments
to the LP variables. For k > 1, the procedure is randomized, yet it does not employ a

randomized rounding procedure.
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Purely to simplify the presentation of our algorithm and our proofs we introduce dummy
time steps. These are time steps in which no new item arrives. We assume that between
any two real time steps (in which an item arrives) there are an arbitrarily large number
of dummy time steps. This allows us to present our algorithm as a nearly continuous
process, whenever this is convenient.

We now describe the algorithm’s main components in more detail.

3.2.1. Base procedure

The base procedure works on the «(Z,t)-constraints of the linear program and its
dual. Given a (partial) assignment to the variables of the primal and a time step ¢, we
introduce the notion of a proper constraint. The definition uses a constant scaling factor
8= 80.

Definition 3.5. For a given variable assignment, an «(Z,¢) primal constraint is called

proper if the following holds for every color c:
(D) 2scr<tWe(T) +0c(7)) = 1/8,
(i) > crct(We(T) + (7)) <2/8,

(iii) ye(7) 4+ 0c(7) < 1/B for all 7 € {z. +1,...,t}.

Intuitively, a proper constraint sets z. to the time of the last block operation. In
particular, whenever there is an integral server movement on color ¢ (so d.(7) = 1 or
ye(T) = 1), then for a proper constraint «(z,t) we must have z. > 7.

The main loop of our algorithm feeds proper constraints «(Z,t) to the base procedure.
The base procedure then increases the y.(7)-variables of the constraint in typical primal-
dual fashion, as shown in Algorithm [1l The procedure terminates if either (1) the current
constraint is fulfilled, or (2) the current constraint ceases to be a proper constraint.

If the current constraint is fulfilled, a rounding algorithm takes over in Line It uses
the fractional assignment to the y.(7)-variables and produces a probabilistic distribution
u over block operation schedules. Each of the schedules in this distribution respects
the buffer constraint. Importantly, the rounding procedure does not require that the
fractional assignment fulfills every «(#,t)-constraint. We defer the description of the
rounding algorithm to Section [3:3:2]

In the second case, the base procedure notices that the current constraint is not proper
anymore (Line . It then recomputes the vectors § and 2 (Line . We now describe

these two vectors in more detail. The cost control procedure keeps vectors § and z" along
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Algorithm 1: Base procedure

1 if primal constraint a(Z,t) is not proper then
2 recompute z and §
3 if primal constraint o(Z,t) is violated then
4 Increase a1(Z,t) and as(S,t) by the same infinitesimal amount da
5 foreach variable y.(7), z. < T <t do
6 A(r,c):=0
7 if D 5 s [Ee(U,7) |y - an (7, t') == 1 then
// dual constraint ye(T) tight

8 if (X it ve(i) < log%b) then

9 Je(t) = 10g13b

10 if D25 psr [Ee(V,7)]p - a1 (0,1) > 1 then
// dual constraint y.(7) violated

1 A(T,¢) 7= D s i<t Ye(D) - [Ee(Z,7)]; - da

12 Ve : dye(t) == 9e(t) + maxr., < <t AT, €)
13 Ve ye(t) = ye(t) + dye(t)
14 adjust distribution u to reflect new y-values
15 else // proper primal constraint «(Z,t) is satisfied
// rounding guarantees at most b items stored in buffer

16 proceed to the next time step

with corresponding (sets of) variables a1 (Z,t) and o (3,t). The base procedure increases
both variables but it only bases its decisions on the aj-variables; the as-variables are
discussed in the next section. For vector 2, the rounding procedure only requires that
a(Z,t) be a proper constraint and that the vectors Z be monotonously increasing over time.
Hence, for computing a new vector Z, every coordinate z. that violates the constraints
of Definition is set to the largest value less or equal to the current time ¢ so that
> vo<r<tWe(T) +6c(7)) = 1/B. Observe that we may assume without loss of generality
that such a value always exists if we perform a block operation on any color that appears
for the first timdﬂ The vector § is managed by the cost control procedure. For any color
¢, s¢ = z. by default, but the algorithm may decide to set s. < z. for some colors. We

postpone the detailed description to the next section.

2This change increases the algorithm’s cost by at most a factor of 2
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3.2.2. Cost control procedure

The cost control procedure essentially consists of two new subroutines that wrap around
the base procedure. The activation procedure reacts when new items arrive to “activate”
colors and perform block operations. The deactivation procedure reacts when the base
procedure increases primal and dual variables of the LP. The procedure “deactivates”
colors and it is responsible for moving the k servers. Both procedures integrally set
variables of LP and control the vector 5. By setting variables of the LP, the cost
control procedure may change the current proper constraint «(z,t). This is how the base
procedure indirectly learns about the decisions of the cost control procedure. We next
define the concept of activation and deactivation in more detail.

The interplay between activation procedure and deactivation procedure is governed by
the notion of an active color. Very informally, a color is active, if it has seen a significant
number of items since it was last visited by a server or has experienced a block operation.
Our goal is that the active colors contribute a large profit via the dual LP. A color is
deactivated, i.e., it ceases to be active, when it has caused too much violation in the dual
program.

More precisely, recall that the base procedure uses two vectors § and Z and it requires
that a(Z,t) is always a proper constraint. For inactive colors, z. = s. and all colors
start out as inactive. When color ¢ becomes active, the procedure sets s, < z. and

“freezes” s, i.e., S remains fixed until ¢ is deactivated. The value of s, is chosen so that
|Ec(5,t)| = [ fmax], with

o = b—b b

BT 9k 2klogh

We distinguish the set of live items E.(Z,t) of a color ¢ and the set of extra items
E.(5,%Z). Observe that s. = z. for inactive colors, hence the set of extra items inactive
colors. The rounding routine of the base procedure ensures that all but the live items
have been removed from the buffer. The profit generated by the extra items (through
ao (8§, t)-variables in the base procedure) is used to pay for the actions of the cost control
procedure. We show below that the activation procedure makes sure that the number of
extra items is at least a constant fraction of the number of live items for each active color.

Before doing so, we explain the activation procedure.

The activation procedure

The activation procedure is shown in Algorithm 2] The procedure activates colors and

generates a sequence of block requests for the active colors. If the algorithm does not

60



3.2. Algorithm Overview

Algorithm 2: Activation procedure

// Item of color c arrives to a buffer of b items
// Block-Request(c) performs block operation on c unless c has server
1 if Color c is inactive and unmarked then
if Less than fmax items for ¢ arrived since last block request then
Base-Procedure (t)
else
Color ¢ becomes active, set s, < z.

Block-Request (¢)

SN W N

7 else // Color ¢ is active
if |E.(3,t)] < (1+v)|E.(5,t')| then // ¢ is time of last block req.

9 Base-Procedure(t)

0]

10 else if at least D block requests to ¢ during current act. period then
11 Base-Procedure (1)

12 else

13 Block-Request (c)

have a server at color ¢, it must react to a block request to ¢ with an immediate block
operation on c. If a server is located at ¢, no action is necessary. The rules for activating
colors use the notion of a color being either marked or unmarked. Additionally, unmarked
colors can be stale. These terms are borrowed from paging algorithms and we will only
define them later precisely. For now, we only need that the activation procedure makes

sure the following constraint is always observed.

scheduling constraint:

e a marked color is always assigned a server,

e the remaining colors are only distributed among stale colors.

What follows are the rules for generating block requests.

e If a color is not active and unmarked, the activation procedure issues a block request
after [ fimax| items arrived since the last block request to the color. With this block

request, the color becomes active.

e For an active color ¢, let ¢ be the time of the last block request to ¢. The color
obtains a block request when |E.(8,t)| > (1 +v)|E.(5,t")|, which means that a new
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3. Generalized Reordering Buffer Management

block request is issued after v|E.(S,t')| new items arrived. We use the constant
v =1/128.

e As an exception to the previous rule, no further requests for a color are issued once
it has obtained D := [logy .~ ((2b +2)/(7fmax))] +1 = O(log k + loglog b) requests

within its current activity period.

Observe that after a block request to ¢, z. > t. This is because after a block request
either 8c(t) = 1 or y.(t) = 1; by Condition [(iii)| of the proper constraints, z. must increase
in order for «(Z,t) to stay proper.

We now show that for active colors, nearly all items in the set E.(5,t) are extra items.

Lemma 3.6. For active colors, the number of live items is at most a y-fraction of the

number of extra items, more precisely,
|Ec(Z,t)| < 7] Ee(8,2)] -
Proof. We first show |E.(Z,t)| < 2b. Consider the «(Z,t)-constraint in LP [Primal

STOCIEE D yelr) +1E(Z,)]e - 6c(t)) > [E(Z )] b

c 1<t

As |E.(Z,7)|t < |Ec(Z,t)], the left-hand side is at most

t

YIEED] Y (gelr) +6e(t) < 2Bz ) - (3-3)

T=zc+1 6

The inequality follows from Condition for proper constraints.

On the other hand, the «(Z, ) constraint is violated by at most an additive 1. To see
this, observe that we can think of any increase of primal variables as infinitesimal, even if
performed outside the base procedure. In this scenario, whenever the current constraint
is fulfilled, the algorithm chooses a new proper constraint. Hence, the algorithm ends
a time step with a proper, fulfilled constraint. Moving to a new time step (with the
same vector Z) can only generate violation 1. This implies that the left hand side of the
a(Z,t)-constraint is at least |E(2,t)| — b — 1. In combination with the upper bound
on the left-hand side, it follows that

B —b—1< ;|E(:Z,t)| .
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Algorithm 3: Deactivation procedure

1 if wolume voll (2, ]) >V for some active color ¢ then
2 Label ¢ as ready for deactivation
3 if (

volume vol® (12, t]) > 3V for some active color ¢ or

a block operation was performed color ¢ ready for deactivation

5 ) then

6 Deactivate ¢ and set s. = z.

7 if No server is located at ¢ then

8 Perform a block operation on ¢

9 if activation period of ¢ started in the current phase then
10 Move a server to ¢ and mark ¢

11 if k colors have been marked in the current phase then
12 End the current phase and start a new one

As 8 =80 > 4, this implies
|E(Z,t)| < L(b+ 1)<2b+1,
8 —2
so we obtain the upper bound in b.

Now we show |E.(Z,t)| < v|E.(5,Z)|. Consider the case that color ¢ has seen less than
D requests in the current activity period. Assume for contradiction that |E.(Z,t)| >
V| Ee(5,Z)|, then

|Ee(5,t)] = |Ec(5, 2)| + [Ec(Z,8)] > (1 + )| Ee(5, )| = (1 +7)|Ee(5,)]

which triggers a block request for color c. The last inequality follows as z. > t’ after a

block request to c. Hence, the block request restores the claimed property.

Now suppose color ¢ has seen D block requests during the current activity period
and recall that there can be no more than D requests per color. Right after the i-th
request we have |E.(5,t)| = |Ec(5,2)] > (1 +79)" ! fmax. It follows that |E.(5, )] is
at least (1 + )P~ > 21’7—*2. In order to violate the claim we would therefore require
|Eq(Z,t)] > 2b+ 2, which is impossible. O
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The deactivation procedure

The deactivation procedure is given in Algorithm [3] The deactivation procedure reacts
to the increase of the dual variables as by the base procedure. Its first goal is to bound
the violation of the dual program through ag(3,t)-variables in the base procedure. Its
second goal is limit the cost incurred by the block requests of the activation procedure.
The deactivation procedure deactivates colors that contributed too much violation and it
may then decide to mark that color. Recall that, the scheduling constraint states that a
marked color always has a server assigned to it; hence, the deactivation procedure also
controls the server movements.

We now introduce the notion of total volume that is central to the deactivation
procedure. For a time interval I, let the total volume VolcT(I ) be the total increase of the
sum -, |E(7, 7)|o(¥, 7) during interval I. For an active color ¢, let t2°" be the time c
was activa_ted, so volZ((t2t,#]) is the volume collected by ¢ since its activation. Observe
that this is precisely the increase of the left-hand side of the y.(t)-constraint. We will
formalize this idea in the next section.

Ideally, we want to deactivate a color as soon as it has collected volume V since its
activation, where V' = O(log k +log log b) will be specified later. For technical reasons, we
instead set a color to be ready for deactivation when it has collected volume V. If a block
operation is performed on a color that is ready, we immediately deactivate it. Only if the
volume collected by the color reaches 3V we force a deactivation and deactivate the color
immediately. This rule permits us to amortize, in most cases, the cost of deactivation
against the cost of the block operation.

When a color ¢ is deactivated, the procedure performs a block operation on ¢, unless a
server resides there. The procedure also decides whether to mark it or not. This marking
process is similar to the Marking algorithm. The algorithm partitions the time horizon
into phases. A phase starts with all colors unmarked. A a color is marked, if its activation
and deactivation lie in the same phase. When k colors are marked, all colors are unmarked
and a new phase starts. The choice, which of the k servers to move to a newly marked
color induces a variant of the paging problem. We defer the description and analysis of
this subroutine to Section B.41

3.3. Analysis

The analysis of the algorithm defined in the previous section is guided by the value

of the linear programs [Primall and [Duall We see in this section that the expected

cost of the algorithm is proportional to the final objective value of the primal, i.e.,
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(’)(Ztc Ye(t) + D20 (). Furthermore, the base procedure increases the a;- and ao-
variables of the dual, which gives a partial solution to this linear program. By weak
duality, the value of the dual is a lower bound on the value of the primal and, hence, the
cost of an optimal solution. Our high-level strategy is therefore to extend the assignment
to primal variables from the dual so that we obtain a lower bound that pays for both the
base procedure and the cost control procedure.

It is convenient to view its decisions as a continuous process of the a-variables. Recall
that the base procedure increases a single a1 (8§,t) and a single as(Z,t) variable in each
time step at the same infinitesimal rate da. Let o denote the sum of ag-variables (or
aq-variables) and observe that « is nondecreasing over time. We can therefore view &, 2
and ¢ as functions of « (instead of functions of time) and we write §(«), Z(«) and #(«).

The total profit contributed by only the as-variables is then
/0 (1BG(a),t)])) = V) da—kY  Z(t) =D pelt) (3.4)
t c,t

where aqnax is the sum of all as-variables in the end. In order to avoid notational clutter
we write |E(§,t)| instead of |E(5(«), t(cr)|) whenever the dependency on « is clear. Recall
that § < 2z at all times, so |E(S,t)| > |E(Z,t)|. This means that the aj-variable generate
a smaller profit than the as-variables and we ignore the former for our lower bound
construction.

The central idea of our algorithm is separating it into two parts: the base procedure on
the one hand and the cost control procedure on the other hand. Analogously, we split the
profit in a base budget Bpase and a cost control budget Beontrol as follows:

1

Bbase :/ (’E(Z?,t” _b/) da ’
2 Jo

1 Omax R Omax o
Beontrol :2/ (|E(Z,t)] — V) da +/ |E(5,2)| do — k § Z(t) - ch(t) :
0 0 t c,t

We first show how to set the Z(t)-, p.(t)- and B.(t)-variables of the dual program so that
we obtain a large cost control budget with small violation of the dual. In particular, it is
important that we assign values to dual variables such that the control budget Beontrol is
positive. We therefore define a set of conditions for the cost control procedure to fulfill.

Second, we show that the cost of the base procedure (Procedure [1f) is at most Bpage-
Recall that the base procedure is a primal-dual algorithm that schedules block operations
on the colors. It produces a fractional assignment to the y.(t)-variables. A randomized

rounding procedure generates a probability distribution over valid schedules for block
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operations based on the fractional assignment. The analysis of the base procedure is
straightforward, as it is essentially the algorithm by Adamaszek et al. for scheduling block-
devices [ACERI2|. The authors show that the increase in y.(t)-variables per iteration is
at most QZW(\E(U, t)] = ¥')as(,t). This means, up to a factor of 4, it is bounded by
the base budget Bpase- Furthermore, the expected cost of the schedules produced by the
randomized rounding procedure is at most O(ZL c yc(t)). We include their analysis for
completeness in Section [3.3.2

Section then shows that our cost control procedure indeed fulfills the constraints
that guarantee a large cost control budget. This leads to a proof of the competitive
ratio O(loglogb) for the case of kK = 1. Furthermore, we obtain a set of conditions for
the subroutine for scheduling k > 1 servers. In Section [3.4] an algorithm fulfilling these
constraints is presented, which implies an online algorithm for GRBM with polylogarithmic

competitive ratio.

3.3.1. Lower bound construction

We now develop a lower bound on the cost on the optimal solution. We start with some
more notation. Let for a subset I C {1,...,T} of (consecutive) time steps o (I) :=
inf{a | t(a) € I'} and " (I) := sup{« | t(«) € I'}. The profit collected for the cost control

budget during some time interval [ is

at(I) a’t(I)
B =5 [ G OI—¥)dat [ TIBEIlda kY200~ 303 pelt)

~(D) tel c tel

a’(I)
> / BGE D do— kS 2(0) = 33 pelt) + k(o™ (1) = 0 (1) frnas -

(1) tel c tel

The inequality follows as |E(7,t)] — b > b/logb for any a(v,t) constraint in LP [Primal
so with fiax = b/(2k logb)

k(a™(I) = a (1)) fmax -

1 oﬁ([) . , - b
3, (BEOI=H)daz (@ () —a (D)5 =

We use act.(I) and act.(I) to denote the subset of the interval [« (I), " (I)] during
which color ¢ is active and inactive, respectively. We define the extra volume collected

during interval I for color ¢ by

a (1)
volB (1) = / E(5,7)] da = / E(5,2)] da .
Oéf([) ath(I)
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The equality follows because s. and z. are equal whenever c¢ is not active. We define the

total volume of a color ¢ collected during interval I by
vol (1) = / B.(5,1)] da .
acte(])

Summing volZ'(I) over all colors, we obtain the increase of > vr<t | EW, T)| (¥, T) during
interval I. The definition of total volume of a color ¢ is therefore consistent with the

definition of total volume of the previous section.

We also define the gap A.(I) between total volume and extra volume for a time

interval I:

Ac(I) :=volX (I) = volZ(I) < vvolZ(I) . (3.5)

The inequality follows because our algorithm ensures that an active color has |E.(5,t)| <
(1+7)|Ec(5,2)| (Lemma [3.6). We extend the above definitions to individual time steps,
i.c., we define volZ (t) := volZ ({t}). Observe that this means that voll (1) = Y oier voll'(t).

This allows us to rewrite the cost control budget for a time interval as

Beontrol(1) = > Y volZ(t) =Y > " pe(t) =k Y Z(t) + k(o' (I) = & (I)) frmax - (3.6)

tel ¢ tel ¢ tel

We use X (t) := ), |[Ee(v,t)|;(V, t), which is the term that appears in the 6.(t)-constraint
of the dual. We have

at(t) at(t)
Xc(t):/ ]EC(§,t)]tda§/ B.(5,1)] da

a (1)

acte(t)

= E.(s,t)] da+ E.(5,t)| da
/actc(t) ’ ( )‘ / | ( )’
< Volg(t) + <O¢+(1) - @7(1))fmax .

The second inequality follows as an inactive color has s. = z. and has seen less than fiax

items since it became inactive. This gives that the d.(t)-constraint of the dual is
Xc(t) - pc(t) < Z(t) + Bc(t> - Bc(t - 1) )
which is implied by

(@™ (1) = a (1)) fumax + volg (t) = pe(t) < Z(t) + Be(t) — Be(t — 1) . (3.7)

We now present the lower bound construction. Suppose we are given a partial solution
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to LP that only specifies values for a-variables but that ensures that the y.(7)-
constraints are violated by at most a factor of W. We describe how to extend this solution
in order to get a dual solution with large profit and, hence, a large lower bound for the
problem.

Recall that the marking process of our algorithm partitions the time horizon into phases.
We now specify three constraints for the phases that imply a large profit. In later sections,
we show that these constraints are actually respected by our algorithm.

Consider some partitioning of the time horizon into phases. We say that the i-th phase
consists of time steps I; := {7,...,7i+1 — 1} with 73 = 1. We require that each phase
contain exactly k marked colors. We use M; to denote the set of marked colors in the
phase and U; to denote the set of the remaining (unmarked) colors. Let V' be a parameter

to be defined later. We impose the following three constraints on the phases.

Marked Colors Each marked color ¢ collects volume at least V' during the phase,

i.e., for each c € M;

VOIZU%’) = / ) |E.(5,t)|da >V . (Condition T)

Unmarked Colors Each unmarked color ¢ collects volume at most 6V during a phase,

i.e., for each ¢ € U;

vol (1) = / B(58)da <6V .  (Condition II)
acte(I;)

New Colors We call a marked color new if it was unmarked in the previous
phase. Let n; denote the number of new colors in the i-th phase.
The gap between total volume and extra volume is small for marked

colors, i.e.,

Z Ac(L;) < 10yn;V . (Condition III)
CEM,'

This is sufficient to obtain our main lower bound.
Lemma 3.7. Suppose we are given an assignment to a-variables that violates y.(7)-

constraints by at most a factor of W >V, together with a partitioning of time steps into

phases according to the above constraints. Then there exists a constant & > 0 such that
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the cost of an optimum solution is at least

(Z nV 43S voll (1 ) 2‘1}‘/ - (1BG )] -v) da

i ceU;

Proof. Fix a pair of consecutive phases i and i+ 1, and let I := {7;,..., 712 — 1} denote
the time steps within these phases. In the following we define values for the LP variables
apart from «(3§,t) in order to obtain a solution to LP

Our first step is to use the p.(t)-variables to normalize the volume. We define vol2Y () =
volZ () — pe(t), and call volY (t) the normalized volume of color ¢ at step t. We require
that volY (I') = min{volZ (I), V'} for each color and we set the p.(t)-variables accordingly.
Since this means we only have to “reduce” volume we can achieve this with a non-negative
assignment to the p.(t)-variables. Observe that implies any color in M; UM,
will have vol?Y (I) = V, as its total volume in one of the phases must be at least V.

Rewriting Equation ({3.6]) gives a cost control budget for interval I of

control Z Z VO]E Z ch —k Z Z(t) + ]{,‘(O[+ (I) - Of(I))fmaX

tel c tel c tel
=33 (vl (1) = Aclt)) — k" Z() + k(o (1) = @ (1) fa -
tel c tel

We now set the Z(t)- and the B.(t)-variables. These variables are constrained by the
dc(t)-constraint in the dual. By Equation (3.7) it is sufficient to fulfill, for any 7 € I

(a™(I) —a (1)) fmax + VOléV(T) < Z(1) 4 Be(1) — Be(T—1) .

We do this while ensuring B.(7) <V for all 7, i.e., the x.(7)-constraints are violated by
at most a factor of V. We set Z(1;) =V + (o' (1;) — & (7i)) fmax and Be(7;) = Volév(n).
Then the above constraint is fulfilled for 7 = 7; as B.(7; — 1) < V by induction. For the
other time steps in I we fulfill the constraint by setting Z(7) = (o (7) — @ (7)) fmax and
by setting Be(7) = Be(r — 1) + volY (7). The B.-variables are therefore increasing over
interval I with B.(ri42 — 1) = volY (I) < V. This fulfills the §.()-constraints.

We get that >°,.; Z(t) = V + (o (1) — & (1)) fmax, S0 the cost control budget for

interval I is
control ZZ(VOIN ( )) —kV . (3'8)

tel c¢

We now make a case distinction on the colors. There are k + n;41 colors in M; U M; 41,

each having VOI(]:V (I) = V. Exactly 2n;11 of these colors are unmarked in one of the phases.
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Recall that the gap is defined as A.(I) := volX (I) — volZ(I) < yvol?(I). An unmarked
color collects volume at most 6V, hence its gap is at most 67V by Equation (3.5). The
gap generated by all marked colors throughout both phases is at most 10y(n; + n41)

by [Condition 111

A color that is unmarked in both phases (i.e., a color not in M; U M;11) has VolcT(I ) <

12V by (Condition II} and, hence, volYY (I) > Lvoll (I) for these colors. Its gap is at most

yvoll (1), a y-fraction of its total volume.

Plugging these observations into Equation (3.8]) give a cost control budget of at least
Beontrol(I) = ni1V + > ({5 — 7)volf (1) = 10yn;V — 22yn4 V (3.9)
cER

where R denotes the set of colors not in M; U M; 1. Let U; denote the set of color that

are unmarked in the i-th phase. Each of these colors has volZ (I;) < 6V, hence

Y (=)ol (1) < fnin V.,
CGUi\R

because |U; \ R| = n;41 as each of these colors is new in phase i + 1. Plugging this into

Equation (3.9) gives

Beontrotl(I) = 3nis1V + Z v)voll (I;) — 10yn;V — 22yn; 1V
> anq_lv + Z ﬂVOIC (Iz) — ﬁniV ,
ceU;

where we used v = 1/128 and

> vl (1) = ol (1) — > voll (L) + Y voll (Tiga) — > voll (Iita)

ceR cel; ceU\R cel; ccU;\R
> voll (L) = Y voll (L) .
cel; ceU;\R

In order to obtain a lower bound over the full time horizon, we group phases (1,2),
(3,4),(5,6),...and (2,3),(4,5),(6,7),... and taking the average over the two sequences.

This gives a lower bound for the overall cost control budget of

Beontrol > Z 16nzv + Z Z 48V01T %nlv - Z ﬁVOlZ(Ig) .

1 ceU; cel,
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Note that Phase 1 does not appear as a second phase in a group and Phase ¢ (the
last phase) does not appear as first phase in a group. Therefore, the corresponding
contributions of these phases are subtracted in the above sum.

The sum of cost control budget and base budget Beontrol + Bbase give the total profit
of the dual program. In order to obtain a lower bound, we divide it by the violation W
of the y.(7)-constraints. The terms depending on n; and U, are removed by exploiting
the additional lower bound OPT > %(n; + |Uy|), which holds as every color needs to be
accessed at least once. As V < W and the total volume of an unmarked color is at most
6V, the terms disappear by averaging. By choosing a sufficiently small constant £ > 0,

we obtain the lemma. O

We show later that we can keep the violation W in ©(V'). Further more, the deactivation
procedure only deactivates colors that have collected total volume at least V' in their

current activity period. This gives us the following simpler lower bounds.

Corollary 3.8. If W € O(V), then the following three lower bounds on the optimal
solution OPT hold:

OPT > Q 1/%“(@(5 H - ) da
=\ aw ’ !

OPT > Q(>"; ni)
OPT > Q(}" . a.) .

Here a. denotes the number of activity periods of color ¢ for which c is a non-stale color

at the time of activation.

Proof. The first two lower bounds are immediate from Lemma [3.7 We prove OPT >
03", a.).

Fix a color ¢ and an activity period P during which c is non-stale at the time of
activation. Suppose there is an activity period @ of ¢ following P. If the color is marked
during P or @, it is a new color during that phase and therefore contributes 2(1) to the
lower bound. Otherwise, suppose P spans phases ¢ up to j. Color c¢ is not marked during
phase i, as it would be a stale color at the start of P otherwise. The color is also not
marked during phase ¢ 4+ 1..., 7, as its only activity periods during these phases are P
and Q. Hence, color c¢ is deactivated at the end of P after having collected volume at least
V' (Algorithm . This volume fully contributes to the lower bound, so the contribution
of Pis Q(V/W) = Q(1). Any two consecutive activity periods therefore give a constant

contribution to the lower bound, which gives the claim. O
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3.3.2. Analysis of the base procedure

We now give the analysis of the base procedure and we specify the randomized rounding
algorithm. The proofs in this section are nearly identical to the work of Adamaszek
et al. [ACERI12| and they are included for completeness. Aside from minor notational
differences, the only change is the inclusion of é.(7)-variables in many statements. This

modification does not structurally impact the proofs.

Analyzing the cost of the base procedure

We start by showing that the dual constraints y.(7) of LP are not violated through

the increase of variables a1 (7, t).
Lemma 3.9. For every ¢ and 7, Whase := D g pr>, | Ec(V,7)|v - a1 (0,1') = O(loglogb).

Proof. Let xc(T) = > >y [Ee(¥, 7)|pr - a1 (U,) — 1 denote the amount by which the dual
constraint y.(7) is violated. Xc(T) can increase if some dual variable «q(Z,t) is increased.
However, note that this only causes an increase of x.(7) if z. < 7 < t. Further note that
our procedure only increases «q(Z,t) if the corresponding primal constraint is proper,
which implies . _ o, ye(7) < 2/8. Therefore, once » __;, (i) > 2/, xc(7) does not
increase any further. In the following we analyze how la;ge Xc(T) can become before
> r<i<t Ye(i) > 2/B. We have the following claim.

Claim 3.10. A violated dual constraint yc(7) fulfills 3, ye(i) > eXe(7) /log3 b.

Proof. When the dual constraint y.(7) becomes tight (i.e., x.(7) = 0) in some time step
t, our procedure sets y.(t) to at least 1/log®b. Therefore, at this point

Z ye(i) > X< /1og3 b (3.11)

T<1<t

as required.
In later time time steps, an increase of dual variable a;(Z,t') by da increases the
violation x.(7) by |Ec(Z,7)|¢ - da. This means that the right hand side of Equation (3.11))

increases by
) B -d
— Z,7)|y - da .
10g3 b ’ C( )|t
However, at the same time ) __,_, y.(i) increases by at least

eXe(T)

S (i) - |B(2, 7)) - da >

= 3
T<i<t 1Og b

NE(Z, )|y - da
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O]

The previous claim implies that the violation of a dual constraint can grow to at most
O(loglog b) before » ;s yc(i) becomes 2/f3 after which the violation does not increase
any further. O

Our next goal is to derive a bound on the total amount by which y-variables are increased
in the base procedure. Recall that ¢ is defined in the base procedure (Algorithm 1)) and

is either 0 or 1/ log®b. The following two technical lemmas will be useful.
Lemma 3.11. If a1(,t) > 0, then 373" ¢ |Ec(,T)|¢ - e(1) < |E(T, )] = V.

Proof. Fix a color ¢. We partition the time steps 7 € {v.+1,...,t} into classes according
to the value of |E.(¥,7)|. For j > 0, the class Tt ; contains the time steps for which

|E.(¥,7)| € [27,2971). Let J. be the maximum value of j so that class T ; is nonempty.
Claim 3.12. A class T.; includes at most O(loglogb) time steps T for which g.(1) > 0.

Proof. Since a1 (7, t) > 0 the primal constraint «(7,t) was proper and violated at time ¢.

Fix a class T¢ ; and let 71,72, ... denote its time steps that have g.(7;) > 0 in increasing
order. Define L(7) := 3 "5y~ [Ec(¥,7)|r - a1(¥,t') to be the load of 7 (the left hand side
of the constraint y.(7) in the dual). Note that for 7 € T ; with 7 > 7, an increase of
L(7) by |E.(U,7)|¢ - a1(0,t) also results in an increase of L(m1) by |E.(¥, 1) - a1 (¥, 1)
which is the same up to a factor of 2 as 7 and 7; are in the same class. In order for
Jc(7;) to be set to a positive value, some L(7) for 7,1 < 7 < 7; has to have increased
to 1 (as a constraint needs to be tight). Hence, for every 7; with §.(r;) > 0, the load
L(r;) will increase by at least 1/2. But due to Lemma [3.9] the load L(7) is at most
O(loglogb). O

Let n.; denote the number of time steps 7 in class Tt ; that have g.(7) > 0. Then we

have

Je )
>3 Il o) < YD

c 1<t c 5>0
| Ec(0,1)|
< O(loglogh) -
< EC (loglogb) og b
[E(7,1)] . /
< < |E(",t)] - b .
< Segp SIE@D)

The second inequality holds as n.; < O(loglogb) by claim and Zj;o 20+l < 4.2 <
8| Ec(U,t)]. O
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Lemma 3.13. If §.(7) > 0, then > ;s |Ec(V,T)|t - a1 (U,t) > 1.

Proof. 3.(7) is only set to a non-zero value if the dual constraint y.(7) is tight. Because
«q-variables are never decreased, once the constraint is tight it can only remain tight or

become violated. O
We are now ready to derive our desired bound on ), dy.(?).
Lemma 3.14. The cost of the base procedure is at most 23, a1 (7, 6 (|E@,t)] V).

Proof. The cost of the base procedure ., dy.(t) consists of two components: >, §c(t)

and ) e MAXrz <7<t A(T1,c). We bound both components separately.
Using Lemma and then Lemma [3.13] we get

S e(r) < Z@cm S BT a(@0)

vt>T
—Zal T 1)y > B 7)]de(r)
c 1<t
< Zal({;’t)“E(Uat” _b/) .
u,t

For the second component, we have for a time step ¢,

2 e A = mxzyu |Ee(Z,7)|¢ da
< ZZ% )|, da
c 1<t
< Zzyc . Z T)|td041(z t) ,
c 1<t

where the last step follows because aq(Z),t) is increased by da. Because the primal a(Z,t)
constraint is violated, this is at most (|E(Z,t)| — V') daq(Z,t). Summing over all time

steps t gives the desired bound. O

Randomized rounding

The goal of this section is to show to provide a randomized rounding algorithm for the
base procedure.

The y-variables, some of which are set by the base procedure and some of which are
set equal to 1 by the cost control procedure can, in fact, be rounded online in such a

way that the buffer constraint is satisfied. This is true independent of which (if any)
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y-variables are set to 1 by the cost control procedure and also independent of the values
of the §-variables.

A deterministic strategy for scheduling block operations is given by a function Q :
T x C — Ny with the meaning that Q(7,¢) describes the number of block operations
for color ¢ performed in time step 7. We allow Q(7,¢) > 1, i.e., we will allow that the
strategy performs several consecutive block operations for the same color.

We specify a number of conditions on a deterministic strategy. The conditions are
chosen in such a way that any deterministic strategy that satisfies them produces an
overall solution that ensures that the buffer never stores more than b items.

In order to formulate the conditions for time ¢, we introduce the following notation.
We use w.(7) := max{fy.(7),1} to denote a scaled version of the current assignment
to y-variables in the primal LP. We partition the pairs (7,¢) with 7 € {z. + 1,...,t}
into classes according to the value of |E.(Z,7)|. Here and in the following Z is to be
understood as the vector that our procedure maintains. We say a pair (7, ¢) is in class S;
if |[E.(z,7)| € [2%,2""1) (we do not care about (7, ¢)-pairs that have |E.(Z,7)| = 0). We
further use S¢ to denote the set {(7,¢) | 7 € {2, +1,...,t}} and S =, S

In addition to sets S; we also define a set L that contains (7, ¢)-pairs with a “large”
|E.(Z, 7)|-value. Formally, we first select pairs in decreasing order of |E.(Z, 7)|-value until
L contains pairs whose w,(7)-values sum up to at least A + 1 (for a parameter A <
to be chosen later) or L = S; then if the w.(7)-values sum up to more than A\ + 1 we
remove the last element added. Hence, if L # .S we have A < 7y we(T) S A+1, as
the w.(7)’s are at most 1.

Our conditions for a deterministic strategy @ are as follows.

(A) For every color ¢, 3. o - (Q(7,¢)+0c(7)) > 1, i.e., between time 2. and ¢, all items
of color ¢ are removed from the buffer at least once; either because () performed at
least one block device operation or because at some point one of the k servers was

located at c.

(B) @ mirrors the fractional solution of LP [Primall on the sets S;:

VSi 1D s eI S D0 QO
(C) @ mirrors the fractional solution of LP on the set L of large (7, c)-pairs:

LZ:(7',(:)EL wC(T)J = Z(T,C)EL Q(T’ C) ’
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(D) For every color ¢ and for every class .S;, Z(T’ o)eSinge Q(7,c¢) < 3. This means @ did

not remove the same color very often in the same class.

Suppose these conditions hold at the end of time ¢, where z' is the specific vector
maintained by our base procedure, i.e., a(Z,t) is a proper constraint. Further suppose
that the proper constraint «(Z,t) is satisfied. In this case we will show next that the

buffer contains no more than b items.

Condition |(A)| guarantees that items of color ¢ that appeared at time z. or before do
not influence the buffer-constraint for () at time ¢, since all these items have already been
removed from the buffer. Hence, the following formula specifies exactly the number of

items in Q’s buffer at time ¢:

buffer(t) = |[E(Z,t)| =Y max _ |E(Z71)| .

- 7:Q(1,¢)+dc(T7)>1

This holds because |E.(Z,7)| (for the maximum 7 with Q(7,¢) + d.(7) > 1) specifies the
items that appeared after time z. (excluding z.) and are evicted at time 7 or before.
Furthermore, remember that if «(2,t) is a proper constraint, we must have 6.(7) = 0 for

all c and 7 > z, i.e., there is no server at color c¢ after time z.. We therefore also have

buffer(t) = |E(2,t)| — max |E.(Z,7)| . 3.12
O =10 -3 g B 7) (312)

Let j denote the index of the largest class that contains a pair (7, ¢) with Q(7, ¢)+0.(7) > 1.
Then

1] .
EZ, 1) >2 > Y 3.2+
T:QI?T%E! ST Z

where the last step uses Condition [(D)] (the fact that @ does not evict a color too often
in the same class). Plugging the above into Equation (3.12]) gives
1
buffer(t) < |E(Z,1)] — -5 > Qre) - |E(Z7)] .

(t,c)€S
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We need to show that this is at most b. This means we want to show that

> Qr0) - |E(Z,7)| > 12(|E(Z,t)| - b) . (3.13)

(r,0)eS
This is encapsulated in the following lemma.

Lemma 3.15. Let «(Z,t) be a proper, non-violated constraint. A scheduling strategy that
fulfills conditions A, B, C, and D fulfills 3, ycs Q(T,¢) - |Ec(Z,7)| 2 12(|E(Z,t)| —b).

Proof. Any «a(Z,t)-constraint of LP fulfills |E.(2,t)| > b. We first show that this

implies the following technical claim.

Claim 3.16. \ S Z(T,C)EL ’LUC(T) S ()\ + 1)

Proof. 1f is sufficient to show that A < wc(7), then by definition of the set L,
the sum will be at most A + 1.

The primal constraint «(Z,t) is fulfilled. Therefore,

S IEE D welr) + B2 )0 008)) = [EGE 1)~

c ze<T<t

The left term is equal to >, > o [Ee(Z, 7)|t-yc(7) because whenever d.(t) = 1 we have
ze = t and hence |E.(Z,t)|; = 0. Since |E(Z,t)| > b, we also have |E.(Z,7)|: < |E(Z,t)| =V
and therefore, the y.(7) must sum to at least one. As w.(7) > PBy.(7), this gives that the
we(T)’s sum up to at least 5. Hence, L contains a w.(7)-weight of at least A as A < 8. O

The above claim then gives Z(T’ el we(T) > A, hence with Condition

> D(re) =\

(r,c)€EL

Now assume that iy, the class-index of the pair (7,¢) € L with smallest |E.(Z, 7)|-value,
fulfills 2% > |E(Z,t)| —b. Then

Y IE(ZD)] Q) = Y |E(77)]- Q7 0)
(t,0)eS (r,c)eL

>2% Y Q(rc)

(r,c)eL
> M|E(Z,t)] = b)
> 19(B(z 0]~ b) |
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3. Generalized Reordering Buffer Management

by choosing A = 12. This gives the lemma if 2% > |E(Z,t)| — b.
We now assume 2 < (|E(Z,t)| — b). We have

Z| (ZT|QTC>ZZ (2, 7)|Q(T,¢)

(t,0)es 1<ig (1,c)E€S;

>3 2 Y Qo)

1<ig  (1,0)€S;

>221( Z we(T )71)

1<tp (1,c)€S;

= %Z Z 2w, (1) — ZQi .

1<ig (1,c)ES; i<ty

It follows that

S EEDIRE 2 5> S B Dwe(r) - 2

(t,0)eS 1<ig (1,c)ES;

BZ 3 B2 )we(r) — 2(E(Z.1)] D)

1<ig (1,¢)ES;

(3.14)

| \/

Then
A DALACESA s% S 1B ()
T,c)EL
< ( (2.t ’ —b) Z we(T

(r,e)eL

<A+ DEE ] - D)

Where the last step uses Z oeL we(T) < A+ 1 by Claim Adding the inequality
0>"5 5 ZL\SZ-Z |Ec(Z,7)|tye(T ) (A+1)(|E(Z,t)| — b) to Equation (3.14) we obtain

Z |EC(5’ T)‘Q(Tv C) > Z ‘Ec(g’ T)|tyc(7—) - (>‘ + 3)(’E(57t)| - b)

(T0)€S (T,0)eS

o

where the last inequality holds as 8 = 80, A = 12, and the fact that the primal constraint
for a(Z,t) is fulfilled and either 6.(t) = 0 or |E.(Z,t)|; = 0. O

It remains to show how to update the distribution in an online manner so that the

block operation strategies fulfill conditions A, B, C, and D.
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Instead of constructing p directly we will first construct distributions g1, e, and ps. A
random buffer management strategy according to p is then chosen by sampling strategies

w1~ Q1, po ~ Q9, ug ~ Q3 and computing the strategy @) by setting
Q(7,¢) := max{Q1(7,¢), Qa(7,¢),Qs(1,0) } .

Any strategy, whether in the support of py, po, or ps fulfills for all ¢ and S5; that
Z(T,C)GSZ-OSC Q(7,¢) < 3. Then it is clear that the strategy Q = max{Q1,Q2, Q3} fulfills
Ve,YSi 3 (7 o esinse @(T: ¢) < 3 (Condition @)

In addition, strategies in the support of p; fulfill Condition strategies from s
fulfill Condition and strategies from ps fulfill Condition Hence, @ will fulfill all

these conditions and consequently () will obey buffer-constraints.

Maintaining 1, p2, and pg.  In the following we describe how to update p1, po, and us,
and make sure that the strategies in their support fulfill their respective conditions. The
distributions 1 and pe will always fulfill 35 1i(Q) - Q(7, ¢) = we(7), i.e., the expected
number of times the color ¢ is removed at time 7 by a random strategy @ is equal to the
scaled LP-variable w.(7) (recall that we allow a strategy to remove a color several times
in the same time step). It would be difficult to maintain the above property without
allowing changes in the past. Therefore, we will allow a strategy at time ¢ to alter its past
behavior and to increase or decrease Q(7,c) for 7 < ¢ (such a change may incur a cost,
of course). In reality, decreasing a Q(7, c)-value only makes fulfilling buffer-constraints
more difficult, so allowing this does not give additional power to the algorithm. Similarly,
increasing a Q(7, ¢)-value with 7 < t is never better than increasing Q(t, ¢) instead, since
we only care about the buffer-constraint at ¢ as the others have already been met.
There are two types of changes that require updating the distributions. Firstly, the
we(T)-values may increase. We will assume that these changes are infinitesimal, i.e., in
each time step we have to react to an increase of a w,(7)-value from w.(7) to w.(7) + €.
The other type of change is a change to the vector Z. When 2 is recomputed because
otherwise the primal «(Z,¢) constraint is not proper anymore, we set, for each color ¢
for which one of the conditions is violated, z. to the largest possible value (less or equal
to t) such that > . _ - (yc(7) +dc(7)) > 1/B. The above procedure guarantees that the

following properties always hold

® > (re)zecr<t We(T) < 3. A primal a(Z,t) constraint is properif - .. ;< wr(c) <
2. The base procedure (Algorithm , increases w-values by at most 3/ log® b within

a single time step. For large enough b this means that the above sum never exceeds 3.
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3. Generalized Reordering Buffer Management

® > . << We(T) > 1. In the end we want that every strategy @ from p has every
color removed at least once within the range {z.,...,t}. Therefore this property is

important.

Whenever z' changes Z(T’ O)ize<r<t we(T) decreases by at least 1. Therefore a fixed pair
(7, ¢) is only involved in at most 3 different a(Z,t) constraints.

For increasing w.(7)-values we show that an increase in € results in an expected cost of
O(e) for the maintenance operation. We also implement a maintenance operation with
O(e) expected cost when a w.(7)-value decreases. With this decrement operation we
implement a change of the vector Z as follows.

Suppose we want to change the c-th coordinate of Z from z. to z.. This may make all
conditions that depend on the values |E.(Z, 7)| invalid. We decrement all w.(7)-values
with 7 € {2/ +1,...,¢} to 0. Then we change z. to 2., and after that we increase the
we(T)-values again. The cost for this is O(w.(7)) for every (7, ¢)-pair involved. Since each
(7, ¢)-pair is only involved in a constant number of these decrement operations we obtain
that the total cost for the change is only O(3_, . wc(7)) = O3, . yc(t)), provided that

we can implement the increase and decrease operations as claimed.

Maintaining p1. Recall Condition states, for every ¢, > . (Q(7,¢) +dc(7)) > 1.

For maintaining p; we do not require a decrement operation as Condition does
not depend on |E.(Z,7)|-values. Suppose that w.(7) increases by e. Then we first
identify an e-measure of strategies that have the smallest value of arg max, {Q(7’, ¢) > 0},
i.e., strategies that did not remove color ¢ for a long time. For these strategies we set

Q(7,c¢) = 1. This means that the strategies evict color ¢ in a round-robin fashion. Since

D (repese 2oq MQ)Q(T, ¢) = 321 yese wr(c) = 1, Condition follows.
Maintaining p2. We maintain a strengthening of Condition namely that for all S;

{Z(m)e&_ wc(T)J < Z(T,c)esiQ(T’ ) < {Z(m)esi ’IUC(T)—‘ : (3.15)

Suppose that the wz(7) value for some pair (7, ¢) is increased by ¢ and assume that (7, ¢) €
S;. As we want to satisfy > p1(Q)Q(7, €) = ws(T) we have to increase Q(7,¢) for some
strategies. For this we choose an e-fraction of strategies that have 3 \cgeng, Q(7,¢) < 2.

Observe that such strategies must exist for small enough € as

Yo X Qrom@= Y w(n< Y welr)<3

Q (r,c)eS°NS; (T,c)€SeNS; (t,c)eSe
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. We increase the value of Q(r,c) for the chosen strategies.

Suppose the constraint in Equation is be violated for some class S;. Let
a = [3(r0es, we(T)] (before changing wc(r)) and first assume that |3 g, we(T)]
remains equal to a. Then the strategies that just have been changed may now have
Z(T,c)GSi Q(7,¢) = a+ 2, which is not allowed.

We match these strategies to strategies that have Z(m)esi Q(1,¢) = a. For each
strategy @ there must exist a (7, ¢) such that Q(7,¢) > Q'(7,¢), where Q" denotes the
strategy that @ is matched to. We decrease Q(7,¢) by 1 and increase Q'(7,¢) by 1. This
only induces an expected cost of O(¢). The case in which [}, ;ecg, we(T)] changes is
analogous.

Also the decrement operation can be implemented this way. When w.(7) decreases we
select an e-measure of strategies that fulfill Q(7,¢) > 0 and decrease Q(,c) for them.

Then we do a re-balancing step.

Maintaining p3. Here we maintain a strengthened version of Condition Let
(11,¢1), (12, ¢2),... denote the sequence of (7,c)-pairs from S, in decreasing order of
|E.(Z,7)|. Let (7,¢,) denote the first pair in this sequence that is not in L (note
that this may not exist; then we define r as |S| + 1 since L = S). Define a function
¢ on the (7,c)-pairs that is zero for all (7, ¢;), @ > r; one for all (7;,¢;), ¢ < r and
we, — (Oi_q we, (1) — (A + 1)) Jwe, (1) for (75, ¢,). For all (73, ¢;), ¢ # r £ simply is the
characteristic function of the set L; only for r it measures the fraction by which (7., ¢,)
needs to be included into L in order that the w.(7)-values in L sum up to ezactly (1+ \)
(recall that during the construction of L we were aiming for it to contain a total w-weight

of A+ 1. When we overshoot we remove the last element).

We maintain the constraint that

{ZW)GS we(T) (T, c)J <> (reyer Q0 < [Z s WM c)—‘ ,

which is a strengthening of Condition In addition we maintain »_ 5 Q(7, c)u3(Q) =
we(T)(T, C).

Suppose that a w.(7)-value increases and that (7,¢) € L (otherwise we do not need to
do anything; observe that if w,, is increased or decreased by ¢ the value of w,, (7)¢(7:, ¢;)
stays constant). We increase Q(7,¢) for an e-measure of strategies that have Q(7,¢) < 3.
In addition we decrease Q(7,,c¢,) for an e-measure of strategies (only if r is defined, i.e.,
if L #58S).

Now, there may be an e-fraction of strategies that has a value of Z(r,c)eL Q(7,c) that
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3. Generalized Reordering Buffer Management

is too large by 1, and there may exist an e-measure of strategies for which this value is
by one too low. As before we can perform re-balancing steps in order to fix this at an

expected cost of O(e).

3.3.3. Analysis of the cost control procedure

We now give the analysis of the cost control procedure.

Bounding the violation

The analysis of the base procedure in Section m shows that the y.(7)-constraints
in the dual solution are only violated by a factor of Whase = O(loglogb) when using
(%, t)-variables (Lemma [3.9). Our lower bound construction in Section uses the
ao (3§, t)-variables. In every iteration of the base procedure, ay(Z,t) and s (8, t) increase
by the same amount da, yet s, < z. for active colors c¢. This means that the ag-variables
generate a higher profit and a larger violation in the y.(7)-constraints. We now analyze
the violation that is caused by the as(S),t)-variables.

The deactivation procedure (Algorithm [3)) is in charge for controlling the violation of

the dual program. The procedure makes sure that the following constraint is observed.

deactivation constraint:
The volume collected by a color during a single activity period lies between V and 3V .

Formally, suppose that a color is active during interval [astart, Qend]. Then

Qend
% g/ E,(5,6) da < 3V .

start

The reason we do not simply deactivate a color once the collected volume reaches the
threshold V' is the following. A color that is deactivated will usually become marked
and obtain a server for the rest of the phase. Moving a server to the color incurs cost.
However, if a server is already located at the color, its deactivation is for free. Therefore
we call a server available for marking when it reaches volume V. If a server moves to the
color before its volume reaches 3V, we immediately deactivate it. This does not incur any
additional cost. The deactivation constraint imposes that we may not delay deactivation
for too long and we must mark a color when its total volume reaches 3V. This technique
will be substantial when analyzing the routine for scheduling k& > 1 servers in Section [3.4]

The following lemma bounds the violation of the y.(7)-constraints in LP
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Lemma 3.17. The y.(7)-constraints in our dual solution (using as(3,t)-variables) are
violated by at most a factor of W = Whase + 6V = O(Whase + V).

Proof. Fix a color ¢ and a time step 7 and recall that the y.(7)-constraint is

The color ¢ can become active at different time steps. We first show that the left-hand
side of the constraint only increases during two activity periods of c.

Assume for a contradiction that the color is activated at t1 < to < t3 and all three
activity periods influence the constraint to 7. Let s1, s9, and s3 denote the s.-values that
correspond to t1, ta, and t3, respectively. For y.(7) to be affected by the first activity
period we must have s; < 7 <t for a time step ¢ within the first activity period. Clearly
t < ty. Similarly, we get s3 < 7 < t/ for some time step t/, so s3 < 7 < t3. However,
between consecutive activation points of a color at least [ fmax| items of color ¢ arrive,
i.e., [ fmax| items arrive between time steps to and t3. When we activate color ¢ at time ¢3
we set s, such that |F(8,t3)| = [ fmax|- This means to < s3, which gives a contradiction.

By the deactivation constraint, the left-hand side of a y.(t)-constraint increases by at
most 3V during a single activity period of ¢. The total violation collected during any
activity period of c is therefore at most 6V. The violation contributed while ¢ is inactive
is

[ B nhda= [ |E(7)|da

acte acte

= [ 1EEnda= [ (BE)da S Wi

acte acte

The equalities follow because for an inactive color ¢ and constraint y.(¢) we have
|Ec(5,7)| = |Ec(Z,7)] < fmax < |E(Z,t)] — 0 < |E(5,t)] =V, i.e., capping does not
have any effect. The total violation is therefore at most 6V + Wiaee. O

Fulfilling the constraints

In the following we show that the cost control procedure fulfills the preconditions of
Lemma . We will use that by Line |§| of the deactivation procedure (Algorithm , a
color is marked upon deactivation if and only if its activity period lies completely inside

the current phase.

Claim 3.18. Marked colors collect at least total volume V in a phase. This gives [Condition 1
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Proof. A marked color has an activity period completely inside the phase. It collects at

least volume V due to the deactivation constraint. O

Claim 3.19. Any color collects at most total volume 6V in a phase. This gives [Condition I1,

Proof. A color can be activated at most once in a phase, because after deactivation within
the same phase it will become marked. Hence at most two activity periods per color
overlap with a phase. The color collects at most volume 3V during each of them due to

the deactivation constraint. O

The proof that holds is split into two parts: the volume gap on new colors
and the volume gap on stale colors. We first show the former.

Claim 3.20. The volume gap on new colors is at most ) .. n. Ac(I;) < 6yn;V, where I;
denotes the time interval of the phase, N; denotes the set of new colors in the phase and

Proof. This follows directly from Claim and the fact that the gap is at most a
~-fraction of the total volume (Equation (3.5))). O

For stale colors, the volume gap is 0 if K = 1. This is because the phase immediately
ends if a new color is marked, so the (only) stale colors always has a server. This
gives for k = 1. For k > 1, we give an subroutine for scheduling servers on
the stale colors in Section so that the volume gap is small. This is formalized in the

[Stale Color Lemmal below.

Cost analysis

When analyzing the cost of our algorithm when serving the block requests, we split the
cost into two parts. On the one hand there is the hit cost which is the cost we incur
if none of the k servers is located at the requested color. This is the cost of the block
operations scheduled by the base procedure. If the algorithm changes the placement of
servers, the corresponding cost is the movement cost. Note that these movements may
occur even without an explicit block request. Naturally, we can split this cost among
the different colors. For example, the movement cost for color ¢ in the phase is the total
number of times that we changed the server assignment for color c.

Recall that the cost control procedure observes the scheduling constraint on the non-stale

colors.
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scheduling constraint:
e a marked color is always assigned a server,

e the remaining colors are only distributed among stale colors.

From this rule it follows that non-stale colors are served by block operations while they

are unmarked, and after this they do not incur any cost because they have a server.

Claim 3.21. The total movement cost on non-stale colors during Phase i is n;, where n;

s the number of new colors in the phase.

Proof. We only incur a movement cost if we mark a color. Non-stale colors that become

marked are new colors. O

The cost on stale colors depends on our subroutine for scheduling the k servers on the

stale colors. We give this algorithm in Section which will prove the following lemma.

Lemma 3.22 (Stale Color Lemma). For V > D there is a randomized scheduling algo-
rithm for stale colors that obeys the scheduling and deactivation constraint and guarantees
that the volume gap on stale colors in Phase i is at most 3v(1 +~)n;V. The expected cost
on stale colors generated by this algorithm is only O(V logk-E[>, ni] + Costbase).

Proof for k = 1. For k = 1, a phase ends as soon as the first color is marked. This means
that the (only) stale color always has a server and does not collect a volume gap. The

lemma follows immediately. O

3.3.4. Combining the results

We combine the bound on the cost with the lower bound from Corollary [3-8] which gives

our main theorem of this chapter.

Theorem 3.23. There is an algorithm of competitive ratio O(log k(log k + loglogb)) for

the generalized reordering buffer management problem.

Proof. [Condition I and [Condition II| follow from Claim and Claim [3.19] respectively.

The volume gap on unmarked colors is at most

3v(1 4+ v)n;V + 6yn;V < 10yn;V |

by Claim [3.20] and the [Stale Color Lemma) which gives We choose V = D,
which gives that the violation of the LP constraints is at most W = Wy,ee + 6V =

85



3. Generalized Reordering Buffer Management

O(loglogb) + 6D = ©(D). Hence, we can use the lower bounds on the optimum cost
provided in Corollary It remains to analyze the different cost components.

By Lemma , the fractional assignments to y.(t)-variables in the base procedure
contribute at most 23, a1 (7, t)(|E(¥,t)] —'). This is at most 2 [ (|E(Z,t)| — ') da
and can be amortized against the lower bound at a loss of a factor of O(W) = O(D).

The expected cost of the cost control procedure is O(V logk -E[>, ni] + Costbase) on

the stale colors by the [Stale Color Lemmal. This can be amortized against the cost of

the base procedure and the lower bound Q(ZZ ni), as this lower bound holds for every
partitioning of the request sequence into phases respecting the preconditions. The loss is
a factor of O(V'logk) = O(Dlogk).

The movement cost of the cost control procedure for non-stale colors is ), n; due to
Claim This can be amortized against the lower bound Q(Zl nl) at a loss of a factor
of O(1).

Finally, the cost of block requests to non-stale colors is at most D) _a., where a,
denotes the number of non-stale activity periods for color ¢. This is due to the fact that

a single activity period contains at most D block requests to a color. O

Observe that our proof of the [Stale Color Lemmal for £ = 1 already implies that our

algorithm is O(loglog b)-competitive for classical Reordering Buffer Management. This

reproves a result by Avigdor-Elgrabli and Rabani [AR13].

3.4. Scheduling k Servers

The previous section shows how our new approach to RBM leads to an optimal O(log log b)-
competitive algorithm. The goal of this section is to extend this algorithm to the
generalized problem of k > 1 servers. This is not straightforward: recall that even if there
is no buffer (b = 0), GRBM reduces to the PAGING problem. This observation implies in
particular that deterministic algorithms for GRBM will be Q(k)-competitive.

As we aim for a polylogarithmic competitive ratio, the algorithm we construct is
therefore randomized. We will first present the high-level plan of attack we follow. We
then define a cleaner model of the subproblem our algorithm has to solve if k¥ > 1. Notably,

this implies the definition of a specific adversary for the competitive analysis. We then

explain the algorithm itself and prove it fulfills the [Stale Color Lemmal Finally, we

consider the question of designing an optimal O(loglog b + log k)-competitive algorithm
for GRBM. Our algorithm does not achieve this competitive ratio, hence we explain the

limits of our approach and we point towards techniques to overcome them.
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3.4.1. Plan of attack

The [Stale Color Lemmal (Lemma [3.22]) imposes essentially that a scheduling algorithm

guarantee that the volume gap in Phase i be at most O(n;V'), while the movement cost is

small. When analyzing the volume gap that a randomized scheduling algorithm collects
on the stale colors, one is faced with a major obstacle. The collection of volume (and
thereby the increase in the volume gap) is to a large extend guided by the increase of
a-variables through the base procedure. Unfortunately, the actions of the base procedure
depend on |F(Z,t)|, which, in turn, depends on the distribution of servers on the stale
colors. This means that we cannot simply treat the increase of volume gap as an input
sequence from an oblivious adversary (see Section for a definition of the adversaries
in the field online algorithms). In other words, while the actual input for our algorithm is
provided by an oblivious adversary, the input for the (artificial) subproblem of scheduling
on the stale colors also depends on the random choices we make. This makes the analysis
of the randomized scheduling algorithm much more challenging and it requires a careful

modeling of the cost and the adversary.

The Marking algorithm for Paging

As mentioned in Section [3.2] our procedure for scheduling multiple servers is inspired by
the Marking algorithm devised by Fiat et al. for the PAGING problem |[FKL™91]. We now
give an overview of their algorithm and we sketch the proof of its competitive ratio. See
the textbook by Borodin and El-Yaniv for a formal analysis [BE9S Chap. 3|.

The PAGING problem is equivalent to GRBM if the buffer has size 0. A sequence
of requests arrives online and each request must be processed immediately by one of k
servers. Each request has a color and the k servers move on the set of colors. When the
request’s color ¢ is occupied by some server, it will be processed immediately. Otherwise,
one of the servers must move to color ¢ at cost 1. The goal is to minimize the total cost.
The Marking algorithm partitions the request sequence into phases with the first phase
starting with the algorithm. A phase begins with every color unmarked and the marked
colors of the previous phase are called stale. When a color sees its first request in the
current phase, that color is marked and obtains a server for the rest of the phase. This
server is chosen uniformly at random from one of the servers residing on the unmarked
stale colors. When k colors have been marked, the current phase ends and a new phase
starts.

The proof of the competitive ratio is based on two ideas. First, it is not hard to see

that an optimal algorithm has cost at least ) . n; over the course of the sequence. Here,

87



3. Generalized Reordering Buffer Management

n; denotes the number of new colors that were requested in the current phase, but not
the previous one. Second, one can show that the algorithm’s expected cost per phase is
O(log k)n;. To see this, recall that the algorithm only incurs cost by moving a server
from an unmarked stale color ¢’ to a marked color ¢. We charge all of the cost to the n;
new colors and we assume they are marked at the beginning of the phase. A fixed new
color ¢y obtains its server from stale color ¢;. If ¢; is marked later in the phase, it obtains
its server from a different, still unmarked stale color c¢s, and so on. As colors ¢y, co, . ..
are chosen uniformly at random, we expect the number of unmarked stale colors to have
halved in the interval between marking colors ¢; and ¢;11. As there are k stale colors at
the beginning of the phase, we expect only O(log k) movements to be charged to cg.
Our approach, while similar at the high level, differs substantially in the details. Aside
from the aforementioned issue in defining the adversary, the cost control procedure also
changes the definition of marking colors. The marking process depends on deactivation

colors, which means that it is influenced mostly by the volume.

Paid requests

Our algorithm requires that we slightly change the definition of a block request in the
cost control procedure. The change is mostly technical, yet necessary for adapting the
Marking algorithm to our scenario. Recall that an active color obtains a new block request
whenever |E.(8,t)| > (1 +7)|E(5,t')|, where ¢’ is the time of the last request. When a
color has obtained D requests in a single activity period, no further requests to this color
are issued in the current activity period.

For stale colors, we change this algorithm by issuing requests beyond the D-th request
in an activity period whenever |E.(5,t)| > (1 + v)|E.(5,t")|. We call the first D requests
to a color its unpaid requests, all later requests are called paid requests. The paid requests
can be amortized against the cost of the base procedure, so they do not asymptotically
change the cost of our algorithm. We do not require that a block operation is performed
on ¢ upon a paid request. In fact, we prove below that the base procedure must have
scheduled a block operation on c.

Before we formally prove that the cost of paid requests can, essentially, be ignored,
we explain why they are necessary for our strategy. At a high level, our algorithm must
distribute £ — n servers on k stale colors. In order to minimize the volume gap, we like to
have the n holes on those colors with smallest rate increase in total volume. However,
following the minimum |E.(3,t)| directly results in a high movement cost, as this value
can change very often. Instead, we follow the colors with minimum number of requests,

as |Ex(5,t)] = (1 + 7)™ fuax, where r(c) is the number of requests to color ¢. This
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(approximate) equality can only hold when we continue to issue requests after the D-th

request.

Fact 3.24. The number of paid requests in a phase is at most 2 costpase, where costpase

18 the cost of the base procedure in the phase.

Proof. Suppose color ¢ receives its j-th request at time ¢’ with j > D, then |E.(5,t")] >
(1 4+ )P frmax > (2b + 2)/v. When the next, paid, request for color ¢ is issued,
|Eq(5,t)] > (1+7)|Ec(8,t")|. This implies that at least 20+ 2 items of color ¢ have arrived
in the interval (¢',¢] and none of them have been removed by block requests to c. As the
buffer only holds b items, it follows that the rounding procedure of the base procedure

must have scheduled at least one operation on color ¢ in order keep a feasible solution. [

3.4.2. Model of cost and adversary

We now define an abstract framework for analyzing the cost of the algorithm. We also

define precisely the power of our adversary, which simplifies the analysis later on.

Cost model

Consider a fixed adversary whose power will be defined later. A configuration C of our
algorithm consists of a time step t along with the algorithm’s decisions up to time t. At
any point in time, our algorithm chooses a new configuration based on (i) its current
configuration, (ii) the adversary’s actions, and (iii) some random bits. Given that the
adversary is fixed, the algorithm’s decision is therefore memoryless (more precisely, all
previous configurations are encoded in the current one). The algorithm can therefore be
viewed as a Markov chain whose states are the configurations. Furthermore, this Markov
chain is a directed tree rooted at the initial configuration Cy. There exists an edge from
configuration C' to configuration C” if the algorithm, when in configuration C, decides
with non-zero probability to have C” as its next configuration. Let p(C' — C”) denote this
transition probability.

The transition probability naturally extends to arbitrary pairs of configurations as
follows: p(C — C”) is 0 if no path from C to C’ exists in the tree; otherwise, it is
the product of transition probabilities on that path. We say that C’ is reachable from
C, writing C — ', if and only if p(C — C’) > 0. Similarly, when transitioning from
configuration C' to configuration C’, the cost of the transition is the total number of
unpaid actions performed by the algorithm while transitioning, either as block operations

or server movements on the stale colors. If C'— C’, let cost(C' — C’) denote the cost
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of the transition from C to C’; otherwise cost(C' — C’) = 0. Importantly, cost(C — C”)
ignores the cost that happens right after a paid request. We show later that each paid
request incurs only constant cost, so the total cost of paid requests is O(costpase +1(C)D)

in a phase ending in configuration C'

Our analysis uses an amortization scheme for the cost of the algorithm. For any
nonnegative function ®(C') from the set of configurations to the real numbers, let the

amortized cost of transitioning from C to C’ be

t(C—=C)+(C)-0(C) ifC—=C",
COSt(D(C — Cl) — Cos ( ) ( ) ( ) 1 ] (316)

0 otherwise.

Fact 3.25. If C — X and X — C’ then

p(C = ") =p(C = X)-p(X = "),
coste(C — C') = coste(C — X) + coste(X — C') .

Proof. If C — X and X — C’ then X lies on the path from C to C’ in the tree. Thus
both the sides of the equation equal the product of transition probabilities on that path.
Similarly,

coste(C' — C') = cost(C — C') + ®(C) — ®(C)
= cost(C — X) + cost(X — C') + ®(C') — ®(X) + ®(X) — ®(C)
= coste(C — X) + coste (X — C') . O

The expected cost of our algorithm on the stale colors is

Z p(Co — B)cost(Cy — B) .
BeB

In order to show that this is small, our strategy is to define a special set S of event
configurations. We show that our algorithm only encounters few event configurations in
phase, yet the expected cost of transitioning from one event configuration to the next
is small. For event configurations C,C" € S, we write C' — C’ (say C’ is successor of
() if C — " and there is no event configuration X € S on the path from C to C’. Let
p(C— C") = p(C = C") if C+— C" and 0 otherwise. Similarly, let coste(C — C') =
coste(C' — C') if C +— C” and 0 otherwise.

The precise definition of event configurations is deferred to Section [3.4.3] For now, we
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only require the event configurations and a suitable potential function ® > 0 to fulfill the
following properties. Let n(C) denote the number of new colors marked in the phase of

C up to the time step of C.

(P1) The algorithm experiences at most O(D log k) event configurations per phase.
(P2) For any C € S, Y iegp(C — C') coste(C = C') = O(n(C)).

(P3) ©(Cp) =0 and ®(C) > 0 for every configuration C.

Using these properties, the following technical lemma gives an upper bound on the

algorithm’s expected cost on stale colors.

Lemma 3.26. The expected cost on stale colors is at most O(D log k)E[Zl ni], where

n; 1s the number of new colors in phase i.

Proof. Without loss of generality, assume that the end of a phase is always an event
configuration. Let P be the set of the event configurations that end a phase and call them
phase configurations. For any phase configuration, we have define an artificial, unique
event configuration on the next time step that marks the start of the new phase. Similarly
to the event configurations, we write C s C’ if C — C’ and there is no X € P with
C — X and X — C". Let p(C & C') = p(C — C") if C & ¢’ and 0 otherwise.

The expected cost of our algorithm is, using Property and Equation (3.16)),

> " p(Co — B) cost(Co — B) = > p(Co — B)(coste(Co — B) — ®(B) + ®(Cp))
BeB BeB

< Zp(Co — B) coste(Cy — B) .
BeB

In a first step, we show that this is at most O(Dlogk) > pcpp(Co — P)n(P). We then
prove that Y- pep p(Co — P)n(P) equals E[Y, n;], which gives the lemma.

Claim 3.27. 3z p(Co — B)coste(Co — B) = O(Dlogk) Y pep p(Co — P)n(P).

Proof. Fact implies that for any B € B, cost(Cp — B) can be written as the sum of
costs between the event configurations on the path from Cy to B in the tree. We use that
cost (C' +— C") is 0 if C' is not a successor of C' and Property |(P3)| which gives

costy(Cop — B) < Z Z coste(C — C) .

CeS C'es
C'-B
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This allows us to rewrite the expected cost of the algorithm as

Z p(Co — B) Z Z coste (C +— C7)

BeB CeS C'eS
C'—=B

= ZZ Z (Co — B) coste(C — C")

CeS BeB C'eS

C'—B
= D pCo—C)Y_ > p(C— B)coste(C — C")
Ces BeB C'eS
C'—B
= Zp(C’o — C) Z coste (C +— C7) Z p(C — B) .
CeS c'eS BeB

C'—»B

The second equation used Fact the third equation changed the order of summation.
If C" is reachable from C, Fact [3.25| gives > p i o,y p(C — B) = p(C — (') as the

algorithm always ends in a configuration of 5. The expected cost is therefore

> p(Co—C) > p(C — ') costa(C — C') < ¢ Y p(Co — C)n(C) .
CeS C'eS CeS

We used Property (P2)| with ¢ as the constant from the O-notation.

We now multiply each term of the sum with 1 =}, p(C LN P) and obtain

¢ p(Co = On(C) Y p(CHE PY=¢- >3 p(Co— C)n(C)p(C & P)

ceS PeP PeP CeS
<> n(P)> ] p(Co— C)p(C & P)
PePpP ceS

<({ -Dlogk Zp(C'o — P)n(P) .
peP

The first inequality uses that the number of colors never decreases within a phase. To
see the second inequality, observe that Property |(P1)|implies that for any fixed phase
configuration P at most O(D log k) event configurations have positive p(C LN P). Again

¢’ is a constant from the O-notation. O
Claim 3.28. Y p.p p(Co = P)n(P) = E[Y; ni].

Proof. Let P; denote the phase configurations ending the i-th phase in the tree and
observe that the P; partition P. The expected number E[n;] of new colors in Phase i is
> pep, P(Co — P). This uses that the algorithm has 0 colors in any phase it does not

reach. The claim then follows by linearity of expectation. O
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O]

Model of the adversary

From now on, we consider a single phase starting in a single configuration. We re-number
the time steps with ¢ = 1 being the first time step of the phase. The request sequence
and the increase in « both depend on the color sequence fed to the base procedure; it is
convenient to model it as a specific type of adversary that we define next.

We assume that the adversary select an order among the block requests on the stale
colors. Below, we show that any request outside this sequence may be ignored. After
choosing this sequence, the adversary can do one of the following operations in each
Step t.

e Request: Issue the next request from the predefined sequence.

e Volume increase: Increase a by da. This increases the volume gap on active

colors that are not assigned a server.

In addition there are the following events that the adversary cannot influence directly

but only indirectly by altering the total volume collected by a color.

e Marking of a stale color: In this case one server has to be moved to the newly

marked stale color.

e Marking of a new color: Mark a non-stale color c. In this case one server has to
be moved away from the stale colors to be assigned to color ¢ for the remainder of
the phase. This increases the number n(t) of new colors that appeared in the phase

up to time .

For each of the above actions the adversary knows the random choices of the algorithm
up to Step t. The following claim shows that we can indeed assume that the adversary

has to specify the order of requests at the start of the phase.

Claim 3.29. After the start of the phase the order of requests to unmarked stale colors

during the phase is not influenced by actions of the scheduling algorithm.
Proof. As a reminder the rules for generating requests are as follows:

1. an inactive color gets a request if it has seen at least fimax requests since the most

recent explicit server request
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2. an active color gets a request if |E.(8,t)] > (14 v)|E.(8,t")|, where ¢’ is the time

step of the most recent explicit request to the color.

Recall that stale colors are inactive at the beginning of the phase. If at the start of the
phase we know the number of items that arrived for every color since the most recent
request, we can calculate how many items need to arrive in order for a request of Type 1 to
be generated (which activates the color). As long as the color stays active further requests
of Type 2 only depend on the number of items received for the respective color. When
the color gets deactivated it becomes marked and, hence, further requests to this color
are not of interest. This shows that requests to unmarked stale colors only depend on the
number of items and, thus, their order cannot be influenced once the input sequence of

items is fixed, which has to be done at the start of the algorithm. O

At first glance the above claim might appear too weak to guarantee that the adversary
is strong enough as the order of requests to marked colors can actually be influenced by
actions of the base procedure. The reason is that marking/deactivating a color changes
how requests to the color are generated, and thus this can influence order of requests.
However, our algorithm ensures that any marked color is always assigned a server. It
follows that adding or removing requests to marked colors does not influence the scheduling
decisions or the cost of the algorithm.

In order to get a cleaner model we restrict the choice of the online algorithm in each
step. We add (many) dummy time steps, where in each time step the adversary has the
choice between a limited number of actions. More concretely we have the following types

of steps:

o Request time stepst € T,
The adversary issues the next request in the predetermined sequence. The adversary

cannot skip this step.

e Marking time steps t € T, for new colors

The adversary increases n or skips the action.

e Volume time steps t € T,

The adversary either increases a by da or skips the action.

The above model can be obtained by fixing the time steps that should be request time
steps and by adding sufficiently many time steps of each type between any two consecutive

request time steps.

94



3.4. Scheduling k Servers

3.4.3. Subroutine for scheduling servers

We now present our algorithm and its analysis. Observe that with the discussion of the

previous section, it suffices to consider the algorithm’s decisions in a single phase.

The algorithm

Given a configuration C' and stale color ¢, let r.(C') be the number of requests to color ¢
up to the time step of C. Let ¢,(C) denote the number of unmarked stale colors that
have seen r requests. The current round r*(C) is min{r | £,(C) > n(C)}. We sometimes
omit the argument C' if the configuration is clear. Observe that r* never decreases as ¢,
never increases and n never decreases. A color ¢ is free in round r* if it is an unmarked
color having seen exactly r* requests and with a server located at it.

The algorithm’s movement strategy is the following. The current server distribution is

only modified if
e a color ¢ without server obtains its (r* + 1)-th requests, or
e a new color ¢ is marked, or
e a stale color ¢ without server is marked.

In these cases, the algorithm picks a free color ¢’ uniformly at random and moves the
server from ¢ to c.
Similar to classical Marking, our algorithm distributes the servers on the marked colors

and the stale colors that have seen the most requests.

Observation 3.30. A marked color has a server. A stale color with more than r* requests

also has a server. An unmarked stale color with less than r* requests has no server.

Proof. A server moves to a color when the color is marked. As marked colors never
become free, this server never moves away.

Fix a configuration C' and let ¢ be its time step. For 0 < 7 < ¢, we write 7.(7) to denote
the number of requests to color ¢ up to time 7 and r*(7) to denote the current round at
time 7. Note that configuration C' encodes all decisions up to time ¢, hence r.(7) and
r*(7) are fixed for 0 < 7 < t. Let ¢ be some unmarked stale color.

Suppose 7.(t) is larger than r*(¢). We have 7.(0) = r*(0) = 0, as a phase starts without
marked colors. Let ¢ < ¢ be the last time step when r.(t') = r*(¢'). As both r* and
. are nondecreasing, it follows that r.(t' +1) = r*(t' + 1) + 1 and r.(7) > r*(7) for

t'+1 <7 <t. On the one hand, this implies that either a server was located at ¢ at time
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t' +1, or a server moved to ¢ at time ¢ + 1. On the other hand, ¢ was no free color in the
interval [t' + 1,¢], so the server cannot have moved away. Hence there is a server at color
c.

Now suppose r.(t) is smaller than r*(t). Let ¢’ < t be the last time during which
re(t') = r*(t'). Tt follows that r* increases at time ¢’ + 1, so £,» = n at time t". We know
that every color with at least »* 4+ 1 requests has a server and n stale colors have no server.
It follows that no unmarked stale color with at most r*(¢’) requests has a server at time
t’. In particular, there is no server at color ¢ at time t’. As color ¢ is unmarked and never

sees its (r* + 1)-th request during interval [t + 1,¢], it still has no server at time t. [

It follows that our algorithm fulfills the scheduling constraint. It also fulfills the
deactivation constraint as marked colors always have a server and do not collect any more

volume.

Bounding the volume gap

In order to obtain a bound on the volume gap, we proceed as follows. The volume gap on

an active color ¢ over interval [ is defined as
Ac(I) = voll (I) — volZ(I) < yvoll (1) .

The inequality follows from Equation (3.5). Observe that a color that is assigned a server
does not increase its volume gap as the increase in total volume matches the increase
in extra volume. Instead of analyzing the volume gap directly, we instead consider the

volume cost, which is equal to the total volume a color without server collects.

Lemma 3.31. The volume cost on stale colors is at most 3(1 + )V - n per phase, where

n is the number of new colors of the phase.

Proof. Fix a configuration C' that marks the end of a phase and let n = n(C). We show
that the volume cost in the phase ending in configuration C' is 3(1 + )V - n. Note that
this imposes a fixed set of random choices for the phase.

If n = 0 a stale color is always assigned a server, so the volume cost on stale colors will
be 0 in this case. Hence, assume n > 0. In this case there exist n stale colors that are
not marked in the phase. Let U denote this set of colors and observe that each of these
colors collects at most total volume 3V during the phase. Otherwise, the color would
be deactivated and directly become marked (unless the phase ends at that time step).
Hence ) s voll (I) < 3nV, where I is the interval of the phase. We show next that in
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each time step the volume cost of the algorithm increases roughly by the total volume
collected by colors in U during the step.

Fix a time step and let M denote the set of active stale colors that are currently missing
a server. The volume cost increases by D s |Ec(5,t)| da. On the other hand the total
volume collected by colors in U increases by > . |E(5,1)| da.

Claim 3.32. 3y, [Ee(5,1)] < (14 9) Sy | Ee(5,1)].

Proof. First observe that |M| < n = |U|. We sort the colors in M and U according to
the number of block requests they have received so far.

We now map the i-th color in M (if it exists) to the i-th color in U. We show that for
any such pair (¢, ¢,) we have |E,, (5,t)] < (14 7)|E.,(5,t)].

Let r(c) denote the number of requests to color ¢ so far. Clearly r(cp,) < r(c,) as only
the colors that have seen the fewest requests are missing a server by Observation [3.30]
Furthermore, 7(c,) > 1, as the colors of M are active and therefore must have been
requested at least once. Let p; denote the number of items in E.(s,t) right after the
i-th request, for 1 < ¢ < D. Due to the way requests are generated in Algorithm [2| there
are exactly [ fmax| items in E.(8,¢) at the time of the first request. For i > 1, we have
si=[(1+7)si—1]. Hence if 1 < r(cm),

‘Ecm (gv t)’ < Sr(em)+1 — 1
STA+M)sreny — 1
S M+ Msr(en) < (L) [Ee,(5,0)] -

O

Since the volume of elements in U is at most 3nV we get that the volume cost on stale

colors is at most 3(1 + y)nV. O

Bounding the cost

In order to bound the movement cost of the servers, we define a suitable set of event
configurations. The start of a phase is always an event configuration, as well as the
configuration when n(C) first increases to 1. After that, event configurations are defined
inductively. As long as r* < D, a configuration is an event configuration if either n(C)
has doubled since the last event configuration, or the number of free colors has decreased
by a factor of 1/4, or the round r* < D increases. Furthermore, the end of a phase

(which are just one artificial time step away from the beginning of the next) is an event
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configuration. When r* > D, no further more event configurations exist before the end of
the phase.

We prove that this definition fulfills properties [[P1)] [[P2), and [(P3)] for a suitable
potential function ®. The next claim proves Property .

Claim 3.33. There are at most 8D log k event configurations in a phase.

Proof. The number of new colors is at most k, hence it doubles at most log k times. At
most D event configurations mark the increase of r*. Within a round, the number of free
colors decreases by a factor of at least 3/4 between event configurations, hence there are
at most logy/3 k < 4logk — 1 such event configurations per round. Finally, there are two
event configurations marking the start and end of the round. Summing up (generously)

gives the claim. O

The movement cost for marking stale colors is bounded via the following technique.
According to the deactivation constraint, a color that as collected total volume V is
available for marking. The color must be marked before it collects volume 3V. If a color
is available for marking and has a server assigned to it, we simply mark the color. This
does not induce any movement cost, as the server assignment does not change. If a color
reaches volume 3V without a server assigned to it, we mark the color and reassign a
server from a free color to it. This forced marking induces cost 1. The next claim bounds

the number of these forced marking operations.

Claim 3.34. For any event configuration C, there can be at most 4n(C) forced marking

operations before the next configuration.

Proof. Observe that a color that experiences a forced marking operation has collected
total volume 2V since it became available for marking. During this time it has never
been assigned a server; otherwise, it would have been marked right away. This means
that a color that experiences a forced marking operation has volume cost at least 2V'.
Let configuration C’ be a successor of C' and assume without loss of generality that
C ends a phase. This can be achieved, e.g., by marking all stale colors without server
right before C’. Then the volume cost collected in the phase ending with C’ is at most
3(1+7)V-n(C") <6(1+7)V -n(C) by Lemma [3.31] The number of forced markings in

the phase is therefore at most

6(1+7)V - n(C)
oV

=3(14+v)n(C) < 4n(C). O

Next, we show that the cost after round r* = D is small.
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Claim 3.35. The cost after round D is at most O(n(C)D + costpase) if the phase ends

in configuration C.

Proof. After reaching round D, at most n(C)D requests are still issued for colors with
less than D requests so far. All requests after the D-th request to a color is a paid request
and the algorithm has constant cost for adjusting the distribution in response to it. The

total number of paid requests is O(costpase), Which gives the claim. ]

We now prove Property |(P2)l Let

o(C) = max{0, min{r*(C),D} — r.(C)} .

Clearly ®(C) > 0 and ®(Cp) = 0, so Property |[(P3)|is fulfilled.
Lemma 3.36. For any C € S, Y icsp(C = C') coste(C — C') = O(n(C)).

Proof. If r*(C) > D, all requests before the next event configuration are paid requests,
so coste(C' — C') = 0. As ® only decreases after round D, the lemma holds.

Partition the set of successors of C' into sets Sj so that the adversary makes identical
decisions for all configurations in S;. We fix one set &; and show that the expected cost
before reaching a configuration in S; is O(n(C)).

Instead of arguing about the cost of servers, it is convenient to consider the cost of
antiservers that mark the absence of a server. We imagine n antiservers moving on the
stale colors, each color having either a server or an antiserver. There are n antiservers,
with n(C) < n < 2n(C), as there is one antiserver per new color and the number of new
colors can at most double between event configurations. The antiservers only visit free
colors (with r. = r*) and unmarked colors with r. < r* by Observation m

When a color ¢ without server and r, < r* is requested, the unit cost for processing the
request is absorbed by the decrease in ®. If the requested color c is a free color, so r. = r*,
we charge the antiserver located at ¢ with 1. We also charge an antiserver located at a
color that is marked. Let A; be the cost charged to the i-th antiserver and let M; be the
number of times its color is marked in S;. We show that E[A4; | M; = m;] = O(1 + my).

As the request sequence cannot be modified by the adversary after the start of the
phase, we number the free colors in the order in which they obtain their (r* + 1)-th
request. If configuration C' has z free colors, at most colors 1, ..., z/4 are requested before
the next event configuration. The adversary only controls the marking operations; we
therefore consider some fixed set of marking operations.

The m; forced markings of colors with antiserver i partition the time interval into 1+m;

intervals during which the antiserver experiences no marking event. Consider any of these
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intervals. Whenever antiserver i is charged, this means that is was located on one of the
colors 1,...,z/4 and this color just received its (r* + 1)-th request. The antiserver then
picks a free color uniformly at random to move to. If the new color is one of z/4+1,..., z,
the antiserver is settled, as it will not be charged before the next marking event. As there
are always at least z/2 unmarked colors in the interval z/4 + 1,..., z, it follows that
antiserver 7 is settled with probability at least 2/3. Let B; count the number of trials until
antiserver ¢ is settled. It follows that B; < G with G ~ Geo(2/3), so E[B;] < E[G] = 3/2.
With the above discussion, this implies that E[4; | M; = m;] < 3(1 +m;) + m;.

It follows that for any set S;, the expected cost is at most
3 5
> E[Ai | M =mi] < 2n(C)3 + 5 > mi =3n(C) + 4n(C) = Tn(C) .
i i

We have used that by Claim the number of forced markings between event configura-
tions is at most 4n(C'). We also used that there are at most 2n(C) antiservers.
As the expected cost for any fixed S; is at most 7n(C), the same must hold for any

weighted average of successors of C. O

Combining the results

Lemma, and Claim [3.33] imply that our event configurations and ® fulfill the required
properties, so Lemma [3.26] and Claim [3.35] imply that the expected cost on the stale
colors is at most (’)(D logk-E[>, n] + costbase). The bound on the volume gap is shown

in Lemma [3.31] Hence, we have proven the Stale Color Lemma for k£ > 1.

Lemma 3.37 (Stale Color Lemma). For V > D there is a randomized scheduling algo-
rithm for stale colors that obeys the scheduling and deactivation constraint and guarantees
that the volume gap on stale colors in Phase i is at most 3v(1 +~)n;V. The expected cost
on stale colors generated by this algorithm is only O(V logk - E[Y", n;] + costhase) -

As shown in Section this implies our main theorem of this chapter.
Theorem 3.38. There is a O(log k(log k + loglog b))-competitive algorithm for General-
ized Reordering Buffer Management.
3.4.4. Towards optimal competitiveness?

Improving the competitive ratio in Theorem to O(logk + loglogb) is a challenge
we must leave open in this work. Indeed, while a lower bound of Q(log k + loglogb) is

evident from the connection to PAGING and RBM, we are not aware of any other result
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to bridge this gap. Our goal for the remainder of the section will be to highlight some
possible avenues for bridging this gap within our framework, as well as the difficulties
that are to overcome.

First, observe that in order to achieve optimal competitiveness, it is enough to give
an algorithm for scheduling on the stale colors that respects the volume gap, and whose
total cost on the stale colors O(V +logk) = O(V). Recall that the algorithm we propose
only achieves cost in O(V - log k).

In order to gain a better intuition for the problem, we propose a discussion on the
following simplified problem we call V-paging. In this problem, we are given a cache of
size k —n and k colors (pages). At each time step, one of the k colors is requested and
must be moved into the cache at cost 1. After a color has been requested V times, it is
marked and stays in the cache permanently. The request sequence ends after kK — n colors
have been marked. The goal is to find a strategy to move colors in and out of the cache

whose cost is minimal.

Strategies for V-Paging

A simple strategy for the offline version of the problem leaves those n colors that will
never be marked outside of the cache permanently. This strategy incurs movement cost n
and hit cost at most n - V. Observe that any deterministic online strategy tie breaking
cannot avoid cost Q(V(k — n)), as the adversary can essentially request a color that is
outside of the algorithm’s cache most of the time.

A the high level, a randomized strategy for V-Paging can be defined as follows. At a
time step ¢, let .(t) denote the number of requests color ¢ has received before time step ¢.
This gives a vector z over the colors that we call the load vector. Similarly, let £.(¢) = 1 if
color ¢ is requested at time ¢ and £.(¢) = 0 otherwise. This gives z(t) = x(t —1)+£(t —1).
A randomized algorithm must define for any time step the probability p.(z,t) that color
¢ is not in the cache. Observe that the entries of vector p must sum to n at any time.

The algorithm we present in Section [3.4.3] chooses p. = 1 for colors with minimum
value of x., breaking ties randomly. It is therefore a Follow-the-leader strategy and we
saw above that it incurs hit cost n -V logk.

An improved strategy comes from the area of online learning and is given by Blum et
al. [BBK99]. They propose to adapt the Randomized Weighted Majority algorithm (RWM)
for paging. This algorithm is known under many different names such as Multiplicative
Weights Update or Regularized Follow-the-leader. We sketch their approach using a

different notation.
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For z € R*, positive integer n < k, and 8 > 1, define the S-softmin of order n as
sming ,,(z) = —logg (ZTe([k]) B~ >ier xz) )

The function sming ,(z) is a smooth approximation of the sum of the n smallest elements
from the vector x. The higher we choose factor 3, the more tight is the approximation of
the softmin to the actual minimum. We show in Section [A2] of the appendix that the
B-softmin fulfills the following properties.

Claim 3.39. The k-dimensional 3-softmin of order n > 1 fulfills the following properties:

(a) The function approximates the sum of the n smallest entries in x. Formally for all

vectors x we have

min Y .o x; — nloggk < sming,(z) < min > oo .
Te(') re()
(b) The gradient of the function is the type of measure we require. Formally, for all
vectors x, 0 < Vsming ,(z). < 1, and ). Vsmin.(z). = n.

(¢) The change of the function is reasonably well approzimated by its gradient. Formally
for all vectors x, ¢, if ||[€]l1 <1 then

1-1/8
Ing

sming , (z 4 ¢) — sming ,(x) >

Vsming ,(z)7¢ .

Algorithm RWM uses measure p(z(t),t) = Vsming ,(2(t)) with constant 8 . The
expected hit cost at time step ¢ is therefore Vsming,(z(t)). = Vsming ,(x(t))T(t), if

color ¢ is requested at that time step. This gives the following lemma.

Lemma 3.40 ([BBK99]). The expected hit cost of RWM is O(n(V +logg k)) for constant
8> 1.

Proof. By Claim [3.39(c)|, the total hit cost is

E Vsmingm(x(t))T ot) < 11_n§_1 Z (smin/gyn(x(t) +0(t)) — sminﬂjn(x(t))>
21 t>1
11_n§—1 (Sminﬁ,n(ﬂﬁ(j ) — Sminﬂ,n(l‘(l))) )
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Here T' denotes the time step after the last request. Claim[3.3%(a)|gives that sming ,,(z(7"))
is at most nV, as there exist n colors that see at most V requests. On the other hand,

x(1) is 0 in ever component, so sming 1 ((1)) > nlogg k. O

Blum et al. furthermore give a strategy to round measure p into a distribution over
valid cache state so that the probability of color ¢ being outside the cache is indeed p,.
They show that their strategy’s expected movement cost is at most twice the hit cost.
We refer to their paper for the details [BBK99]. The authors prove that the total cost is
at most O(n(V + Ink)).

In order to obtain a lower bound on the performance of RWM, consider requesting the

colors in round-robin fashion. We show that the expected hit cost of RWM degrades with
B.

Lemma 3.41. For k, 5 > 2, the expected hit cost of RWM 1is at least

V - min{In(5),In(k)}/2 .

Proof. Let n =1 and fix a round r of the request sequence. Right before the request to
page i for i € [k], pages 1,...,i — 1 have been requested r times, and color i,. ..,k have

been requested r — 1 times. It follows that the probability mass on color i is

B 1
2B (-4 (k—i+1)

Vsming 1 (z); =
The second equation follows by dividing by S~"t!. The expected hit cost in round 7 is
therefore

1
-+ (k+1-

z:z—ll k—i14+1 Z

=1 5 1

E\
~—

=

k
_6 -
— 622

=1
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with ¢ = ler/l/;_l{ﬁ The sum is at least flk :LTer dz, so the expected hit cost is at least
B (k+§> B <1+§>
In = In
1-06 14+¢ 6—1 k+¢
_ 8 ln( k >
= = - —
f—-1 \G+1-3

__f In bk
Cp—=1 \k+p-1/)"

As B > 2, this is at least In(Bk/(k+ 8 —1)). For k > 8 > 2 we have

Bk B
k+5—1>25—12V%‘

The case f > k > 2 is symmetrical. It follows that the cost is at least min{In(3), In(k)}/2,
as desired. The lower bound follows by observing that the hit cost is the same in every

round. O

From V-Paging to GRBM

Observe that V-Paging roughly describes a single phase of our algorithm. Our simpli-
fications include (i) that the number of new colors is fixed from the start, (ii) that the
volume gap only increases for one color at a time, (iii) that we have no block requests,
and (iv) that we assume an oblivious adversary.

It follows from the work of Blum et al. that simplifications (i), (ii) and (iii) can be
overcome with few modifications to their strategy. The challenge of dealing with a non-
oblivious adversary is, however, a significant one. To see this, recall that an adaptive offline
adversary is so strong that randomization does not help against it (see Section .

Our Follow-the-leader algorithm of Section solve this challenge by considering
block requests instead of volume cost. The sequence of block requests is defined prior to
the random choices, hence one can apply a standard analysis outside of a few special events
such as marking new colors. As the number of block requests to a color is proportional to
the increase in volume cost up to a factor of (1 + 7)(see Lemma , an upper bound
on the volume cost follows. This implies the upper bound on the volume gap.

One idea for improving the competitive ratio is to apply algorithm RWM using the
number of requests as reference point. We show that this does not give a satisfactory
algorithm for any choice of 5 > 1. Consider a scenario with n = 1. Suppose the request
sequence gives the first color a minimum number of requests. The other £ — 1 colors

have seen (up to an additive 1) loglogk requests more than color 1 for most of the
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request sequence. This means that the volume cost of any color 1 increases a factor of
(14 7)o8logk ~ Jog k slower than the volume cost of any other color. In order to keep a

small expected volume cost, one could require that § is chosen in a way that

. 1
Vsming 1 ()1 > 3

This, however, forces that

(k—1)p~mnk 11«2

which implies In(35) > hllﬁ;]i) With Lemma , this means that the hit cost of the

log k
loglogk *

algorithm degrades to

It follows that, in order to improve the competitive ratio, we cannot simply observe the
block requests. We must also react to the increase in volume cost (or volume gap) directly.
This will likely require a more precise model of the adversary. One could, for instance,
exploit the fact that, given an online can compute at any time the current increase in
volume cost for any possible set of random choices made in the past. We believe that this
might actually be necessary for defining a suitable probability distribution on the stale
colors.

In addition to this, an improved algorithm for scheduling the servers is likely necessary.
The V-Paging problem and its solution via the RWM algorithm suggest that one should
look into other online learning algorithms. The connection of online learning to the paging
problem has long been known, yet it recently gained attention, e.g., in context of the
k-Server algorithm by Bubeck et al. [BCL™T18]. We suggest, in particular, to consider
the elegant Follow-the-Perturbed-Leader algorithm by Kalai and Vempala [KV05]. This
algorithm obtains similar guarantees to RWM), yet it only requires few random choices,

which could simplify an adaptation to our problem.
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In this thesis we analyzed scheduling in the context of parallel systems and scheduling
in scenarios with a reordering buffer. We have developed new algorithms for solving
problems arising in these scenarios and we analyzed their properties mathematically. The
results we obtained are first and foremost theoretical in nature, yet we are confident
that an improved understanding of the mathematical foundations advances practical
implementations in like manner.

In Chapter [2| we analyzed scheduling in parallel systems through the lens of cut
problems in graphs and hypergraphs. We studied MINIMUM HYPERGRAPH BISECTION, a
fundamental problem in this area of research. We showed that MHB admits an O(y/n)-
approximation algorithm and we were able to strengthen this result if the hypergraph in
question is uniform. Next, we demonstrated how to construct cut trees to approximate the
entire graph. These trees can serve as a building block in algorithms for more complicated
cut problems such as partitioning a graph into multiple parts of equal size. Our tree
approximates vertex cuts in graphs with quality O(v/W), where W is the sum of (positive)
vertex weights in the graph.

We complemented our algorithmic results with strong lower bounds for the approxima-
bility of balanced cut problems. Our reduction from DENSEST k-SUBGRAPH to MHB
showed that MHB is part of a class of problems that are believed to admit no approxi-
mation algorithms of polylogarithmic quality. Formally, we proved that the Exponential
Time Hypothesis implies that no n'/(0glogn)_apnroximation algorithm exists for MHB,
where ¢ is a universal constant. Via a different reduction, we were able to show that

the Hypergraph Dense versus Random Hypothesis implies that no nl/4—¢

-approximation
algorithm for MHB exists. Finally, we gave unconditional lower bounds on the quality
of cut trees. Most importantly, we showed that any cut tree for unweighted vertex cuts
must have quality Q(nl/ 3). This establishes a strong contrast to the case of edge cuts,
for which trees of polylogarithmic quality exist, see, e.g., Ridcke and Shah [RS14].

In Chapter [3| we turned to the problem of scheduling tasks with a reordering buffer in
the form of GENERALIZED REORDERING BUFFER MANAGEMENT. It had previously been

known that any online algorithm for this problem must have competitive ratio Q(log k +
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loglogb). We developed a new algorithm whose competitive ratio of O(log k(logk +
loglog b)) nearly reaches that lower bound. The algorithm is asymptotically optimal for
constant k and its competitive ratio is a doubly exponential improvement over previous
work.

On the technical side, we introduced a new linear programming formulation for GRBM.
A new linear program is the cornerstone of our algorithm and it allowed us to split
the scheduling problem at hand into two mostly independent parts. The base part was
essentially BLOCK-DEVICES problem. We combined this with a new procedure vaguely
inspired by algorithms for the PAGING problem such as Marking. We also discussed
possible improvements of our algorithm that could lower its competitive ratio to an
asymptotically optimal O(logk + loglogb), yet it remains unclear, whether or not these
ideas can be implemented successfully.

We close the thesis by highlighting more concrete open problems arising in the context

of our work.

4.1. Open Problems

Our hardness results for MHB suggest that strong approximation algorithms are unlikely
to exist for the problem. Due to the wide range of applications of hypergraph cuts,
studying whether better algorithms for restricted hypergraph classes exist seems to be an
interesting and relevant direction for future research. Notably, it would be interesting
to understand if real-world instances exhibit similar characteristics as the worst-case
instances we identified. Realistic hypergraph partitioning instances could, e.g., be collected
from numerical simulations in parallel high-performance computing.

On a more theoretical side, it would be interesting to find out if the balanced cuts
become easier to approximate if the underlying hypergraph is sufficiently sparse. As a
concrete example, consider a hypergraph that has n — 1 simple edges (forming a tree)
and n hyperedges of size y/n. Finding an unbalanced y/n-cut in this graph without losing
a factor of Q(y/n) seems impossible to do with the techniques used in this work. One
possible avenue for the search of a better algorithm is the log-density framework used by
Chlamtaé et al. for MINIMUM k-UNION and related problems [CDM17].

The search for improved algorithms for MHB can be complemented by furthering the
development of stronger lower bounds on the approximability of the problem. It would be
interesting to see if there exists a possibility to transform an inapproximability result for
MHB into a similar result for MINIMUM BISECTION. It is unknown whether MINIMUM
BisECTION admits a PTAS if the ETH holds, yet we showed in this thesis that the ETH
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rules out the existence of nl/(loglogn)®

-approximation algorithms for MHB. In an arguably
quite ambitious project, one could consider the hardness of bisection problems under the
classical P # NP conjecture. Ruling out a PTAS for MINIMUM BISECTION of MHB under
this conjecture would come as a breakthrough in our understanding of cut problems.

In the context of GRBM it would be interesting to extend our techniques to star metrics.
In this scenario, the cost of a server movement may depend on the new color of the server.
A (’)((log log b’y)2)—competitive algorithm for RBM on weighted stars is known, where ~
is the ratio between smallest and largest edge [AIMR15]. Adapting the linear program,
even for k =1, is not straightforward, as one can no longer simulate a block operation at
constant cost via two server movements. We suggest the following modifications to the
linear program instead: Split a block operation to color ¢ into a movement to the center
of the star (variables fu(f) ) and a movement from the center to color ¢ (variable y.(t) as

before). Formally, one could consider the constraints

ye(t) <> fult) Vet
fe(t) < 0c(2) Ve,t .

With y.(t) <> fe(t), a block operation can only be performed if enough server mass
exists at the center. With f.(t) < d0.(¢), the amount of mass traveling to the center from
¢ is limited. A major challenge then lies in adapting the construction of the lower bound
to the new linear program.

Recent results for PAGING and related problems have shown improved online algorithms
through the use of projection-based formulations, see, e.g., Bubeck et al. [BCL™18|. It
is unclear whether or not these techniques can lead to improved online algorithms for
buffering problems. In particular, it would be fascinating to understand if one can achieve
a polylogarithmic competitive ratio for RBM that only depends on the buffer size and

not on the properties of the underlying metric space.
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A. Appendix

A.1. Proofs of Claim

We use the standard Chernoff bounds for X ~ Bin(n,p) with u=n-p:

P
P

(1 —0)u] < exp(—62u/2) 0<6<1, (A1)
(14 6)p] < exp(—6p/3) 1<6 . (A.2)

[
[

IN

X
X

r
Tr

v

Proof of Claim @]@ With high probablity Gy, with p = n!T@~" has vertex degree
O(n%).

n—1

Proof. For a fixed vertex v there are ¢ := (T_1

) edges that contain v. Observe that
(2r)~"n""! < ¢ < n"!. Let X be the random variable counting the degree of X, i.e.,
X ~ Bin(g,p) and p =p-q € [(2r)""n% n?]. Recall that we assumed 7 to be a constant
for any of our random hypergraphs.

For a given 8 > 2, choose n large enough so that %(1 — %) > logn/u, then we apply
Chernoff bound (A.2]) which gives

Pr[X > gn®] < Pr[X > pu] < exp(—W) < exp(—Blogn) =n"" .

Similarly, for a given 8 > 2, choose n large enough so that %(1 — %)2 > logn/u, then
we apply Chernoff bound (A.1)) which gives

Pr[X < (27“)7’1 a} < Pr[X < %,u]

51
2
< exp (— <1 — ;) g) < exp(—pBlogn) =n"" . O

Proof of Claim @ Any set of n edges in a Gy, p, With p = nl*®~" covers at least
Q((n/p)l/r) vertices, with high probability.
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Proof. For a fixed set of k vertices, there are ¢ = (ff) < k" edges contained in their

subhypergraph. At least n of them exist with probability at most

()< ()< (1)

Setting k = 2%3(”/ p)Y/", this probability is at most

r n n
(42) < (Y <o
n — \2re"pn -

A union bound implies that the probability that any set of k vertices contains at least n

edges is at most

<7’L) 97N <« nk27n — 2klognfn
I < .

As k< (n/p)Y/" and p = n'T*" we have k < n'~/", therefore the above probability is
at most 27" for some small c. This implies that the claim holds with high probability. [

Proof of Claim @@ Any set of n1+®)/2 /1 edges in a Gy, With p = n' ™" covers
at least Q(n(1+o‘)/ 2_5) vertices, with high probability, if o < 1, r is sufficiently large and

€ is a small constant.

Proof. Any fixed set of k vertices has ¢ = (lﬁ) < k" edges in its subhypergraph. At least

z =n+2)/2 /i of them exist with probability at most

ay - eqp\* rek™nplto-r n{1e)/2
< (YP) —(=E
(z)p < ( P ) ( n(1+a)/2 )
With k = n(1+®)/2=¢ /e this is
n(1+a)/2
(Tenr(lmmrenlmr < (n(T-l-l)(l-i—oz)/Q—r—ra) n(tte)/2
ern(l+a)/2 —

We have used the fact that re/e” < 1 for r > 2. A union bound implies that the probability

that any set of k vertices contains at least n(!T®/2 edges is at most

(Z) (n(r+1)(1+a)/2—7“—7’6)

< gttt (n(r+1)(1+a)/2—r—ra>

n(14a)/2

n(1+a)/2
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A.2. Proofs of Claim|3.39

Observe that (r+1)(14+«)/2—r+1<0iff r > (a+3)/(1 — ). So, for r large enough,
the above probability is at most n—en T2 Thig implies that the claim holds with high
probability. O

A.2. Proofs of Claim [3.39

For x € R*, positive integer n < k, and 8 > 1, define the S-softmin of order n as
sming (z) = —logg (ZTe(W) g Lier xl) ;

where (i) denotes the set of n-tuples from the set S, and [k] = {1,..., k}.
We will use that the gradient Vsming,(x) of the S-softmin is

) - ZieT X
o, 2ore(thi B

B~ 2ier Ti

Vsming ,(z); = 5~ (A.3)

2ore (1)

Proof of Claim The function approximates the sum of the m smallest entries

in z. Formally for all vectors x we have

min > x; —nloggk <sming,(z) < min > rx; .
re()) Te(!*)

n n

Proof. To see the upper bound, observe that for any n-tuple T,

sming ,,(z) = —logg (ZTG([:]) 8- 2ier $z>

< —logg <B_ 2ier xl) = Tlél(i[%) Dier Ti -

For the upper bound let y = minTe([:]) Y ier Ti, then

k
sming () > — logﬁ(<n> /B*y) >y —nloggk . O

Proof of Claim[3.39(b). The gradient of the function is the type of measure we require.
Formally, for all vectors z, 0 < Vsming,,(z). < 1, and ), Vsmin.(z). = n.

Proof. Both properties follow immediately from Equation O
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Proof of Claim[3.39(c)l The change of the function is reasonably well approximated by
its gradient. Formally for all vectors z, ¢, if ||¢||; < 1 then

1-1
sming ,,(x + ¢) — sming () > /B

Z T (d) Vsming , ()¢ .

Proof. We first show the lower bound.
Define By (z) = 3~ 2T for any vector z and T € ([k]) and A(z) = Y, B~ 2ier @i,
As Br(z +¢) = Br(x) - Br(f), we obtain

1 1
sming ,,(x + ¢) — sming , () = — In ( Br(x + E))

The last step follows by applying the standard inequality In(1 + z) < z. Another standard
inequality, 1 — 7% > (1 — 71z for 0 < z < 1, implies that 1 — Bp(¢) is at least
(1—B"Y>crti, when £ > 0 and [|€||; < 1. It follows that

1 — 1
sming ,,(x + ¢) — sming () Z /B Z Z tiBr(z

_ 1/5 defz ZBT

jelk]  re(\aYy

_ 1B T
= 3 Vsming ,(x)" € ,

where we regroup the sum according to £; in the second step. ]
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