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Abstract

In this dissertation, we study four problems in combinatorial and stochastic optimization. The
first two chapters give improved approximation algorithms for classic combinatorial optimization
problems. The final two chapters consider combinatorial optimization under stochastic uncertainty.
For these problems, we give improved approximations as well as characterize the power of adaptivity.

In the first chapter, we consider generalizations of the k-median problem. In these problems,
the goal is to open facilities to serve clients (subject to some constraints) to minimize the total
connection cost of each served client to its nearest open facility. We improve the best-known approx-
imations for k-median with outliers and knapsack median to 6.994 + € and 6.387 + ¢, respectively.

In the second chapter, we consider online throughput maximization. In this problem, jobs arrive
online with sizes and deadlines, and the goal is to schedule jobs preemptively on m machines to
maximize the number of jobs completed by their deadline. We give the first deterministic O(1)-
competitive algorithm for this problem for any number of machines m > 1. This concludes a
20-year line of research since the m = 1 case was settled.

In the third chapter, we consider load balancing with stochastic jobs. In this problem, the goal is to
assign each job to a machine, which increases the load of the machine by a random size with known
distribution, to minimize the expected max load over all machines. First, we give non-adaptive
offline and online algorithms that are O(log’fgo g‘m)-approximate and O(log m)-approximate, respec-
tively, in the most general unrelated machines setting. Both of these algorithms are asymptotically
tight for non-adaptive algorithms. In fact, these results hold for much more general stochastic
resource allocation problems. Finally, we show how to leverage adaptivity in the special case of

related machines load balancing to improve the above approximations.

In the fourth chapter, we consider minimizing the total completion time of stochastic jobs on m
identical machines. In this problem, the goal is to schedule the jobs to minimize the expected
total completion time of all jobs. We give a ON(\/Fn)—approximation for the special case of Bernoulli
jobs. This is the first approximation for this problem that is both independent of the job-size
distributions and sublinear in the number of machines m, even for more restrictive special cases.
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Chapter 1

Introduction

Personally, the goal of this dissertation is to document some of the problems in combinatorial
optimization that captured my imagination during my PhD. I was drawn to these problems because
they are deceptively simple We are given some elementary objects to play with: items with sizes,
users with preferences, or tasks to do. We are also given a goal: pack all of the items in the smallest
space possible, find the allocation of goods that makes the users the most happy, or schedule all
tasks to optimize some quality-of-service metric. The underlying objects are so simple that it seems
at first that there is no further mathematical structure other than what is given. However, when
one explores further, one realizes that the interaction between the objects and the goal creates a
rich underlying structure. For me, this is where the beauty of this area lies.

More technically, in a combinatorial optimization problem, the goal is to make decisions involving
discrete objects to optimize an objective function. In this dissertation, we design algorithms for
two fundamental classes of problems: clustering and scheduling. In the former, we are given a
discrete collection of data points, we wish to summarize the data by partitioning the data points
into clusters. We can measure the quality of the clustering via an objective function. In the latter,
we are given a collection of jobs and machines, and we wish to schedule jobs on machines, top
optimize some objective capturing the quality of a schedule. These problems have been central to
developing our theoretical toolkit and understanding of combinatorial optimization.

It is of interest to develop algorithms for such problems that provide good-quality solutions in terms
of objective value with small runtime. However, a common theme is that for many problems (for
both complexity- and information-theoretic reasons), we cannot hope for the best-of-both worlds: a
algorithm that runs quickly (e.g. in polynomial time) and also outputs an optimal solution. There
are multiple ways to deal with this roadblock, but the one we focus on in this dissertation is by
relaxing the latter condition. Thus, we no longer require an optimal solution, but rather a solution
whose objective value is provably comparable to the optimal. In particular, we are interested in
algorithms with bounded approximation ratio, which is the maximum over all instances between
the objective value of the algorithm and the optimal solution on that instance. This brings us to the
subarea of approximation algorithms for combinatorial optimization problems. For an introduction
to this area, see [WS11].

Approximations algorithms have been a great success. Studying problems through the lens of ap-
proximation algorithms gives us a more fine-grained understanding of the structure and difficulty
of combinatorial optimization problems through improved approximation algorithms and inapprox-
imability results. Along the way, the community has developed a broad algorithmic toolkit that



has shaped the way we design algorithms today through techniques such as convex relaxations and
randomization.

One goal of this dissertation is to develop new algorithmic techniques leading to improved ap-
proximation algorithms for fundamental clustering and scheduling problems. A parallel goal is to
understand how much information do we really need to solve these problems. For concreteness,
what if we do not have complete information about the jobs in a scheduling problem? What if
the jobs arrive over time in a real-time system? What if we are uncertain of how long each job
will take and only have access to a stochastic prediction? This leads to the neighboring areas of
online algorithms and stochastic optimization. In an online algorithm, the elementary objects of
our combinatorial optimization problem are not known up-front but rather arrive sequentially (e.g.
over time), and our algorithm must construct a solution incrementally as these objects arrive. In
stochastic optimization, some features of the elementary objects are unknown (e.g. the duration of
each job in a scheduling problem), and our algorithm must construct a solution given only stochastic
information about these features (e.g. the distribution of each job duration.) These simple modi-
fications can completely change the character of a problem. As a result, both of these areas have
developed their own unique toolkits and problems with a vibrant interplay among classical approx-
imation, online algorithms, and stochastic optimization. For an introduction to online algorithms,
see [Alb03, PST04]. See [KRT00, DGVO08§] for foundational papers in stochastic optimization.

Next, we will introduce the areas of clustering and scheduling in more detail, define the particular
problems that we study, and state our results.

1.1 Clustering

Clustering is a fundamental problem in combinatorial optimization, where we wish to partition
a set of data points into clusters such that points within the same cluster are more similar than
points across different clusters. There are three main ingredients in a clustering problem: a notion
of similarity among points, an objective function to measure the quality of the clustering, and
constraints to capture other desirable properties of the clustering.

We focus on metric clustering. where the similarity is defined by a distance metric — for every pair
of points, we are given a number representing the distance between those two points. The smaller
this number is, the more similar the points are. We can define a clustering of these points into, say
k clusters, by specifying k candidate points as cluster centers. Then each data point is assigned to
its closest cluster center.

Within metric clustering, there are many possible objectives to consider such as the k-center (min-
imizing the maximum distance from every data point to its cluster center), k-median (minimizing
the sum of distances from every data point to its cluster center), and k-means objectives (min-
imizing the sum of squared distances). Like the names suggest, we have the constraint that we
can choose at most k cluster centers to capture the idea that we would like to summarize the data
points with few clusters.

In Chapter 2, we study generalizations of the k-median problem. In this problem, we are given
a set F' of facilities, a set C of clients, a metric d on F'U C, and a parameter k € N. The goal
is to choose a set S C F of k facilities to open to minimize the sum of connection costs of each
client to its closest open facility. That is, to minimize the objective > jec d(j,S5), where we define
d(j,S) = mineg d(i, 7).

The k-median problem is well-studied from the perspective of approximation algorithms, and many



new algorithmic techniques have been discovered while studying it. Examples include linear pro-
gram rounding [BPR'17, LS16], primal-dual algorithms [JV01], local search [AGK™04], and large
data techniques [LG18, MKC'15, GLZ17, GMM™*03, IQM*20]. Currently, the best approximation
ratio for k-median is 2.671 [CGLS23], and there is a lower bound of 1 4+ 2/e assuming P # NP
[TMS02].

We are interested in generalizations that impose more complex constraints on the open facilities
and served clients [CKMNO1, KKN*15]. One such generalization is the knapsack median problem.
In knapsack median, each facility has a non-negative weight, and we are given budget B > 0. The
goal is to choose a set of open facilities of total weight at most B (instead of having cardinality
at most k) to minimize the same objective function. That is, the open facilities must satisfy
a knapsack constraint. Another commonly-studied generalization is k-median with outliers, also
known as robust k-median. Here we open k facilities S, as in basic k-median, but we no longer have
to serve all the clients; now, we are only required to serve at least m clients C' C C of our choice.
Formally, the objective function is now >, d(j, ).

Knapsack median and k-median with outliers are much more difficult than the k-median problem.
Algorithmic techniques that have been successful in approximating k-median often lead to only a
pseudo-approximation for these generalizations—that is, they violate the knapsack constraint or
serve fewer than m clients [BPR™18, CKMNO1, FKRS19, IQM*20]. Obtaining “true” approxima-
tion algorithms requires new ideas beyond those of k-median. The best approximation ratio for
both problems is 7.081 + € due to the beautiful iterative rounding framework of Krishnaswamy, Li,
and Sandeep [KLS18]. The first and only other true approximation for k-median with outliers is a
local search algorithm due to Ke Chen [Che08].

Our Results

Our main result is improved approximation algorithms for knapsack median and k-median with
outliers. We obtain both results by considering a more general problem, which we call generalized
k-median (GKM). As in k-median, our goal is to open facilities to minimize the connection costs
of served clients. In GKM, the open facilities must satisfy r; given knapsack constraints, and the
served clients must satisfy ro given coverage constraints. We define r = r1 + rs.

For GKM, we show how to round the natural linear program (LP) relaxation to ensure all except
O(r) of the variables are integral, and the objective function is increased by at most a 6.387-factor.
It is not difficult to show that the iterative rounding framework in [KLS18] can be extended to show
a similar result. Indeed, a 7.081-approximation for GKM with at most O(r) fractional facilities is
implicit in their work. The improvement in this work is the smaller loss in the objective value.

Our improvement relies on analyzing the extreme points of certain set-cover-like LPs. These extreme
points arise at the intermediate steps of our iterative rounding, and by leveraging their structural
properties, we obtain our improved pseudo-approximation for GKM. This work reveals some of the
structure of such extreme points, and it shows how this structure can lead to improvements.

Using this “pseudo-approximation” for GKM, we can obtain solutions to knapsack median and
k-median with outliers with O(1) fractional facilities. Thus, the remaining work is to round a
constant number of fractional facilities to obtain an integral solution. To achieve this goal, we
apply known sparsification techniques [KLS18] to pre-process the instance, and then develop new
post-processing algorithms to round the final O(1) fractional facilities.

We show how to round these remaining variables for knapsack median at arbitrarily small loss,
giving a 6.387+¢e-approximation, improving on the best 7.081+¢e-approximation. For k-median with



outliers, a more sophisticated post-processing is needed to round the O(1) fractional facilities. This
procedure loses more in the approximation ratio. In the end, we obtain a 6.994 + e-approximation,
modestly improving on the best known 7.081 + e-approximation.

See Chapter 2 for more details. This is joint work with Anupam Gupta and Benjamin Moseley,
appearing in the conference International Colloquium on Automata, Languages [GMZ21], and Pro-
gramming (ICALP) 2021 and in submission to the journal Mathematics of Operations Research.

1.2 Scheduling

In a scheduling problem, we are given a collection of jobs and machines, and our goal is to produce
a schedule (what job to assign to each machine and at what time) whose quality is measured by
an objective function. Minimally, each job has some processing requirement (or size), but there is
a vast landscape of scheduling problems, where the properties of the jobs, machines, and objective
differ.

We begin with perhaps the most basic scheduling problem: load balancing. We are given m identical
machines and n jobs. Each job j has size x; such that assigning job j to a machine increases that
machine’s load by ;. The goal is to assign each job to some machine to minimize the load of the
most-loaded machine (the makespan).

From here, we can obtain new problems by generalizing the machine environment. For example,
in related machines, each machine ¢ has a speed s; such that assigning job j to machine i increases
machine #’s load by i—ﬂ (i.e. running a job on a machine that is twice as fast takes half as long).
More generally, in unrelated machines, assigning job j to machine ¢ increases machine i’s load by
a machine-dependent size x;;.

Another dimension we can vary is the objective function. Going back to identical machines, we
can consider minimizing the total completion time rather than the makespan. Each job j still has
size x; (the same on any machine). However, now we consider the time aspect of the schedule
rather than just the load incurred by an assignment. On each machine, we schedule a sequence of
jobs (the first job to run on this machine, the second, and so on). Each job in this sequence has
a completion time c;j, which is exactly the sum of all job sizes up to and including this job in the
sequence. The goal is to schedule all jobs to minimize the total completion time » ;G-

Further, we can impose different constraints on the scheduling system. In the above problems, we
had to schedule every job and once we scheduled a job, we committed to running it to completion.
It could be the case that every job j has a release date r; and deadline d; in addition to its size, so
the job is only available to be scheduled in the time interval [r;, d;], but our scheduler additionally
has the ability to preempt (pause a job to run another) and migrate (resume a job later on a
different machine). With these constraints, it may not be possible to complete every job, so we can
consider the objective of maximizing the number of completed jobs (the throughput).

From such ingredients, we can construct more and more complicated scheduling problems. However,
in this dissertation we focus on the foundational scheduling problems described above. Instead, the
main dimension we vary is how much information we have about the jobs. We consider settings
where the jobs arrive online or we only have stochastic information about their processing require-
ments. The main question we consider is how much we lose when considering restricted information
in both of these models.



1.2.1 Online Scheduling

Instead of having access to all jobs immediately, in online scheduling we initially have no knowledge
of future jobs (not even their existence). Then, either jobs arrive sequentially one-by-one (the list
model), or the jobs arrive over time at their release dates (the over time model). Each job must be
scheduled upon arrival before the next arrives. The key question in online scheduling (and online
algorithms more generally) is how much do we lose in terms of objective value by giving up the
information of all jobs up-front? The typical way to measure this loss is via the competitive ratio,
which — for a particular problem and online algorithm — is the maximum ratio over all instances
of the objective value of the algorithm versus the objective value of the optimal offline algorithm
that knows the entire instance up-front. The ideal goal is to design online algorithms with as small
competitive ratio as possible or show that any online algorithm must have large competitive ratio.

In this dissertation, we consider the online throughput maximization problem. Recall that in
throughput maximization, the goal is to preemptively schedule jobs with sizes, release time, and
deadlines on m identical machines to maximize the number of jobs that complete by their deadline.
In the online version of the problem, the jobs arrive online at their release times at which the
scheduler becomes aware of the job and its size and deadline.

More precisely, let J be a collection of jobs such that each j € J has a release time r;, a processing
time (or size) x;, and a deadline d;. At each moment of time, the scheduler can specify up to m
released jobs to run, and the remaining processing time of the jobs that are run is decreased at a
unit rate. Thus we allow the scheduler to preempt jobs (pause a running job to work on another)
and migrate job (continue working on a job on a different machine later). A job is completed if its
remaining processing time drops to zero by the deadline of that job. The objective is to maximize
the number of completed jobs. We measure the performance of our algorithm by the competitive
ratio, compared to the optimal offline schedule (Opt) that is aware of all jobs in advance.

A key concept is the laxity of a job j, which is £; = (dj — ;) — x;, that is, the maximum amount
of time we can not run job j and still possibly complete it.

This problem is well understood for the m = 1 machine case. No O(1)-competitive deterministic
algorithm is possible [BKM™92], but there is a randomized algorithm that is O(1)-competitive
against an oblivious adversary [KP03], and there is a scalable (O(1 + €)-speed O(1/¢)-competitive)
deterministic algorithm [KP00]. The scalability result in [KP00] was extended to the case of m > 1
machines in [LMNY13].

Whether an O(1)-competitive algorithm exists for m > 1 machines has been open for twenty years.
Previous results for the multiple machines setting require resource augmentation or assume that
all jobs have high laxity [LMNY13, EMS20].

Our Results

Our main result is an O(1)-competitive deterministic algorithm for online throughput maximization
on m > 1 machines. This is the first constant-competitive algorithm that makes no assumptions
on the jobs and does not require resource augmentation. Further, on a single machine there is
no constant competitive deterministic algorithm, yet a randomized algorithm exists with constant
competitive ratio. Our work shows that once more than one machine is considered, then determin-
ism is sufficient to get a O(1)-competitive online algorithm. We summarize our results and prior
work in Table 1.1.

The main issue issue in removing these assumptions is determining which machine to assign a job



Deterministic | Randomized Speed .
Augmentation
m=1 | w(l) o(1) O(1 + €)-speed O(1/¢)-competitive
[BKM*92] | [KPO03] [KPOO]
m>11]O(1) 0(1) O(1 + €)-speed O(1/e)-competitive
[Chapter 3] [Chapter 3] | [LMNY13]

Table 1.1: Competitiveness Results

to. If an online algorithm could determine which machine each job was assigned to in Opt, we
could obtain an O(1)-competitive algorithm for m > 1 machines by a relatively straight-forward
adaptation of the results from [KP03]. However, if the online algorithm ends up assigning some
jobs to different machines than Opt, then comparing the number of completed jobs is challenging.
Further, if jobs have small laxity, then the algorithm can be severely penalized for small mistakes
in this assignment. One way to view the speed augmentation (or high laxity assumption) analyses
in [LMNY13, EMS20] is that the speed augmentation assumption allows one to avoid having to
address this issue in the analyses.

We overcome this issue by running three different algorithms in parallel, each on a subset of the
machines (using migration if multiple sub-algorithms run the same job). Conceptually, we partition
the optimal schedule in to three types of jobs: jobs with high laxity, jobs with low laxity that are
pre-empted and completed later, and jobs with low laxity that are run to completion with no
pauses. Each of the three sub-algorithms is responsible for one of the types of jobs, so even though
our algorithm operates online and cannot determine in general which class a job belongs to upon
arrival, we ensure that at least one sub-algorithm will make the right decision for this job.

See Chapter 3 for more details. This is a joint work with Benjamin Moseley, Kirk Pruhs, and
Clifford Stein, appearing in the conference Integer Programming and Combinatorial Optimization
(IPCO) 2022 [MPSZ22] and in submission to the journal Mathematical Programming.

1.2.2 Stochastic Scheduling

Another way to restrict our algorithm is to consider a stochastic model of jobs sizes. Instead of
knowing the size of a job exactly, we assume each job size is a random variable drawn from a
known distribution. Initially, the scheduler knows only the job size distributions, but as it begins
scheduling jobs, it can observe the realized size of jobs as they are processed. Thus, the scheduler
can adaptively make scheduling decisions depending on all previously-observed information.

Stochastic scheduling has a long history in operations research and computer science. Earlier works
focused on understanding the performance of simple policies and restricted job size distributions
[WP80, WVW86, GI99]. More recently, there is interest in designing algorithms for these prob-
lems with bounded approximation ratio that work for any job size distributions [KRT00, MSU99,
GKNS21]. Along the way, a complementary question is how adaptive do our algorithms need to
be? In principle, we could design an algorithm that is non-adaptive: it bases its decisions only
on the job size distributions and does not use the realized sizes at all. How much do we lose by
restricting ourselves this way?

As I hope you will see reading this dissertation — answering these questions requires new and
interesting algorithmic techniques. To showcase this, we study perhaps two of the most fundamental



scheduling problems: load balancing (or makespan minimization) and minimizing total completion
time. For both problems, we develop a novel techniques, which give us a stronger understanding of
how the optimal adaptive policy behaves and enable us to design improved algorithms that break
through barriers where previous approaches were stuck.

Load Balancing

We consider the following stochastic model of load balancing (on unrelated machines). Instead of
knowing the size of job j on machine 4, z;;, for every machine 7 and job j exactly, we assume that
the size of each job is a random variable X;; ~ D;; with known distribution D;;. Further, the X;;’s
are independent across jobs j. Our algorithm can assign jobs adaptively: once it decides to assign
job j to machine 7, it learns the realized size X;; and can base subsequent assignments on this
information. The goal is to minimize the expected makespan.

If jobs are deterministic, a 2-approximation is known and unless P = N P, the problem is hard to
approximate better than 3 [LST90)].

We are interested in algorithms for stochastic load balancing that approximate the optimal adaptive
policy. Previous works mainly focus on designing non-adaptive algorithms (a fixed job-to-machine
assignment using only knowledge of the D;;’s) that approximate the optimal non-adaptive policy.
There are non-adaptive O(1)-approximations known for identical machines [KRT00] and unrelated
machines [GKNS21] in this setting.

In contrast, we are interested in approximating the stronger optimal adaptive policy. The adaptivity
gap (the ratio between the expected makespan of the optimal adaptive and non-adaptive policies)
can be Q(lolgofgO Zm) even for the simplest case of identical machines [GKNS21]. Thus, previous
work on approximating the optimal non-adaptive policy does not immediately give any non-trivial
approximation guarantees for our setting. The only prior work that gives some guarantees is for
special cases where non-clairvoyant algorithms (those that do not even need to observe the job size
until after it is scheduled) can perform well; in particular, there is a 2-approximation for identical
machines [Gra69] (the size of a job does not depend on the machine) and O(log m)-approximation
for restricted assignment [ANR95] (identical machines, but each job can only be assigned on some

subset of machines).

Further, we consider an additional dimension of uncertainty, namely the knowledge of the job set.
In the offline setting, the set of jobs and the distributions of their sizes are known up-front, and
they can be selected and assigned to the machines irrevocably in any order. In the online setting,
jobs are not known in advance and they are revealed one-by-one (online-list model). The algorithm
learns the job size distributions upon its arrival, and must assign this job without knowledge of
future arrivals. Afterwards the next request arrives.

Our Results

As our first main result, we present non-adaptive algorithms for offline and online stochastic load

balancing. We design non-adaptive algorithms that achieve a O( 102)53 7gnm)—zaupproximaution offline and

a O(logm)-approximation online, both compared to the optimal offline adaptive policy.

logm

These results are asymptotically tight as shown by the lower bound of Q(log 1Ogm) on the adaptivity
gap [GKNS21] and the lower bound of Q(logm) on the competitive ratio of any deterministic
online algorithm, even for deterministic requests [ANR95]. In particular, our work implies that the

adaptivity gap for stochastic load balancing is @(log)lgo ;”m)




Also, note that in the online setting our algorithm assigns the jobs in fixed order (based on their
arrival order), while the offline benchmark is able to assign the jobs in an adaptively-chosen order.
In the deterministic setting, this distinction makes no difference (the offline benchmark is a fixed
job-to-machine assignment with no notion of order). However, this is non-trivial in the stochastic
setting: What is the advantage of adaptively choosing the order rather than using a fixed order to
assign the jobs? Our result shows that this advantage is bounded by a O(log m)-factor.

In fact, the above results hold for a much more general resource allocation problem, which we
call configuration balancing (also sometimes called generalized load balancing). One special case of
particular interest is stochastic virtual circuit routing (or congestion minimization). Thus, for these
problems we also give asymptotically tight non-adaptive approximations to the optimal adaptive
policy.

To improve on the above results, we need to use adaptivity. We show how to leverage adaptivity in
the special case of stochastic load balancing on related machines. In this case, we have X;; = sT-j’
where X; is the random size of job j and s; is the speed of machine i. We give an adaptive
O(1)-approximation offline and O(loglog m)-approximation online for stochastic load balancing on

related machines.

Because there are good non-clairvoyant algorithms for the simple cases of identical machines and
restricted assignment, perhaps the next case to consider is related machines. We give a non-
clairvoyant O(y/m)-approximation for related machines load balancing, and further this is asymp-
totically tight !. Thus, using distributional information is necessary to do better than O(y/m).

All of the above results rely on comparing our non-adaptive policies to a natural assignment LP
formulation for stochastic configuration balancing — the most general problem we consider. The
main technical challenge is showing that the LP solution is a good proxy for the optimal adaptive
policy. We achieve this indirectly by showing that there exists a near-optimal adaptive policy with
certain desirable properties that makes it “more” non-adaptive, and that our LP is a good proxy
for this near-optimal policy.

See Chapter 4 for more details. This is a joint work with Franziska Eberle, Anupam Gupta, Nicole
Megow, and Benjamin Moseley, appearing in the conference Integer Programming and Combina-
torial Optimization (IPCO) 2023 [EGM*22].

Completion Time

The second problem we consider in the stochastic model is minimizing the total completion time.
We go back to the identical machines setting, so each job j has a size X; ~ D; such that the
X;’s are independent across jobs. In this problem, the scheduler proceeds over time rather than
constructing a static assignment.

Formally, for each idle machine, an adaptive scheduling policy must choose which job to schedule
next on this machine—or it may choose to idle the machine for some time period. In making
this decision, it is allowed to use any information it has gained from previously-scheduled jobs. In
particular, the policy knows the sizes X; of all completed jobs j, and if a job j has currently been
run for 7 time the policy knows that the jobs size is distributed as (X; | X; > 7). Our goal is to
minimize ), E[C;], the sum of expected completion times C; of the jobs.

!This is actually my favorite result that I have ever proved; it is very simple but also surprising and asymptotically
optimal! Unfortunately it is relegated to an appendix of the original paper, because it is somewhat tangential. Oh
well. See § 4.5 for details.



While the deterministic problem can be solved optimally (using the shortest processing time pol-
icy) [BJS74], the stochastic setting has long been notorious. Early results for stochastic completion
time minimization focused on giving optimal policies only for restricted classes of instances, e.g.,
the case where all job distributions were exponentials, or where the jobs could be stochastically
ordered [WP80, WVWS86]. Then, starting with the ground-breaking work of Mohring, Schulz,
and Uetz [MSU99]|, approximation algorithms were given that worked for all stochastic instances.
However, almost all such algorithms have approximation ratios with at least linear dependence on

the squared coefficient of variation A := max; %ﬁfg) [MSU99, SU05, Sch08, SSU16a, GMUX20].

Since this squared coeflicient of variation could be very large in general, we want to obtain approx-
imations which are distribution-independent, and in particular, do not depend on the coefficient of
variation.

The only distribution-independent approximations for stochastic completion time minimization
have approximation ratios at least linear in m [IMP15a, EFMM19]. In fact, nothing better than
an O(m) approximation is known even for instances consisting of only two types of jobs: identical
unit-sized deterministic jobs and identically distributed Bernoulli jobs X; ~ s - Ber(p) [EFMM19].
For general job distributions, the best known approximation is O(m poly logn) [IMP15a].

There are significant roadblocks to obtaining such distribution-independent guarantees: the known
algorithmic toolkit for deterministic jobs relies on greedy policies and linear program-based algo-
rithms [HSSW97, PST04, Pin08]. For the former, the natural Shortest Expected Processing Time
(SEPT) policy has an approximation ratio no better than Q(n!/4) [IMP15a]. Moreover, even for
instances consisting of only two types of jobs—identical unit-sized deterministic jobs and identical
Bernoulli jobs X ~ s - Ber(p), no index policy (which assigns each job an “index” depending only
on its size distribution, and then schedules the jobs in order of their indices) can have bounded ap-
proximation ratio [EFMM19]. Approaches based on linear programming also do not seem to extend
to the stochastic setting: the most expressive time-indexed linear program commonly used for such
settings has an integrality gap of Q(A) [SSU16b]. Finally, we know that adaptivity gap—the gap
between the optimal adaptive and fixed-assignment policies>—is Q(A) [SSU16b]. Taken together,
these lower bounds rule out most of the tools that work for the setting of deterministic jobs.

Further, there are barriers to obtaining approximations that are sublinear in m: these previous
works use “volume” lower bounds, which rely on the fact that the processing capacity of m machines
is m times larger than that of a single machine. Indeed, the objective is extremely sensitive to the
number of machines m: decreasing the number of machines from m to % can change the optimal
adaptive policy’s objective value by an exponential in m factor. (This is in stark contrast to the
deterministic setting, where the optimal solution’s objectives for m and % machines differ by at
most a constant factor.) See Appendix C.1 for proofs of these two claims. This gives a sense for why
lower bounds on the optimal objective value based on the number of machines m do not generalize
well to the stochastic setting, except with a loss of a factor of m.

In summary, the main question we ask is:

Can we break through both the A- and m-barriers for the basic problem of completion
time minimization for stochastic jobs?

Despite the difficulty in obtaining improved approximations for this problem, it is possible that the
problem has a constant-factor approximation!

2Such a policy non-adaptively assigns jobs to machines and runs each machines’ jobs in a fixed order.



Our Results

In Chapter 5, we consider the case of (non-identical) Bernoulli jobs, i.e., with independent process-
ing times X; ~ s; - Ber(p;) for size s; > 0 and probability p; € [0,1]. Our main result is the first
algorithm that is both distribution-independent and has an approximation ratio sublinear in m.
In particular, we give a 6(\/5)—approximation for the special case of Bernoulli jobs. We use the
notation O(-) to hide poly log n-factors.

Further, our algorithm is a list schedule, meaning our algorithm produces a list (i.e., an ordering) of
all the jobs, and whenever a machine is free, it schedules the next job according to this ordering. As
in the case for online load balancing, our algorithm considers jobs in a fixed order, while the optimal
adaptive policy can adaptively order the jobs. Thus, again we can bound the advantage of fixed
order versus adaptive order policies by O(y/m) for minimizing the completion time of Bernoulli
jobs.

Bernoulli jobs already are a significant generalization of the setting of [EFMM19], and our re-
sult improves (up to poly logn-factors) the O(m)-approximation of [EFMM19] and the O(m)-
approximation of [IMP15a] for this special case of Bernoulli jobs.

See Chapter 5 for more details. This is a joint work with Anupam Gupta and Benjamin Moseley,
appearing in the conference Symposium on Discrete Algorithms (SODA) 2023 [GMZ23].
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Chapter 2

Generalized k-Median Problems

2.1 Introduction

In this chapter, we develop improved approximations for generalizations of the k-median problem
via iterative LP rounding algorithms. Our main technical insight is to leverage novel structural
properties of the LP solutions at the intermediate steps of our algorithm to refine previous iterative
rounding approaches.

The concrete problem we study is the generalized k-median (GKM) problem. We recall that in this
problem, we have collections F' of facilities, C' of clients, and a metric d on F'U C. The goal is to
choose a subset of facilities to open and subset of clients to serve to minimize the total connection
cost of each served client to their nearest open facility. The open facilities must satisfy r; knapsack
constraints, and the served clients must satisfy ro coverage constraints, where we define r = rq +rs.
Specifically, each knapsack constraint specifies a cost to open each facility and a budget. The
total cost of the opened facilities must be at most the budget. Similarly, each coverage constraint
specifies a profit to serve each client and a quota. The total profit of the served clients must be at
least the quota.

Our first result is an improved pseudo-approximation for GKM.

Theorem 2.1.1 (Pseudo-Approximation Algorithm for GKM). There exists an polynomial time
randomized algorithm PSEUDOAPPROXIMATION that takes as input an instance T of GKM and
outputs a feasible solution to LPy with at most O(r) fractional facilities and expected cost at most

6.387 - Opt(T).

Using the above pseudo-approximation, we can obtain improved “true” approximations for two
special cases of particular interest: knapsack median and k-median with outliers.

Theorem 2.1.2 (Approximation Algorithm for Knapsack Median). There exists a polynomial
time randomized algorithm that takes as input an instance T of knapsack median and parameter
e € (0,1/2) and in time n®9) | outputs a feasible solution to T of expected cost at most (6.387 +

€) - Opt(Z).

Theorem 2.1.3 (Approximation Algorithm for k-Median with Outliers). There exists a polynomial
time randomized algorithm that takes as input an instance I of k-median with outliers and parameter
€ € (0,1/2) and in time n°1/9) | outputs a feasible solution to T of expected cost at most (6.994 +

€) - Opt(Z).
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2.1.1 Technical Overview

To illustrate our techniques, we first introduce a natural LP relaxations for GKM. The problem
admits an integer program formulation, with variables {x;; }icr jec and {y; }icF, where z;; indicates
that client j connects to facility i and y; indicates that facility i is open. Relaxing the integrality
constraints gives the linear program relaxation LP;.

(LPy): mingy 3 cp Zjec d(i, j) @i (LP): ming > ,cp ZjeC:ieFj d(i, j) yi
Zieinjgl VjeC y(Fj)Sl Vjel
Tij <Yy Vie F,je€C
Wy <b Wy <b
Yjec 0i(Xier Tij) 2 ¢ > ec ay(Fy) > c
xij,yi € [0,1] Vie F,jeC y; € [0,1] VieF

LP; is the k-median LP with the extra side constraints. The constraint Wy < b corresponds to
the r1 knapsack constraints on the facilities y, where W € R?XF and b € R'!. These r; packing
constraints can be thought of as a multidimensional knapsack constraint over the facilities, and
ensure that “few” facilities are opened. Next, ) jec a;(>°, zij) > ¢ corresponds to the ry coverage
constraints on the clients, where a; € R'? for all j € C' and ¢ € R!?. These coverage constraints
ensure that “enough” clients are served. E.g., having one packing constraint ) ;. y; <k and one
covering constraint Zje() Y icr Tij = m ensures that at least m clients are covered by at most k
facilities; this is the k-median with outliers problem.

Reducing the variables in the LP

We get LP» by eliminating the x variables from LPj, thereby reducing the number of constraints.
The idea from [KLS18] is to prescribe a set F; C F' of permissible facilities for each client j such
that x;; is implicitly set to y;1(i € Fj). The details of this reduction and the procedure for creating
F}; are given in Proposition 2.2.1. Using this procedure, LF, is also a relaxation for GKM. Note
that in LP», we use the notation y(F') = >, p yi for F' C F.

Now consider solving LP; to obtain an optimal extreme point §. There must be |F'| linearly inde-
pendent tight constraints at gy, and we call these constraints the basis for §. The tight constraints
of interest are the y(F}) < 1 constraints; in general, there are at most |C| such tight constraints,
and we have little structural understanding of the Fj-sets.

Prior Rounding Framework

Consider the family of Fj-sets corresponding to tight constraints, so F = {F} | j € C, y(Fj) = 1}.
If F is a family of disjoint sets , then the tight constraints of L P, form a face of a partition matroid
polytope intersected with at most r side constraints (the knapsack and coverage constraints.) Using
ideas from, e.g., [KLS18, GRSZ14], we can show that y has O(r) fractional variables.

Indeed, the goal of the iterative rounding framework in [KLS18] is to control the set family F to
obtain an optimal extreme point where F is a disjoint family. To achieve this goal, they iteratively
round an auxiliary LP based on LP,, where they have the constraint y(F}) = 1 for all clients j in
a special set C* C C. Roughly, they regulate what clients are added to C* and delete constraints
y(F;) <1 for some clients. The idea is that a client j whose constraint is deleted must be close to
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L |

F |
j’s shorter distance to a facility

Figure 2.1: Half and quarter ball chasing

some client j' in C*. Since y(Fj) = 1 we can serve j with the facility for j'; the cost is small if j”’s
facility is close to j.

To get intuition, assume each client j can pay the farthest distance to a facility in F}, and call
this the radius of F;. (Precisely, clients may not be able to afford this distance, but we use this
assumption to highlight the ideas behind our algorithmic decisions.) For simplicity, assume every
Fj-set is a ball whose radius is a power of two. Over time, this radius shrinks if some y-variables
in F} are set to zero. Consider applying the following iterative steps until none are applicable, in
which case C* corresponds to the tight constraints: (1) delete a constraint for j ¢ C* if the radius
of Fj is at least that of some Fjs for j/ € C* and F; N Fjr # (. (2) add j ¢ C* to C* if y(F;) < 1is
tight and for every j° € C* such that Fj N Fj» # () it is the case that Fj; has a radius strictly larger
than F}. If added then remove all j/ from C* where j’s radius is half or less of the radius of 5’ and
F;NFy # 0.

The performance is bounded by how much a client j with a deleted constraint pays to get to a
facility serving a client in C*. After removing j’s constraint, the case to worry about is if j’s closest
client j* € C* is later removed from C*. This happens only if j” is added to C*, with Fj» having
half the radius of Fj,. Thus every time we remove j’s closest client in C*, we guarantee that j’s
cost only increases geometrically. The approximation ratio is proportional to the total distance
that j must travel and can be directly related to the distance of “ball-chasing” though these F)
sets. When we remove a client j from C* due to j' € C* such that Fjy N F; # () and j" has radius
at most half of j, we call this a half-chasing step. See Figure 2.1.

New Framework via Structured Extreme Points

The target of our framework is to ensure that the radius decreases in the ball-chasing at a faster
rate, in particular one-quarter. This gives closer facilities for clients whose constraints are deleted.
See Figure 2.1. To achieve this quarter-chasing step, we can simply change half to one-quarter in
step (2) above.

Making this change immediately decreases the approximation ratio; however, the challenge is that
F is no longer disjoint. Indeed, it can be the case that j,j' € C* such that F; N Fj # () if their
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radii differ by only a one half factor. Instead, our quarter ball-chasing algorithm maintains that F
is not disjoint, but has a bipartite intersection graph.

The main technical challenge is obtaining an extreme point with O(r) fractional variables, which
is no longer guaranteed as when F was disjoint. Indeed, if F has bipartite intersection graph, then
the tight constraints form a face of the intersection of two partition matroid polytopes intersected
with at most r side constraints. In general, we cannot upper bound the number of fractional
variables arising in the extreme points of such polytopes. However, such extreme points have a
nice combinatorial structure: the intersection graph can be decomposed into O(r) disjoint paths.
We exploit this “chain decomposition” of extreme points to discover clients j that can be removed
from C* even if there is not a j* € C* where Fjs has one quarter of the radius of Fj. We continue
this procedure until we are left with only O(r) fractional variables.

The main technical contribution of this work is showing how the problem can be reduced to struc-
tural characterization of extreme points corresponding to bipartite matching. This illustrates some
of the structural properties of polytopes defined by k-median-type problems. We hope that this
helps lead to other structural characterizations of these polytopes and ultimately improved algo-
rithms.

Organization

In § 2.2, we introduce the auxiliary LP for GKM that our iterative rounding algorithm operates on.
We note that this is the same LP used in the algorithm of [KLS18]. Then § 2.3-§ 2.5 give the pseudo-
approximation for GKM. In particular, § 2.3 describes the basic iterative rounding phase, where
we iteratively update the auxiliary LP such that 7* = {F} | j € C*} has a bipartite intersection
graph. In § 2.4, we characterize the structure of the resulting extreme points and use it to define
a new iterative operation, which allows us to reduce the number of fractional variables to O(r).
Finally, in § 2.5, we combine the operations from § 2.3 and § 2.4 to obtain our pseduo-approximation
algorithm for GKM.

We then obtain true approximations for knapsack median and k-median with outliers: in § 2.6, we
describe our framework to turn pseudo-approximation algorithms into true approximations for both
problems, and apply it to knapsack median. Then in § 2.7, we consider k-median with outliers.

2.2 Auxiliary LP for Iterative Rounding

In this section, we construct the auxiliary LP, LPj.,, that our algorithm will use. We note that
we use the same relaxation used in [KLS18]. Recall the two goals of iterative rounding, outlined
in § 2.1.1; we want to maintain a set of clients C* C C such that {F; | j € C*} has bipartite
intersection graph, and C* should provide a good set of open facilities for the clients that are not in
C*. Thus, we want to define L Pj., to accommodate moving clients in and out of C*, while having
the LP faithfully capture how much we think the clients outside of C* should pay in connection
costs.

2.2.1 Defining F-balls

Our starting point is LP;. First, we construct LP, by finding appropriate Fj-sets for each j € C.
We can find such sets by solving LP; and splitting the y-variables such that z;; € {0,y;} for all
clients j and facilities i. The proof of the next proposition is standard; see Appendix A.1 for proof.
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Proposition 2.2.1. There exists a polynomial time algorithm that given GKM instance Z, dupli-
cates facilities and outputs sets F; C F for j € C' such that Opt(LP;) < Opt(T).

In § 2.1.1, we assumed the radii of the F}; sets were powers of two. To formalize this idea, we
discretize the distances to powers of 7 > 1 (up to some random offset.) The choice of 7 is to
optimize the final approximation ratio. The main ideas of the algorithm remain the same if we
discretize to powers of, say 2, with no random offset. Our discretization procedure is the following:

Fix some 7 > 1 and sample the random offset a € [1, 7) such that log, a is uniformly distributed in
[0,log, 7). Without loss of generality, we may assume that the smallest non-zero inter-point distance
is 1. Then we define the possible discretized distances, L(—2) = —1, L(—1) = 0,..., L({) = ar’ for
all £ € N.

For each p,q € F U C, we round d(p,q) up to the next largest discretized distance. Let d'(p,q)
denote the rounded distances. Observe that d(p,q) < d'(p,q) for all p,q € FUC. See Appendix A.1
for proof of the following proposition, which we use to bound the cost of discretization.

Proposition 2.2.2. For all p,q € F UC, we have E[d (p, q)] = Z—=d(p, q)

~ log. T

Now using the discretized distances, we can define the radius level of F; for all j € C by ¢; =
€n>1inl{£ | d'(j,i) < L(¢) Vi€ F;}. One should imagine that Fj is a ball of radius L(¢;) in terms of

the d'-distances. Thus, we will often refer to F; as the F'-ball of client j. Further, to accommodate
“shrinking” the Fj sets, we define the inner ball of F; by: B; = {i € F; | d'(j,i) < L(¢{; —1)}. Note
that we defined L(—2) = —1 so that if ¢; = —1, then B; = .

2.2.2 Constructing LP;.,

Our auxiliary LP will maintain three sets of clients: Cpart, Cruu, and C*. Cper consists of all
clients, whom we have not yet decided whether we should serve them or not. Then for all clients
in Cpyy and C*, we decide to serve them fully. The difference between the clients in Cf,y and C*
is that for the former, we remove the constraint y(F;) = 1 from the LP, while for the latter we
still require y(F;) = 1. Thus although we commit to serving Cy,y, such clients rely on C* to find
an open facility to connect to. Using the discretized distances, radius levels, inner balls, and these
three sets of clients, we are ready to define LPj;:

min Y DY AN+ D>, (O di )+ (1 - y(By) L)) (LPiter)

V' jECparticE; J€Crunuce i€B;
st. y(Fj) <1 Vj € Cpart

y(Bj) <1 VjeCru

y(F) =1 VjeC

Wy <b

Y oayF) zc— > q
jecpa'rt jECfullUC*
0<y<I1

Note that we use the rounded distances in the definition of L Pj, rather than the original distances.
Keeping this in mind, if Cpery = C and Cpyy, C* = (), then LPj,, is the same as LP, up to the
discretized distances, so the following proposition is immediate.

15



Proposition 2.2.3. Suppose Cpary = C and Cyy, C* = 0. Then E[Opt(LPjer)] < 1gg;1T Opt(LP).
We now take some time to parse the definition of LP;,,. Initially, all clients are in Cpqr¢. For
clients in Cpqr¢, we are not sure yet whether we should serve them or not. Thus for these clients, we
simply require y(F}) < 1, so they can be served any amount, and in the objective, the contribution
of a client from Cpq, is exactly its connection cost (up to discretization) to Fj.

The clients in C'f,y correspond to the “deleted” constraints in § 2.1.1. Importantly, for j € Cyyy,
we do not require that y(Fj) = 1; rather, we relax this condition to y(B;) < 1. Recall that we
made the assumption that every client can pay the radius of its Fj set in § 2.1.1. To realize this
idea, we require that each j € C't,y pays its connection costs to Bj in the objective. Then, to serve
Jj fully, j must find (1 — y(B;)) units of open facility to connect to beyond B;. Now j truly pays
its radius, L(¢;), for this (1 — y(B;)) units of connections in L Pj,, so we can do “ball-chasing” to
C* to find these facilities. In this case, we say that we re-route the client j to some destination.

For clients in C*, we require y(F;) = 1. Note that the contribution of a j € C* to the objective of
LPj., is exactly its connection cost to F;. The purpose of C* is to provide destinations for C',y;.

Finally, because we have decided to fully serve all clients in C',;; and C*, regardless of how much
they are actually served in their F-balls, we imagine that they every j € Cryy U C* contributes a;
to the coverage constraints, which is reflected in L Pjer.

2.2.3 Properties of LP;.,

Throughout our algorithm, we will modify the data of LPj., - we will move clients between
Cparts Cpun, and C* and modify the F-balls and radius levels. However, we still want the data
of LPj., to satisfy some consistent properties, which we call our Basic Invariants.

Definition 2.2.4 (Basic Invariants). We call the following properties our Basic Invariants:

—_

. Cpart U Cpy U C* partitions C.

2. For all j € C, we have d'(j,i) < Ly, for all i € Fj.

3. For all j € C, we have B; = {i € F; | d'(j,i) < Ly; 1}
4. For all j € C, we have {; > —1.

5. (Distinct Neighbors) For all ji, jo € C*, if Fj, N Fj, # 0, then |[¢;, — ¢;,| = 1. In words, if the
F-balls of two clients in C* intersect, then they differ by exactly one radius level.

We want to emphasize Basic Invariant (5), which we call the Distinct Neighbors Property. This is
our relaxation of the condition that {F} | j € C*} is disjoint, which is the invariant used in [KLS18].
The Distinct Neighbors Property implies that the sub-collections of F-balls in C* with even- and
odd-radius levels are both disjoint. Using this observation, the next proposition is immediate.

Definition 2.2.5 (Intersection Graph). Let F = {F} | j € C*} be a set family indexed by C*. The
intersection graph of F is the undirected graph with vertex set C* such that two vertices j and j’
are connected by an edge if any only if F; N Fj # (.

Proposition 2.2.6. Suppose L P, satisfies the Distinct Neighbors Property. Then the intersection
graph of F = {F}; | j € C*} is bipartite. In particular, each facility is in at most two F-balls for
clients in C*.
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We summarize the relevant properties of L Py, in the following lemma. The algorithm described
by the lemma is exactly the steps we took in this section. By our construction of the F- and B-balls
and the fact Cpqre = C, it is immediate that L Py, satisfies all Basic Invariants.

Lemma 2.2.7. There exists a polynomial time algorithm that takes as input a GKM instance T
and outputs LPe, with Cpary = C, Cruy =0, and C* = 0 such that E[Opt(LPj,)] < lgng Opt(Z)
and L Py, satisfies all Basic Invariants.

2.3 Basic Iterative Rounding Phase

We now describe the iterative rounding phase of our algorithm. This phase has two main goals:
(a) to simplify the constraint set of LPj.,, and (b) to decide which clients to serve and how. To
make these two decisions, we repeatedly solve LPj., to obtain an optimal extreme point, and then
use the structure of tight constraints to update L P, and reroute clients accordingly.

2.3.1 The Algorithm

Our algorithm repeatedly solves L Pj:, to obtain an optimal extreme point ¢, and then performs
one of the following three possible updates, based on the tight constraints:

1. If some facility ¢ is set to zero in g, we delete it from the instance.

2. If constraint y(F;) < 1 is tight for some j € Cpqre, then we decide to fully serve client j by
moving j to either Cy,y or C*. Initially, we add j to Cpyy then run Algorithm 2 to decide if
j should be in C* instead.

3. If constraint §(B;) < 1 is tight for some j € Cyyy, we shrink F; by one radius level (so j’s
new F-ball is exactly B;.) Then we possibly move j to C* by running Algorithm 2 for j.

These steps are made formal in Algorithm 1 (ITERATIVEROUND) and Algorithm 2 (REROUTE).
ITERATIVEROUND relies on the subroutine REROUTE, which gives our criterion for moving a client
to C*. This criterion for adding clients to C* is the key way in which our algorithm differs from
that of [KLS18]. In [KLS18], the criterion used ensures that {Fj | j € C*} is a family of disjoint
sets. In contrast, we allow F-balls for clients in C* to intersect, as long as they satisfy the Distinct
Neighbors Property (5).

The modifications made by ITERATIVEROUND do not increase Opt(L Py ), so upon termination of
our algorithm, we have an optimal extreme point § to LPj., such that LPj., is still a relaxation
of GKM and no non-negativity constraint, Cpq,¢-constraint, or Cy,y-constraint is tight for .

2.3.2 Sketch of Analysis

Recall the goals from the beginning of the section: procedure ITERATIVEROUND achieves goal (a)
of making {F; | j € C*} simpler while maintaining the Distinct Neighbors Property. Since we
moved facilities between C* and C't,y, achieving goal (b) means deciding which facilities to open,
and guaranteeing that each client has a “close-by” open facility. (Recall from § 2.2 that C* is the
set of clients such that their F}-balls are guaranteed to contain an open facility, and Cy,y; are the
clients which are guaranteed to be served but using facilities opened in C*.)

To achieve goal (b), we observe that REROUTE always gives quarter-chasing steps. That is, if we
move a client j from C* to Ctyy, then we are guaranteed a neighboring client j' € C* with radius
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Algorithm 1: ITERATIVEROUND

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18

Input: L P, satisfying all Basic Invariants
Result: Modifies LP;, and outputs an optimal extreme point of L Pj,

repeat
Solve L P, to obtain optimal extreme point g.
if there exists a facility i € F' such that §; > 0 is tight then
‘ Delete ¢ from F'.
end
else if there exists a client j € Cpary such that y(F;) < 1 is tight then
Move j from Cpart to Cryp.
REROUTE())
end
else if there exists a client j € Cyyy such that §(Bj) < 1 is tight then
Update F; <= B; and decrement /¢; by 1.
Update Bj — {’L S Fj | d/(],l) < L(fj - 1)}
REROUTE(j)
end
else
‘ Output y and Terminate.
end

until termination

Algorithm 2: REROUTE

1.1
1.2
1.3
1.4

Input: Client j € Cruy
Result: Decide whether to move j to C* or not
if {; <y —1 for all j € C* such that F; N Fj # () then
Move j from Cy,y to C*.
For all j* € C* such that F; N Fj # 0 and £;; > ¢; + 2, move j" from C* to Clyy.
end
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level at least two smaller than j. Thus, each time we re-route j to a further destination (i.e. if 5’ is
subject to another quarter-chasing step), the extra distance j must travel decreases geometrically.
In the end, we can show that j will have an open facility within O(1) times its radius.

2.4 Iterative Operation for Structured Extreme Points

In this section, we have two goals: (a) we show that the extreme points of L Pj., obtained from
ITERATIVEROUND are highly structured, and admit a chain decomposition. Then, (b) we exploit
this chain decomposition to define a new iterative operation that is applicable whenever § has
“many” (i.e. more than O(r)) fractional variables. We emphasize that this characterization of the
extreme points is what enables the new iterative rounding algorithm.

2.4.1 Chain Decomposition

A chain is a sequence of clients in C* where the F-ball of each client j contains exactly two
facilities—one shared with the previous ball and other with the next.

Definition 2.4.1 (Chain). A chain is a sequence of clients (ji, ..., jp) C C* satisfying:

e |Fj | =2 for all q € [p], and

o F; NFj,,, # (0 for all ¢ € [p—1].

Our chain decomposition is a partition of the fractional C*-clients given in the next theorem, which
is our main structural characterization of the extreme points of LPj.,.. We say that a client j is
fractional if all facilities in F} are fractional; we denote the fractional clients in C* by CZ;.

Theorem 2.4.2 (Chain Decomposition). Suppose LPj., satisfies all Basic Invariants. Let y be an
extreme point of L Pje, such that no Cpari-, Crun-, or non-negativity constraint is tight. Then there
erists a partition of C%, into at most 3r chains, along with a set of at most 2r violating clients
(clients that are not in any chain.)

The proof relies on analyzing the extreme points of a set-cover-like polytope with r side constraints;
we defer it to § 2.8 and proceed instead to define the new iterative operation.

2.4.2 Iterative Operation for Chain Decompositions

Consider an optimal extreme point § of LPj.,. that admits a chain decomposition as in Theo-
rem 2.4.2. We show that if the number of fractional variables in ¥ is sufficiently large, there exists
a useful structure, which we call a candidate configuration.

Definition 2.4.3 (Candidate Configuration). Let y be an optimal extreme point of LPj,. A
candidate configuration is a pair of two clients (j, j') C C%, such that:

1. F‘j N F}'/ # 0
2. 0y <t;—1
3. Every facility in F}; and F} is in at exactly two F-balls for clients in C*
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Lemma 2.4.4. Suppose LPj, satisfies all Basic Invariants, and let § be an optimal extreme point
of LPje,r such that no Cpare-, Cryn-, or non-negativity constraint is tight. If |[F<1| > 157, then
there exist a candidate configuration in C%.

Proof. We claim that in order for C%Z; to have a candidate configuration, it suffices to have a chain
of length at least four in C%,. To see this, let (ji,J2,73,J4,...) C C%; be a chain of length at
least four. Then Fj, N Fj, # 0, and by the Distinct Neighbors Property, either ¢, = ¢;, — 1 or
lj, = €j; — 1.

We only consider the former case, because both cases are analogous. Thus, if £;; = £;, — 1, then we
claim that (jo,js) forms a candidate configuration. We already have the first two properties of a
candidate configuration. Now we verify the last two. Because jo and j3 are part of a chain, we have
|Fj,| = 2 and |Fj,;| = 2. Further, j» has neighbors j; and j3 along the chain. By Proposition 2.2.6,
each facility in Fj, is in at most two F-balls for clients in C*. In particular, one of the facilities
in F}, is shared by Fj, and Fj},, and the other must be shared by F}, and Fj,. Thus, each facility
in Fj, is in exactly two F-balls for clients in C*. An analogous argument holds for Fj,, so (j2,j3)
satisfies all properties of a candidate configuration, as required.

Now suppose |F<1| > 15r. Applying Lemma 2.8.4, we have:
|Fa] < dim(CLy) +r < |CLy| + 1,

which implies |C%;| > 14r. Finally, by Theorem 2.4.2, C%, admits a chain decomposition into at
most 3r chains and a set of at most 2r violating clients. Then at least 127 of the clients in C%,
belong to the 3r chains. By averaging, there must exist a chain with size at least %’” = 4, as
required. O

Our new iterative operation is easy to state: Find a candidate configuration (j, ;') and move j from

C* to Cfull-

Algorithm 3: CONFIGREROUTE
Input: An optimal extreme point § to L Py, s.t. there exists an candidate configuration
Result: Modify LPje,
2.1 Let (j,j") C C%, be any candidate configuration.
2.2 Move j from C* to Cpyy.

2.4.3 Sketch of Analysis

The first two properties of candidate configurations are used to re-route j to j'. Observe a key
difference between REROUTE and CONFIGREROUTE: In the former, we always guarantee quarter-
chasing steps. On the other hand, in CONFIGREROUTE, we only guarantee a neighboring client of
at least one radius level smaller, which corresponds to a half-chasing step. This raises the worry that
if all re-routings are due to CONFIGCREROUTE, any potential gains by REROUTE are not realized
in the worst case. However we show that, roughly speaking, the last two properties of candidate
configurations guarantee that the half-chasing steps of CONFIGREROUTE happen at most half the
time.

In particular, suppose client j is re-routed via CONFIGREROUTE to ;' , which is exactly one radius
level smaller. If j' is later re-routed via REROUTE, then we can re-route j to j’ and then this
new destination. This gives one half- and one quarter-chasing step. The concern is if j' is later
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re-routed via CONFIGREROUTE, which would give j two half-chasing steps in a row. By analyzing
the interactions between REROUTE and CONFIGREROUTE, we show that there must exist a j”
that gives j a quarter-chasing step. See Figure 2.2.

Again, we defer the analysis of the re-routing cost of CONFIGREROUTE to Theorem 2.5.2, where we
analyze the interactions between CONFIGREROUTE and REROUTE, and present our final pseudo-
approximation algorithm next.

2.5 Pseudo-Approximation Algorithm for GKM

The pseudo-approximation algorithm for GKM combine the iterative rounding algorithm ITERA-
TIVEROUND from § 2.3 with the re-routing operation CONFICREROUTE from § 2.4 to construct
a solution to LPje,.

Theorem 2.1.1 (Pseudo-Approximation Algorithm for GKM). There exists an polynomial time
randomized algorithm PSEUDOAPPROXIMATION that takes as input an instance T of GKM and

outputs a feasible solution to LPy with at most O(r) fractional facilities and expected cost at most
6.387 - Opt(Z).

Algorithm 4: PSEUDOAPPROXIMATION
Input: L P, satisfying all Basic Invariants
Result: Modifies LP;, and outputs an optimal extreme point of L Pj,

3.1 repeat

3.2 Run ITERATIVEROUND to obtain an optimal extreme point § of LPjse,
3.3 if there exists a candidate configuration then

3.4 | Run CONFIGREROUTE

3.5 end

3.6 else

3.7 ‘ Output 7 and Terminate

3.8 end

3.9 until Termination

2.5.1 Analysis of PseudoApproximation

There are two main components to analyzing PSEUDOAPPROXIMATION. First, we show that the
output extreme point has O(r) fractional variables, which follows from Lemma 2.4.4. Second, we
bound the re-routing cost, which follows from the sketches in § 2.3 and § 2.4. In particular, for
each client, we can charge each of its half-chasing steps to a quarter-chasing step. This improves
on [KLS18|, where every re-routing is via half-chasing steps. Optimizing the choice of 7 (the
discretization factor) gives our final approximation ratio.

Lemma 2.5.1. PSEUDOAPPROXIMATION is a polynomial time algorithm that maintains all Basic
Invariants, weakly decreases Opt(LPje,), and outputs an optimal extreme point of LPje, with at
most 15r fractional variables.

Proof. First we show that PSEUDOAPPROXIMATION maintains all Basic Invariants. It is clear that
both ITERATIVEROUND and CONFIGREROUTE maintain that Cpge UC f,, UC™ partitions C. Next,
we only update the F-balls in ITERATIVEROUND by shrinking the F-ball and B-ball by one radius
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level or deleting a facility. Further, we only shrink Fj if (B;) = 1, so it cannot be the case that
we shrink a Fj; when ¢; = —1, because this would imply B; = (). We conclude, the first four Basic
Invariants, which ensure that the F'- and B-balls have the correct semantics, are maintained. For
the Distinct Neighbors Property, by definition of REROUTE, if we move a client to C*, it intersects
no C*-ball of weakly smaller radius level, and we subsequently remove any C*-balls that are at
least two radius levels larger. Thus, any remaining C*-ball that intersects the newly-added ball has
radius level exactly one larger.

Next we show that PSEUDOAPPROXIMATION terminates in polynomial time. It is clear that CON-
FIGREROUTE runs in polynomial time. For ITERATIVEROUND, it suffices to show that the number
of iterations of ITERATIVEROUND is polynomial. In each iteration, we make one of three actions.
We either delete a facility from F, move a client from Cpqp¢ to Cpyyy or shrink a F-ball by one radius
level for a client in j € Cpryy.

We can delete each facility from F' at most once, so we make at most |F'| deletions. Each client can
move from Cpurt to Cpyy at most once, because we never move clients back from Cy; to Cpart,
so we do this operations at most |C| times. Finally, observe that ¢; > —1 for all j € C over all
iterations. We conclude that we can shrink each F-ball only polynomially many times.

For the runtime of PSEUDOAPPROXIMATION, it suffices to show that the number of calls to ITERA-
TIVEROUND and CONFIGREROUTE is polynomial. In every iteration of PSEUDOAPPROXIMATION,
either we terminate or we are guaranteed to move a client from C* to Cp,y; in CONFIGREROUTE.
Each client can be removed from C* only polynomially many times, because each time a client is
removed, in order to be re-added to C*, it must be the case that we shrunk the F-ball of that
client. However, again because ¢; > —1 for all j € C, we can shrink each F-ball only polynomially
many times.

To see that Opt(L Py, ) weakly decreases, it is easy to check that each iteration of ITERATIVEROUND
and CONFIGREROUTE maintains the feasibility of the extreme point of LP;., computed in that
iteration and does not change the objective value.

Finally, upon termination of ITERATIVEROUND, we have an optimal extreme point where no non-
negativity-, Cpyy—, or C*-constraint is tight, so Lemma 2.4.4 implies that when PSEUDOAPPROX-
IMATION terminates, we have an optimal extreme point with at most 157 fractional variables (fa-
cilities.) O

We now bound the re-routing cost by analyzing how C* evolves throughout PSEUDOAPPROXIMA-
TION. This is one of the main technical contributions of our paper, and it is where our richer C*-set
and relaxed re-routing rules are used. [KLS18] prove an analogous result about the re-routing cost
of their algorithm. In the language of the following theorem statement, they show that o = :—ﬂ for
the case 8 = 1. We improve on this factor by analyzing the interactions between REROUTE and
CONFIGREROUTE. Interestingly, analyzing each of REROUTE and CONFIGREROUTE separately
would not yield any improvement over [KLS18] in the worst case, even with our richer set C*.
It is only by using the properties of candidate configurations and analyzing sequences of calls to

REROUTE and CONFIGREROUTE that we get an improvement.

Theorem 2.5.2 (Re-Routing Cost). Upon termination of PSEUDOAPPROXIMATION, let S C F
be a set of open facilities and > 1 such that d(j,S) < BL(¢;) for all j € C*. Then for all
j € CraUC*, d(j,5) < (24 a)L(£;), where o = max(B,1 4 H2 242041y

T 0 r3-1

We will need the following discretized version of the triangle inequality.
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Figure 2.2: A chain of balls in C*, where squares indicate facilities. First j is removed from C* as part of
candidate configuration (j,j"), so j' has strictly smaller radius than j. Then j" is added to C*, which has
strictly smaller radius than j'. This gives j a destination that is at least two radius levels smaller.

Proposition 2.5.3. Let j,j’ € C' such that Fj and Fj intersect. Then d(j,j") < L(¢;) + L({;).

Proof. Let i € F; N Fy. Then using the triangle inequality we can bound:
d(j,5") < d(j, i) +d(i, ) < d'(§,i) +d'(3,5") < L(¢;) + L(£y0).
O

The next lemma analyzes the life-cycle of a client that enters C* at some point in PSEUDOAP-
PROXIMATION. Our improvement over [KLS18] comes from this lemma.

Lemma 2.5.4. Upon termination of PSEUDOAPPROXIMATION, let S C F be a set of open facilities
and f > 1 such that d(j,S) < BL(¢;) for all j € C*. Suppose client j is added to C* at radius
level ¢ during PSEUDOAPPROXIMATION (it may be removed later.) Then upon termination of
PSEUDOAPPROXIMATION, we have d(j, S) < aL(f), where a = max(3,1 4 252 %)

T 13-1

Proof. Consider a client j added to C* with radius level ¢. If j remains in C* until termination,
the lemma holds for j because o > 8. Thus, consider the case where j is later removed from C* in
PSEUDOAPPROXIMATION. Note that the only two operations that can possibly cause this removal
are REROUTE and CONFIGREROUTE. We prove the lemma by induction on ¢ = —1,0,.... If
¢ = —1, then j remains in C* until termination because it has the smallest possible radius level
and both REROUTE and CONFIGREROUTE remove a client from C* only if there exists another
client with strictly smaller radius level.

Similarly, if £ = 0, we note that REROUTE removes a client from C* only if there exists another
client with radius level at least two smaller, which is not possible for j. Thus, if j does not remain
in C* until termination, there must exist some j’ that is later added to C* with radius level at most
¢ —1 = —1 such that F; N Fj # (). We know that j' remains in C* until termination since it is of
the lowest radius level. Thus:

d(j,8) < d(j,5") +d(5', ) < L(0) + L(=1) + BL(~1) = L(0).

Now consider ¢ > 0 where j can possibly be removed from C* by either REROUTE or CONFI-
GREROUTE. In the first case, j is removed by REROUTE, so there exists j’ that is added to C*
such that £;; < ¢ —2 and F; N Fj # (. Applying the inductive hypothesis to j, we can bound:

A(G,5) < dj, ) +d(7' 8) < L0 + L€ ~2) + aL(l ~2) < (1 + 52 L(0).
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It is easy to verify by routine calculations that 1 + 1T+—2°‘ < « given that a > %

For our final case, suppose j is removed by CONFIGREROUTE. Then there exists j € C* such that
F;NFy #0 and {; < {¢— 1. Further, |Fy| = 2. If j' remains in C* until termination, then:

40G,5) < d(G.§) < L0 + L= 1)+ BLE 1) < (14 D) L(0),

Otherwise, ;' is removed by REROUTE at an even later time because some j” is added to C* such
that £;» < {; —2 and Fjy N Fj» # (. Applying the inductive hypothesis to j”, we can bound:

1+«
3

4(3,8) < d(G,§) +d(, ") +d(",8) < (1L+ = + 50 L(0)

34097201 . .
Whereaz%lmphesl—i—%—i—ﬁ—fga.

Now, we consider the case where j' is later removed by CONFIGREROUTE. To analyze this case,
consider when j was removed by CONFIGREROUTE. At this time, we have |F}/| = 2 by definition
of Candidate Configuration. Because F; N Fj» # (), consider any facility ¢ € F; N Fjy. When j is
removed from C* by CONFIGREROUTE, we have that 7 is in exactly two F-balls for clients in C*,
exactly Fj and Fj. However, after removing j from C*, 7 is only in one F-ball for clients in C* -
namely Fj.

Later, at the time j' is removed by CONFIGREROUTE, it must be the case that |F}/| = 2 still, so
Fj is unchanged between the time that j is removed and the time that j’ is removed. Thus the
facility ¢ that was previously in Fj N Fj, must still be present in Fj,. Then this facility must be in
exactly two F-balls for clients in C*, one of which is j'. Tt must be the case that the other F-ball
containing i, say Fj», was added to C* between the removal of j and j'.

Note that the only operation that adds clients to C* is REROUTE, so we consider the time between
the removal of j and j' when j” is added to C*. Refer to Figure 2.2. At this time, we have j' € C*,
and Fjy N Fj» # () because of the facility . Then it must be the case that j” has strictly smaller
radius level than j', so £j» < {; —1 < £ —2. To conclude the proof, we note that F; N Fj» # () due
to the facility 7, and apply the inductive hypothesis to 7”:

1+«
)

d(j, §) < d(j,5") +d(5",S) < (1 + )LL)

which is at most aL(¥). O

Now using the above lemma, we can prove Theorem 2.5.2.

Proof of Theorem 2.5.2. Consider any client j that is in Cf,y U C* upon termination of PSEU-
DOAPPROXIMATION. It must be the case that REROUTE(j) was called at least once during PSEU-
DOAPPROXIMATION. Consider the time of the last such call to REROUTE(j). If j is added to C*
at this time, note that its radius level from now until termination remains unchanged, so applying
Lemma 2.5.4 gives that d(j,S5) < aL({;), as required. Otherwise, if j is not added to C* at this
time, then there must exist some j/ € C* such that F; N Fj # 0 and £; < ¢;. Then applying
Lemma 2.5.4 to j’, we have:

d(j,8) < d(j,5') +d(5',8) < L(¢;) + L(€y) + aL(ly) < (2 + o) L(£;).
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2.5.2 Putting it all Together: Pseudo-Approximation for GKM

In this section, we prove Theorem 2.1.1. In particular, we use the output of PSEUDOAPPROXIMA-
TION to construct a setting of the x-variables with the desired properties.

Proof of Theorem 2.1.1. Given as input an instance Z of GKM, our algorithm is first to run the
algorithm guaranteed by Lemma 2.2.7 to construct LPj, from LP; such that E[Opt(LPjs.,)] <
10 o TOpt( ) and LPy., satisfies all Basic Invariants. Note that we will choose 7 > 1 later to
optimize our final approximation ratio. Then we run PSEUDOAPPROXIMATION on L P, which
satisfies all Basic Invariants, so by Lemma 2.5.1, PSEUDOAPPROXIMATION outputs in polynomial
time L Py, along with an optimal solution § with O(r) fractional variables.

Given ¥, we define a setting Z for the z-variables: for all j € Cpqr¢, connect j to all facilities in F; by
setting Z;; = g; for all i € F}j. For all j € C*, we have y(F};) = 1, so connect j to all facilities in Fj.
Finally, to connect every j € C't,y to one unit of open facilities, we use the following modification
of Theorem 2.5.2:

Proposition 2.5.5. When PSEUDOAPPROXIMATION terminates, for all j € Cpyy U C*, there
exists one unit of open facilities with respect to § within distance (2 + a)L(¢;) of j, where o =
max(1,1+ 2 7T3+2121+1)

The proof of the above proposition is analogous to that of Theorem 2.5.2 in the case § =1, so we
omit it. To see this, note that for all j € C*, we have y(F;) = 1. This implies that each j € C* has
one unit of fractional facility within distance L(¢;). Following an analogous inductive argument as
in Lemma 2.5.4 gives the desired result.

By routine calculations, it is easy to see that a = % for all 7 > 1. Now, for all j € Cyyy, we
connect j to all facilities in B;. We want to connect J to one unit of open facilities, so to find the
remaining 1 — y(B;) units, we connect j to an arbitrary 1 — g(B;) units of open facilities within
distance (2 4+ a) L(¢;) of j, whose existence is guaranteed by Proposition 2.5.5. This completes the
description of Z.

It is easy to verify that (z,y) is feasible for LP;, because y satisfies all knapsack constraints,
and every client’s contribution to the coverage constraints in LP; is exactly its contribution in
LPjter. Thus it remains to bound the cost of this solution. We claim that LP(zZ,5) < (2 +
a)Opt(LPjer), because each client in Cp,yy and C* contributes the same amount to LP; and LPje,
(up to discretization), and each client j € Cy,y has connection cost at most 2 4+ « times its
contribution to L Pje,.

In conclusion, the expect cost of the solution (z,y) to LP; is at most:

T—1 P42 41
(2 4+ a) E[Opt(LPer)] < log, <2 + T ) Opt(Z)

24T 3+27 TH) gives 7 = 2.046 and Tog = L (24 3+272“) =6.387. [

Choosing 7 > 1 to minimize 17 L(
2.6 From Pseudo-Approximation to Approximation

In this section, we leverage the pseudo-approximation algorithm for GKM defined in § 2.5 to
construct improved approximation algorithms for two special cases of GKM: knapsack median and
k-median with outliers.
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Recall that knapsack median is an instance of GKM with a single arbitrary knapsack constraint
and a single coverage constraint that states we must serve every client in C'. Similarly, k-median
with outliers is an instance of GKM with a single knapsack constraint, stating that we can open
at most k facilities, and a single coverage constraint, stating that we must serve at least m clients.
Note that both special cases have r = 2.

We restate our main results for these two problems:

Theorem 2.1.2 (Approximation Algorithm for Knapsack Median). There exists a polynomial
time randomized algorithm that takes as input an instance T of knapsack median and parameter
e € (0,1/2) and in time nP/9)  outputs a feasible solution to I of expected cost at most (6.387 +

¢) - Opt(T).

Theorem 2.1.3 (Approximation Algorithm for k-Median with Outliers). There ezists a polynomial
time randomized algorithm that takes as input an instance L of k-median with outliers and parameter
e € (0,1/2) and in time n°1/9) | outputs a feasible solution to T of expected cost at most (6.994 +

€) - Opt(Z).
2.6.1 Overview

The centerpiece for both of our approximation algorithms is the pseudo-approximation algorithm
PSEUDOAPPROXIMATION for GKM. For both of these special cases, we can obtain via PSEUDOAP-
PROXIMATION a solution to LPj, with only O(1) fractional facilities and bounded re-routing cost.
Now our remaining task is to turn this solution with O(1) fractional facilities into an integral one.

Unfortunately, the basic LP relaxations for knapsack median and k-median with outliers have an
unbounded integrality gap. To overcome this bad integrality gap, we use known sparsification tools
to pre-process the instance [KLS18]. Our main technical contribution in this section is a post-
processing algorithm that rounds the final O(1) fractional variables at a small cost increase for the
special cases of knapsack median and k-median with outliers.

2.6.2 Approximation Algorithm for Knapsack Median

To illustrate our approach, we give the pre- and post-processing algorithms for knapsack median,
which is the simpler of the two variants. Our pre-processing instance modifies the data of the input
instance, so the next definition is useful to specify the input instance and pre-processed instance.

Definition 2.6.1 (Instance of Knapsack Median). An instance of knapsack median is of the form
7 = (F,C,d,w,B), where F'is a set of facilities, C' is a set of clients, d is a metric on FUC, w € RIJ;
is the weights of the facilities, and B > 0 is the budget.

Note that for knapsack median, the two side constraints in LPj., are the knapsack constraint,
> wiy; < B, and the coverage constraint, Y. y(F;) > |C|—|Cpuu U C*|.

icF J€Cpart

We utilize the same pre-processing as in [KLS18]. Roughly, given a knapsack median instance Z, we
first handle the expensive parts of the optimal solution using enumeration. Once we pre-open the
facilities and decide what clients should be assigned there for this expensive part of the instance,
we are left with a sub-instance, say Z’. In Z’ - the “cheap” part of the input instance - the our goal
is to open some more facilities to serve the remaining clients. When we construct L Py, for this
sub-instance, we initialize additional invariants which we call our Eztra Invariants.
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To state our Extra Invariants, we need to define the P-ball centered at p with radius v for any
PCFUC,pe FUC, and r > 0, which is the set:

Bp(p,r) ={qe P|d(p,q) <r}.

Definition 2.6.2 (Extra Invariants for Knapsack Median). Let p,6 € (0,1/2), U > 0, Sp C F,
and R € Rg be given. Then we call the following properties our Extra Invariants:

1. Foralli € Sy, there exists a dummy client j(i) € C* such that Fj;y = {i’ € F | i’ collocated with i}

with radius level £;;) = —1. We let Cyp C C be the collection of these dummy clients.

2. For all i € F that is not collocated with some i’ € Sy, we have > d(i,7) < 2pU
jli€F;

3. For all j € C, we have L({;) < TR;

4. For all j € C and r < Rj, we have: |B¢(j,dr)|r < pU.

Extra Invariant (1) guarantees that we open the set of guessed facilities Sy in our final solution.
Then for all non-guessed facilities, so the set F'\ Sy, Extra Invariant (2) captures the idea that
these facilities are “cheap.” Taken together, Extra Invariants (3) and (4) capture the idea that all
remaining clients are “cheap.”

The next theorem describes our pre-processing algorithm for knapsack median, which is a convenient
re-packaging of the pre-processing used in [KLS18]. The theorem essentially states that given p,d,
and U, we can efficiently guess a set C'\ C” of clients and Sy of facilities that capture the expensive
part of the input instance Z. Then when we construct LP;., for the cheap sub-instance, we can
obtain the Extra Invariants, and the cost of extending a solution of the sub-instance to the whole
instance is bounded with respect to U, which one should imagine is Opt(Z).

Theorem 2.6.3 (Pre-Processing for Knapsack Median). Let Z = (F,C,d,w, B) be an instance
of knapsack median. Then, given as input instance I, parameters p,6 € (0,1/2), and an upper
bound U on Opt(Z), there exists an algorithm that runs in time nPW/P) and outputs nO(I/P)—many
sub-instances of the form ' = (F,C" C C,d,w, B) along with the data for LPy.. on I', a set of
facilities So C F, and a vector R € Rg/ such that:

1. LPje, satisfies all Basic and Fxtra Invariants

2. B TROpt(LPer)] + 152 S d(j,S0) U
jec\¢’

The proof is implicit in [KLS18]. For completeness, we prove the analogous theorem for k-median
with outliers, Theorem 2.6.11, in Appendix A.4.

We will show that if LPj., satisfies the Extra Invariants for knapsack median, then we can give a
post-processing algorithm with bounded cost. It is not difficult to see that PSEUDOAPPROXIMA-
TION maintains the Extra Invariants as well, so we use the Extra Invariants in our post-processing.

Proposition 2.6.4. PSEUDOAPPROXIMATION maintains all Extra Invariants for knapsack me-
dian.
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Now we move on to describing our post-processing algorithm. Suppose we run the pre-processing
algorithm guaranteed by Theorem 2.6.3 to obtain L Py, satisfying all Basic- and Extra Invariants.
Then we can run PSEUDOAPPROXIMATION to obtain an optimal extreme point of L Py, with O(1)
fractional facilities, and L Pj., still satisfies all Basic- and Extra Invariants.

It turns out, to round these O(1) fractional facilities, it suffices to open one facility in each F-ball for
clients in C*. Then we can apply Theorem 2.5.2 to bound the re-routing cost. The main difficulty
in this approach is that we must also round some fractional facilities down to zero to maintain the
knapsack constraint.

Note that closing a facility can incur an unbounded multiplicative cost in the objective. To see this,
consider a fractional facility ¢ that is almost open, so y; ~ 1. Then suppose there exists j € Cruy
such that ¢ € B; and d(j,7) < L(¢;). Then j’s contribution to the objective of LPjy, is ~ d(j,1).
However, if we close 4, then j’s contribution increases to L(¢;) > d(j,1).

To bound the cost of closing facilities, we use the Extra Invariants. In particular, we use the next
technical lemma, which states that if we want to close down a facility ¢, and every client j that
connects to i has a back-up facility to go to within distance O(1)L(¥¢;), then closing 4 incurs only
a small increase in cost. For proof, see Appendix A.2.

Lemma 2.6.5. Suppose LPj., satisfies all Basic and Extra Invariants for knapsack median, and
let S C F and o > 1. Further, consider a facility i ¢ S U Sy and set of clients C' C C such that
forall j € C’, we have i € F; and there exists some facility in S within distance aL({;) of j. Then

> d(j,S) =0(5)U.

jec’

Further, the coverage constraint for knapsack median, > y(F;) > [C| — [Cruy U C*| = |Cpart]
jecpart
implies that y(F;) = 1 for all j € Cpere. Thus the next proposition is immediate.

Proposition 2.6.6. Upon termination of PSEUDOAPPROXIMATION on a knapsack median in-
stance, we have Cpars = 0.

To summarize, the goal of our post-processing algorithm is to find an integral setting of the O(1)
fractional facilities in the output of PSEUDOAPPROXIMATION such that the knapsack constraint
is satisfied and there is an open facility in each F-ball for clients in C*.

Lemma 2.6.7. Upon termination of PSEUDOAPPROXIMATION on a knapsack median instance,
let y be the outputted extreme point of LPje,, and suppose LPje, satisfies all Basic- and Extra
Invariants. Then there exists an integral setting of the fractional facilities such that the knapsack
constraint is satisfied, there is an open facility in each F-ball for clients in C*, and every facility
in Sy is open.

Proof. Consider the following LP:
LP =min{d wiy |y(F}) =1 VjeC* yi=1 VieFo,yel0,1]"}.
y
icF

The first constraint states that we want one open facility in each F-ball for clients in C*, and the
second states that our solution should agree on the integral facilities in .

Because L Py, satisfies all Basic Invariants, the intersection graph of {F}; | j € C*} is bipartite
by Proposition 2.2.6. Then the feasible region of LP is a face of the intersection of two partition
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matroids (each side of the biparitition of {F} | j € C*} defines one parititon matroid), and thus

LP is integral.

To conclude the proof, we observe that g is feasible for LP, so Opt(LP) < > w;y; < B. Thus
iEF

there exists an integral setting of facilities that opens one facility in each F-bal for all clients in C*,

agrees with all of §’s integral facilities, and has total weight at most B. Finally, by Extra Invariant

(1), Cp C C*, so we open every facility in Sp. O

Thus, in light of Lemma 2.6.7, our post-processing algorithm is to enumerate over all integral
settings of the fractional variables to find one that satisfies the knapsack constraint, opens one
facility in each F-ball for clients in C*, and opens Sp. Combining our post-processing algorithm
with PSEUDOAPPROXIMATION gives the following theorem.

Theorem 2.6.8. There exists a polynomial time algorithm that takes as input L P, for knapsack
median instance T satisfying all Basic- and Fxtra Invariants and outputs a feasible solution to T

such that the solution opens all facilities in Sy and has cost at most (2 + «) Opt(LPjier) + O(p/d)U,
3427241

where o = 515

Proof. Our algorithm is to run PSEUDOAPPROXIMATION on L Py, and then run our post-processing
algorithm, which is to enumerate over all integral settings of the fractional variables, and then out-
put the feasible solution that opens Sy of lowest cost (if such a solution exists.)

Let y be the optimal extreme point of L P, output by PSEUDOAPPROXIMATION, which has O(1)
fractional variables by Lemma 2.5.1. Because § has O(1) fractional variables, our post-processing
algorithm is clearly efficient, which establishes the runtime of our overall algorithm.

Note that upon termination, L P;, still satisfies all Basic- and Extra Invariants. Then by Lemma 2.6.7,
there exists an integral setting of the fractional variables that is feasible, opens Sp, and opens a
facility in each F-ball for clients in C*. It suffices to bound the cost of this solution. Let S C F
denote the facilities opened by this integral solution, so d(j,S) < L(¢;) for all j € C*. Applying
Theorem 2.5.2 with = 1, we obtain that d(j,S) < (2 4+ «)L(¢;) for all j € Cyuy U C*, where

a =max(1,1+ %, %) It is easy to check that o = % for all 7 > 1.

To bound the cost of the solution S relative to Opt(L Py, ), we must bound the cost of closing the
O(1)-many facilities in Fq \ S. We recall that by Proposition 2.6.6, we have C' = Cp,y U C*, so
all clients must be fully connected in L Py,

First we consider any client j € C that is not supported on any facility in F1 \ S. Such a client
is not affected by closing Fcq1 \ S, so if F}j is empty, then d(j,S) < (2 + «)L(¢;), which is at most
(2 + «) times j’s contribution to LP;.,. Otherwise, F; contains an integral facility in S to connect
to, so d(j,S) is at most j’s contribution to L Pje;.

It remains to consider the clients whose F-balls contain a facility in Fq \ S. Because there are
only O(1)-many facilities in F; \ S, it suffices to show that for each i € F; \ S, the additive cost
of connecting all clients supported on i is at most O(p/d)U. Here we apply Lemma 2.6.5 to the set
of clients C' = {j € C'| i € F;} to obtain ) d(j,5) = O(p/6)U.

jecr
To summarize, the cost of connecting the clients not supported on F.q \ S is at most (2 +
a)Opt(LPjter), and the cost of the remaining clients is O(p/0)U, as required. O

Now our complete approximation for knapsack median follows from combining the pre-processing
with the above theorem and tuning parameters.
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Proof of Theorem 2.1.2. Let € > 0. We will later choose ¢ with respect to the given € to obtain the
desired approximation ratio and runtime. First, we choose parameters p,d € (0,1/2) and U > 0 for
our pre-processing algorithm guaranteed by Theorem 2.6.3. We take p = ¢ 2and 6 = ¢. We require
that U is an upper bound on Opt(Z). Using a standard binary search idea, we can guess Opt(Z) up to
a multiplicative (1+¢€')-factor in time n®/¢) | so we guess U such that Opt(Z) < U < (1+¢€)Opt(Z).
With these choices of parameters, we run the algorithm guaranteed by Theorem 2.6.3 to obtain

n@1/€) many sub-instances such that one such sub-instance is of the form 7/ = (F,C" c C,d,w,B),
where L Pj,, for I’ satisfies all Basic- and Extra Invariants, and we have:

log, 7

E[Opt(LPie)] Z d(j, S0) < (2.1)
]EC\C”

Then for each sub-instance output by the pre-processing, we run the algorithm guaranteed by
Theorem 2.6.8 to obtain a solution to each sub-instance. Finally, out of these solutions, we output
the one that is feasible for the whole instance with smallest cost. This completes the description of
our approximation algorithm for knapsack median. The runtime is n®(/€) so it remains to bound
the cost of the output solution and to choose the parameters ¢ and 7.

To bound the cost, it suffices to consider the solution output on the instance Z' where LPj.,
satisfies all Basic- and Extra Invariants and Equation 2.1. By running the algorithm guaranteed
by Theorem 2.6.8 on this LPj.,, we obtain a feasible solution S C F to Z’ such that Sy C S, and
the cost of connecting C’ to S is at most (2 + «)Opt(LPiter) + O(¢')U, where a = % To
extend this solution on the sub-instance to a solution on the whole instance Z, we must connect
C\ C' to S. Because Sy C S, applying Equation 2.1 allows us to upper bound the expected cost of

connecting C' to S by:

—114+¢€
(2+ @)E[Opt(LPiter)] + O(HU + > d(j, o) < 2+ )1Og671_€,U+0(g)U.
jec\¢’
T +27’ +1

) =L gives 7 = 2.046 and T (24 T HEL) = 6,387,

Thus the expected cost of this solution is at most 6. 3871“'6 U+ O(e )U, where U § (1+€)Opt(2).
Finally, by routine calculations, we can choose ¢ = 6(e ) so that expected cost is at most (6.387 +
€)Opt(Z), as required. Note that the runtime of our algorithm is n@1/¢) = p©O1/e), O

Now choosing 7 > 1 to minimize (2+

2.6.3 Approximation Algorithm for k-Median with Outliers

Our approximation algorithm for k-median with outliers follows the same general steps as our
algorithm for knapsack median. We state the analogous Extra Invariants for k-median with outliers
and pre-processing algorithm here. The only differences between the Extra Invariants for knapsack
median and k-median with outliers is in the final Extra Invariant.

Definition 2.6.9 (Instance of k-Median with Outliers). An instance of k-median with outliers is
of the form Z = (F,C,d, k,m), where F' is a set of facilities, C' is a set of clients, d is a metric on
F U C, k is the number of facilities to open, and m is the number of clients to serve.

Note that for k-median with outliers, the two side constraints in L Py, are the knapsack constraint,

y(F) <k, and the coverage constraint, Y y(Fj) >m —|Cry UC*|.
jecpart
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Definition 2.6.10 (Extra Invariants for k-Median with Outliers). Let p,d € (0,1/2), U > 0,
So C F,and R € Rg be given. Then we call the following properties our Eztra Invariants:

L. Foralli € Sy, there exists a dummy client j(i) € C* such that Fj; = {i’ € F' | i’ colocated with i}
with radius level £;;) = —1. We let Cy C C be the collection of these dummy clients.

2. For all i € F that is not collocated with some i’ € Sy, we have > d(i,j) < p(1+§)U
jl’iEFj

3. For all j € C, we have L({;) < TR;
4. For every t > 0 and p € FFUC, we have:

ot

4+ 36

(i € Belp. “*3‘%3

P
)Ry =0 < P

Again, the pre-processing of [KLS18] gives the next theorem. For proof, see Appendix A 4.

Theorem 2.6.11 (Pre-Processing for k-Median with Outliers). Let Z = (F,C,d, k,m) be an in-
stance of k-median with outliers with optimal solution (S*,C*). Then, given as input instance Z,
parameters p,d € (0,1/2), and an upper bound U on Opt(Z), there exists an algorithm that runs
in time n°1/P) and outputs n°/P)-many sub-instances of the form T' = (F,C'" C C,d,k,m' =
m—|C*\ C'|) along with the data for LPjye, onT', a set of facilities Sy C F, and a vector R € Rgl
such that:

1. LP!

er Satisfies all Basic and Extra Invariants

2 e ElOPH L) + 458 3 d(j,S0) <U
JECH\C'

It is easy to check that PSEUDOAPPROXIMATION maintains all Extra Invariants for k-median with
outliers as well, and we have an analogous technical lemma to bound the cost of closing facilities.
For proof of the lemma, see Appendix A.2.

Proposition 2.6.12. PSEUDOAPPROXIMATION maintains all Extra Invariants for k-median with
outliers.

Lemma 2.6.13. Suppose L Py, satisfies all Basic and Extra Invariants for k-median with outliers,
and let S C F and o > 1. Further, consider a facility i ¢ S U Sy and set of clients C' C C such
that for all j € C', we have i € F; and there exists some facility in S within distance oL(¢;) of j.

Then Y d(j,S)=O(§)U.
jec’

Now we focus on the main difference between the two algorithms: the post-processing. In particular,
the coverage constraint of k-median with outliers introduces two difficulties in rounding the final
O(1) fractional facilities: (a) we are no longer guaranteed that Cpq = 0, and (b) we must satisfy
the coverage constraint.

The difficulty with (a) is that now rounding a facility up to one can also incur an unbounded
multiplicative cost in the objective. To see this, consider a fractional facility ¢ that is almost closed,
so g; ~ 0. Consider rounding this facility up to one. Then for a client j € Cp,y¢ that fractionally
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connects to ¢ in the solution g, if we fully connect j to 4, this costs d(j,7) > d(j,4)y;. The solution
here is to use Extra Invariant (2) to bound the additive cost of opening facilities.

The more troublesome issue is (b). Note that the same approach that we used to prove that
there exists a good integral setting of the O(1) fractional variables in Lemma 2.6.7 does not work
here because putting the coverage constraint in the objective of the LP could result in a solution
covering the same client multiple times. Our solution to (b) is a more sophisticated post-processing
algorithm that first re-routes clients in Cjg,¢. After re-routing, we carefully pick facilities to open
that do not double-cover any remaining Cp¢-clients. We defer the details of our post-processing
algorithm for § 2.7. For now, we present the guarantees of our pseudo-approximation combined
with post-processing:

Theorem 2.6.14. There exists a polynomial time algorithm that takes as input LPje, for k-
median with outliers instance T satisfying all Basic- and Extra Invariants and outputs a feasible set
of facilities S O So such that the cost of connecting m clients to S is at most (2 + a) Opt(L Pjer) +
O(p/0)U, where o = max(3 +277¢, 1+ 4+277_C, 7-34;32121+1) for any constant ¢ € N.

Combining the pre-processing of Theorem 2.6.11 with Theorem 2.6.14 and tuning parameters gives
our final approximation algorithm for k-median with outliers. The proof of Theorem 2.1.3 is
analogous to Theorem 2.1.2, so we defer it to Appendix A.2.

2.7 Post-Processing for k-Median with Outliers

In this section we develop the post-processing algorithm for k-median with outliers that is guaran-
teed by Theorem 2.6.14. The structure of our algorithm is recursive. First, we give a procedure to
round at least one fractional facility or serve at least one client. Then we recurse on the remaining
instance until we obtain an integral solution.

2.7.1 Computing Partial Solutions

In this section, we show how to round at least one fractional facility or serve at least one client.
We interpret this algorithm as computing a partial solution to the given k-median with outliers
instance.

The main idea of this algorithm is to re-route clients in Cpqr¢. In particular, we maintain a subset
C C C* such that for every client in C, we guarantee to open an integral facility in their F-ball.
We also maintain a subset Ceopered C Cpart 0f Cpari-clients that we re-route; that is, we guarantee
to serve them even if no open facility is in their F-balls. Crucially, every client in Cpart \ Ceovered
is supported on at most one F-ball for clients in C. Thus, we do not have to worry about double-

covering those clients when we round the facilities in F'(C).

The partial solution we output consists of one open facility for each client in C' (along with the
facilities that happen to be integral already), and we serve the clients in Cryy1, C*, Ceopered, and the
Cpart-clients supported on our open facilities. See Algorithm 5 (COMPUTEPARTIAL) for the formal
algorithm to compute partial solutions. Note that ¢ € N is a parameter of COMPUTEPARTIAL.

We note that to define a solution for k-median with outliers, it suffices to specify the set of open
facilities .S, because we can choose the clients to serve as the m closest clients to S. Thus when we
output a partial solution, we only output the set of open facilities.

We summarize the performance of COMPUTEPARTIAL with the next theorem, which we prove in
§ 2.7.4. In the next section, we use Theorem 2.7.1 to define our recursive post-processing algorithm.
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Algorithm 5: COMPUTEPARTIAL

4.1
4.2
4.3
4.4

4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14

4.15
4.16

4.17

4.18

Input: LP;., and § output by PSEUDOAPPROXIMATION on a k-median with outliers
instance such that CZ; ¢ Co
Output: Output a partial solution .S C F' and modify L Pj,

Initialize Clppereq = 0 and C = {j S 021 ‘ Fj NSy = @}
for all clients J€ C in increasing order of {; do )
For all j € C such that j # j and Fj N F; # §, remove j from C
while there exists a client j € Cpart \ Ceovered Such that Fj intersects F; and F} for
some other j € C do
if £; < E; — ¢ then
‘ Remove j from C
end
else
‘ Add j/ to Ccovered
end

end

end

For all i € F', we define w; = [{j € Cpart \ Ceovered | © € F}j}|

Construct the set S C F(C) by greedily picking the facility i € F  with largest w; for each
jecC

Define the set Cpart(S) = {j € Cpare | Fj NS # 0}

Define the partial set of facilities by S = (S U F-1) \ Sp and the partial set of clients by

C/ - Cpart(S> U Ccovered U Cfull U (q* \ CO)
Update LPj., by deleting S and F(C) from F, deleting all clients in C’ from C,
decrementing k by |S|, and decrementing m by |C’|

Output the partial solution S
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Theorem 2.7.1. Let LP;., and y be the input to COMPUTEPARTIAL. Then let S be the partial
solution output by COMPUTEPARTIAL and LPL,. be the modified LP. Then LPL_ . satisfies all
Basic- and Extra Invariants and we have:

1

Opt(LPilter) + 2+a

> d(j, S U So) < Opt(LPier) + O(g)U’
jec

where a = max(3 + 2776, 1  H2° TR

We want LPL_ to satisfy all Basic- and Extra Invariants so we can continue recursing on LP._ .
The inequality given by Theorem 2.7.1 allows us to extend a solution computed on LPZ%EET, with the

partial solution S.
2.7.2 Recursive Post-Processing Algorithm

To complete our post-processing algorithm, we recursively apply COMPUTEPARTIAL until we have
an integral solution.

The main idea is that we run PSEUDOAPPROXIMATION to obtain an optimal extreme point with
O(1) fractional variables. Then using this setting of the y-variables, we construct a partial solution
consisting of some open facilities along with the clients that they serve. However, if there are still
fractional facilities remaining, we recurse on L Py, (after the modifications by COMPUTEPARTIALL.)
Our final solution consists of the union of all recursively computed partial solutions. See Algorithm 6
(OUTLIERSPOSTPROCESS.)

Algorithm 6: OUTLIERSPOSTPROCESS
Input: LPj, for a k-median with outliers instance satisfying all Basic- and Extra

Invariants
Output: Solution S C F

5.1 Run PSEUDOAPPROXIMATION to obtain extreme point 4§ to L Pjter,

5.2 if § is integral then

5.3 Output the solution F_q

5.4 end

5.5 else if €2, C Cp then

5.6 By Lemma 2.7.2, y has at most two fractional variables, say a,b € F.

5.7 | Without loss of generality, we may assume |[{j € Cpart | @ € F}}| > [{j € Cpart | b € Fj}|
5.8 Output the solution F—; U {a}

5.9 end
5.10 else
5.11 Run COMPUTEPARTIAL to obtain partial solution S’ and update LPj.,
5.12 Run COMPUTEPARTIAL on updated LPj,, to obtain partial solution S”
5.13 Output solution S’ U S”
5.14 end

For proof of the next lemma, see Appendix A.3.

Lemma 2.7.2. If %, C Cy, then i has at most two fractional variables.

34



2.7.3 Analysis of OutliersPostProcess

In this section, we show that OUTLIERSPOSTPROCESS satisfies the guarantees of Theorem 2.6.14.
All missing proofs can be found in Appendix A.3. We let ¢ be the output of PSEUDOAPPROXIMA-
TION in the first line of OUTLIERSPOSTPROCESS and o = max(3 + 277¢,1 4 22— 73;,2221“).
First, we handle the base cases of OUTLIERSPOSTPROCESS.

The easiest base is when 7 is integral. Here, we do not need the Extra Invariants - all we need is
that every client j € Cyy U C* has an open facility within distance (2 + o)) L(¢;).

Lemma 2.7.3. Ify is integral, then the output solution F—_1 is feasible, contains Sp, and connecting
m clients costs at most (2 + «) Opt(LPyer).

Now, in the other base case, ¥ is not integral, but we know that CX; C Cp. By Lemma 2.7.2,
we may assume without loss of generality y has exactly two fractional facilities, say a,b € F.1.
Further, we may assume that the k-constraint is tight, because opening more facilities can only
improve the objective value. It follows that gy, + 95 = 1. For the sake of analysis, we define the
sets Cpart(a) = {j € Cpart | @ € Fj} and Cpare(b) = {j € Cpart | b € F;} where we may assume
|Cpart(a)] = [Cpart(b)]-

It remains to bound the cost of the solution F—; U {a}. One should imagine that we obtain this
solution from ¢ by closing down the facility b and opening up a. First we handle the degenerate
case where a € Sy. In this case, a and b must both be co-located copies of a facility in Sp, so
opening one or the other does not change the cost. Thus, we may assume without loss of generality
that a ¢ Sp. Here, we need to Extra Invariants to bound the cost of opening a and closing b

Lemma 2.7.4. Suppose a ¢ Sy. Then the output solution F—; U{a} is feasible, contains Sy, and
connecting m clients costs at most (2 4 o) Opt(LPjer) + O(5)U.

This completes the analysis of the base cases. To handle the recursive step, we apply Theorem 2.7.1.

Proof of Theorem 2.6.14. First, we show that OUTLIERSPOSTPROCESS terminates in polynomial
time. It suffices to show that the number of recursive calls to COMPUTEPARTIAL is polynomial.
To see this, note that for each recursive call, it must be the case that CZ; ¢ Cy. In particular,
there exists some non-dummy client in C* \ Cy. Thus, we are guaranteed to remove at least once
client from C' in each recursive call.

Now it remains to show that the output solution is feasible, contains Sy, and connecting m clients
costs at most (2 + a)Opt(LPiter) + O(5)U. Let g be the extreme point computed by PSEUDOAP-
PROXIMATION in the first line of OUTLIERSPOSTPROCESS. If ¥ is integral or CZ; C Cp, then we
are done by the above lemmas.

Then it remains to consider the case where C%, ¢ Cpy. Let LPj., denote the input to OUT-
LIERSPOSTPROCESS and LPZ%ET the updated LPj, at the end of COMPUTEPARTIAL as in the
statement of Theorem 2.7.1. We note that Theorem 2.7.1 implies that LPZ%CT satisfies all Basic
and Extra Invariants, so LP}_ . is a valid input to OUTLIERSPOSTPROCESS. Then we may assume
inductively that the recursive call to OUTLIERSPOSTPROCESS on LPZ%@T outputs a feasible solution
S" to LPL_  such that Sy C S” and the cost of connecting m! clients from C! to S” is at most
(24 @)Opt(LPy,,) + O(§)U.

Further, let S’ be the partial solution output by COMPUTEPARTIAL on LP;.,.. Now we combine the
solutions S” and S” to obtain the solution output by OUTLIERSPOSTPROCESS. First, we check that
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S'US” is is feasible. This follows, because |S”| < k' < k —|S’| by definition of COMPUTEPARTIAL.
Also, So € S” by the inductive hypothesis.

It remains to bound the cost of connecting m clients to S’ U S”. Consider serving the m!

closest clients in C! with S” and C’ with S’ U Sp. Because m; = m — |C’|, this is enough

clients. Connecting the m! closest clients in C! to S” costs at most (2 + a)Opt(LP;,,) + O(8)U

by the inductive hypothesis. Now we use the guarantee of Theorem 2.7.1, which we recall is:

Opt(LP} ) + 2%1 > d(j, 8" U Sy) < Opt(LPiter) + O(5)U. Thus, the total connection cost is at
jec’

iter

most: (2 + «)Opt(LP}

iter

)+ 05U + 7 d(j,S"USp) < (24 a)Opt(LP;er) + O(5)U. Note that
jec’

the additive O(§)U terms which we accrue in each recursive call are still O(§)U overall. This is

because we keep recursing on a subset of the remaining fractional facilities — which is always O(1)

— and we open/close each fractional facility at most once over all recursive calls. Thus, we can

bound the additive cost of each opening/closing by O(§)U. O
2.7.4 Proof of Theorem 2.7.1

We let LP;.,. and 4 denote the input to COMPUTEPARTIAL and LPﬁer the updated LP that is
output at the end COMPUTEPARTIAL. We begin with three properties of COMPUTEPARTIAL that
will be useful throughout our analysis.

The first is immediate by definition of COMPUTEPARTIAL.

Proposition 2.7.5. Upon termination of COMPUTEPARTIAL, the set family {F; | j € C} is
disjoint, and every client j € Cpart \ Ceovered, Fj intersects at most one F-ball for clients in C.

Proposition 2.7.6. COMPUTEPARTIAL initializes and maintains the invariants that Ceopereq C
Cpart and C C{j € CL | F;N Sy =0}

Proof. We initialize Ceopereqa = ) and only add clients from Cpart 10 Crppereq. Similarly, we initialize
C={jeC% | FjNSy =0} and only remove clients from C. O

Lemma 2.7.7. Every j € C that is reached by the FOR loop remains in C until termination.

Proof. Assume for contradiction that there exists j that is reached by the FOR loop, but j does
not remain in C until termination. Note that j cannot be removed from C in the iteration that it
is considered in the FOR loop. Thus there must exist a later iteration for client, say j in which j
is removed from C. In the iteration for client j, there are only two possible ways that j is removed
from C. Either F;NF; # () or there exists a client j" € Cpart \ Ceovered such that Fs intersects both
Fj and F; and £y < {; —c.

In the former case, because we consider j before j, it must be the case that we removed j from C
in j’s iteration. This is a contradiction. Similarly, in the second case if such a j exists, then in j’s
iteration, we either remove j from C or add j’' to Ceppereq- In either case, this is a contradiction. [J

Now we are ready to prove both properties of Theorem 2.7.1. It is not difficult to see that LP&W
satisfies all Basic- and Extra Invariants by construction.

Lemma 2.7.8. LP.

ier Satisfies all Basic- and Extra Invariants.

Proof. By assumption, the input to COMPUTEPARTIAL, L Py, satisfies all Basic and Extra Invari-
ants. To obtain LPZ%ET from L Pj,, we delete some clients and facilities. Thus the only change to

the F- and B-balls for clients in C' is that we possibly remove some facilities from their F- and
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B-balls; importantly, the radius levels, ¢; for all clients j, remain the same. Thus, it is easy to see

that LP&ST satisfies all Basic Invariants.

Similarly, for all remaining clients j, we have not changed ¢; or R;, so the only Extra Invariant
that requires some care to verify is Extra Invariant (1). However, we recall that to obtain C*!,
we delete all clients in C* \ Cj from the instance, so C*l = Cpy. This is because Cy C C* by the
assumption that LP;., satisfies all Extra Invariants. ]

Now it remains to show Opt(LP}

iter

)+ 53 > d(j, SUSo) < Opt(LPier) +O(4)U. To do this, we
jec’

partition C into C! and C" = Cpgre(S)U C’cm}ered UCFu U(C*\ Cp). For each client in C', we show
that its contribution to the objective of LP Zter is at most its contribution to LPj,. Then for each
client j € C’, either d(j,S U Sp) is at most 2 + « times j’s contribution to Opt(LPj,) or we can
charge j’s connection cost to an additive O(§)U term.

First, we focus on C!. For these clients, it suffices to show that 3 (restricted to F!) is feasible
for LPZ%W This is because for all j € C!, either j € C}L part C Cpart or j € Co. The clients in Cy
contribute zero to the cost of LPzter and LPj,.,.. This is because both LP;,., and LP. zter satisfy
Extra Invariant (1), so every dummy client j(i) € Cp is co-located with one unit of open facility
corresponding to i € Sp.

Thus it remains to consider the clients j 6 Clart We recall that C;Mt C Cpart and F ]-1 C Fj for all
j € C", soeach jeCl than in L P,

part COSts less in L P,

zter

To complete the cost analysis of C'', we go back to prove feasibility. The main difficulty is showing
that the coverage constraint is still satisfied. Recall that we construct S by greedily opening the
facility in each F-ball for clients in C that covers the most Cpart \ Ceovered-clients. Proposition 2.7.5
ensures that this greedy choice is well-defined (because {F} | j € C} is disjoint), and that we do
not double-cover any Cpart \ Ceovered-clients.

Then by definition of greedy, we show that our partial solution covers more clients than the fractional
facilities we delete. This proposition is the key to showing that the coverage constraint is still
satisfied.

Proposition 2.7.9. Upon termination of COMPUTEPARTIAL, we have |Cpart(S)| > Y. > witi.
jeCieF;

Proof. For each j € C, let i(j) € S be the unique open facility in Fj. By definition of Cper(S), for

all j € Cpart(S) we have F; NS # (. Further, by Proposition 2.7.5, F intersects exactly one F-ball

among clients in C, so each i(4) for j € C covers a unique set of chents This implies the equality:

|Cpart(S)] = Y wj(;). Combining this equality with the facts that for all j € C, we have §(F};) =1
jel
)y = w; for all i € F} gives the desired inequality:

|Cpart(S)| = Zwi(j) > Zwi(j)ﬂ(Fj) > Z Z w;iY;-

jecl jeC jeC icF;

and w;(;

O]

Finally, we can complete the analysis of C'!'. It is easy to check that constraints except for the
coverage constraint are satisfied. To handle the coverage constraint, we use Proposition 2.7.9.

Lemma 2.7.10. § restricted to F' is feasible for LP,

1ter
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Proof. We note that C' = C\ (Cpart(S)UCeoverea UC U (C*\Cp)) and F! = F\ (F= UF(C)\Sp).
Then we have C}.., = Cpart \ (Cpart(S) U Crovered) C}u” =0, and C*! = Cy.

par
It suffices to show that all C;art—constraints, C*!-constraint, the k-constraint, and the coverage
constraint are satisfied by ¥ restricted to F.
Consider any j € C,,,;. We observe that the Fjl C Fj for all j € Cp,py and Clyy © Cpar. Then

g(Fjl) < g(Fj) <1lforall je C;art'

Now for any j € C*! = Cy, it suffices to show that we do not delete any copies of i € Sy when
going from from F to F', but this is immediate because Sy C F, and we do not delete any facility
from Sy to obtain F'. Thus, every C*!-constraint is satisfied.

For the k-constraint, we have y(F) < k. We want to show y(FY) < k — |S]. By definition

IS| = > y(Fj) = y(F(C)), where the final equality follows because {F; | j € C} is a disjoint
jeC

collection by Proposition 2.7.5. Then we compute: g(FY) = g(F) — g(F(C)) — |F=1 \ So| <

kE—|S|—|F=1\ So| =k —|S|, as required.

Finally, for the coverage constraint, we want to show:

Z g(Fjl) > m' — |C}ull U C*1|7

: 1
]ecpart

where C;%art = Cpa’r‘t \ (Cpart(g) U Ccovered)a ml =m — ‘Cpart(g) U Ccovered ) C1full U (O* \ CO)|’ and
C’}u” = () and C*! = Cy, so |C}u” UC*!| = |Cy|. Thus we can re-write the coverage constraint as:

Z g(Fjl) > m — |Cpart(S) U Cepvered U Crun U C*|.
jec}

art

Recall that the coverage constraint of LPj., implies: Y §(F;) > m — |Cpy U C*|. By splitting
jecpart

this inequality into the contribution by C’;(m and Cpart \ C;Mt = Cpart(S) U Ceopered, we obtain:

> GFy) =m—|Cpru U C*|

jecpart
> ) + > y(Fy) = m — |Cpuy U C*|
jecéart jECpart (g)uccovered
Z g(FJ) + Z g(F]) >m— |Ccoveredcfull ucr|
JECHart §€Cpart(S)

, where in the final inequality we use the fact that §(F}) <1 for all j € Ceopered € Cpart- Now, we

recall that F’ ]-1 = F;\F(C) for all j € C},,, because C},.; € Cpare. We can re-write: 21 y(Fj) =
jecpa'rt

>> ((F})+g(F; N F(C)). To show that the coverage constraint is satisfied, it suffices to show:

JEC 4t

> gENEQC)+ Y §(Fj) < |Cpart(S)|. To see this, observe that the first sum is over

jecpartl jECP'—’”‘t (S)
all clients in Cpart \ Ceoverea supported on some facility in F'(C') \ S but none in S’ (otherwise these

clients would be in Cp,¢(S).) The second sum is over all clients in Cpart \ Ceovered Supported

art?
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on some facility in S. Thus, recalling that w; = |[{j € Cpart \ Ceovered | © € Fj}|, we have:
Yo gFENFCO)+ Y yF) =Y > wilhi < |Cpart(S)|, where in the final inequality we

JEC, 41 §€Cpart(S) jeC ek}

apply Proposition 2.7.9. O

For the final property, we must upper bound the connection cost of C" = Cpare(S) U Ceovered U
Cru U (C*\ Cp) to SUSy. We bound the connection cost in a few steps. First, we bound the
re-routing cost of Cpy,y U C*. Second, we show that every j € Ceopered has a "back-up” facility
within O(1)L(¢;). This is used to bound the additive cost of connecting Ceopereq- Finally, for the

clients in Cpqr¢(S), we guarantee to open a facility in their F-balls, so we also bound their additive
cost.

The next lemma and corollary allow us to bound the cost of C'y,;; U C*.

Lemma 2.7.11. Upon termination of COMPUTEPARTIAL, for all j € C*, we have d(j,S U Sy) <
3+ %)L(ﬁj).

Proof. There are a few cases to consider. First, if j € C%,, then the lemma is trivial because by
definition there exists an integral facility in Fj. Otherwise, if j € C%,, but F; NSy # 0, then again
the lemma is trivial.

*

Thus it remains to consider clients j € {j € C%, | F; NSy = 0}. We note that such a client j is
initially in C. If j remains in C' until termination, then we are done, because we are guaranteed to
open a facility in Fj for all j € C (this is exactly the set S of facilities.)

For the final case, we suppose client j is removed from C in the iteration where we consider j € C.
Then either F; N F; # () or there exists j' € Cpart \ Ceoverea such that Fj intersects both F; and
F; and £; < {; — c. Note that because the FOR loop considers clients in increasing order of radius
level, we have {; > (;

In the former case, by the Distinct Neiglr_lbors Property, we have ¢; > (; + 1. Further, by
Lemma 2.7.7, we know that j remains in C' until termination, so d(j,S) < L(¢;). Then we can
upper bound: d(j,5) < d(j,7) + d(j,S) < L(¢;) + L(£;) + L(¢;) < (1+ 2)L(¢;) < 3L(¢;), where in
the final inequality, we use the fact that 7 > 1.

In the latter case, we again have d(j,S) < L(¢;). Then we can bound the distance from j to S by
first going from j to j/, then from j to j, and finally from j to S, where £;; < t; —cand {; < {;:

d(j,8) < d(5,5") +d(j", J) + d(j, ) < L(t;) + L(ty) + LEy) + L(65) + L) < (3 + %)L(&-)-
]

Corollary 2.7.12. Upon termination of COMPUTEPARTIAL, for all j € Cyy U C*, we have
d(j,SUSy) < (2+ a)L({;), where o = max(3 4+ 277¢,1 + 4+2:_C, 73+272+1)

T3-1

Proof. Apply Theorem 2.5.2 with 8 =3 + 277¢. O

Similarly, the next lemma ensures that Ceyyereq can also be re-routed.

Lemma 2.7.13. Upon termination of COMPUTEPARTIAL, for all j € Ceopered, we have d(j,S) <
(14 27°)L(¢;).
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Proof. Because j € Ciopered, it must be the case that we put j in Ciopereq in some iteration of the
FoR loop where we consider cli§nt j € C. Thus we have Ej_z l; —c+1and F;NE; # (0. Also,
by Lemma 2.7.7, j remains in C' until termination, so d(j,5) < L(¢;). Using these facts, we can
bound: d(j,S) < d(j,7) +d(j,S) < L(€;) + L(¢3) + L(£3) < (14271 L(4). O

Using the above lemmas, we are ready to bound the connection cost of our partial solution. Note
that we bound the cost of serving C’ not with S, which is the partial solution we output, but rather
with S'USp. Thus, we are implicitly assuming that Sy will be opened by the later recursive calls.

We recall that C" = Cpart(S) U Ceopered U Crun U (C*\ Cp) and SU Sy = F_3 U S U Sp.

To begin, we bound the cost of connecting Cpart(g) to S. By definition, every client j € CpaTt(S’ )
has some facility from S in its F-ball. Further, S C F(C) by definition, and F(C) N Sy = @ using
Proposition 2.7.5. Thus we can apply Extra Invariant (2) to each facility in S. Further, we know
that |S| = O(1), because there are only O(1) fractional facilities, and every facility in S is fractional
by definition. Then we can bound: > d(,8) <Y > d(j,1) < O(p)U, where we

jegpa'rt(s) iESjECpart(§)|iEFj B
apply Extra Invariant (2) for each i € S. Thus, we have shown that the connection cost of Cpare(S)
is at most an additive O(p)U.

Now we move on to the rest of C’, that is - the clients in Ceopered, Crun and C*\ Cy. For the clients
in Ceopered, we know by Lemma 2.7.13 that every client j € Cropered has an open facility in S at
distance at most (1 4 27¢)L(¢;). Further, by definition of Ceopered, €ach j € Ceopered is supported
on a fractional facility not in Sy. To see this, note that for all j € Copereq, there exists j € C such
that F; N F; # 0, and F; N Sy = 0.

Then we can use Lemma 2.6.13 for each fractional facility ¢ ¢ Sy to bound the cost of connecting
all C\pperea-clients supported on i to S. For each such fractional facility i ¢ Sp, the connection cost
of these clients is at most O(5)U. By summing over all O(1)-many fractional i ¢ Sy, we connect
all of Ceoperea at additive cost at most O(§)U.

Finally, we handle the clients in Cj,y U (C* \ Cp). For convenience, we denote this set of clients by
C. Using Lemma 2.7.11, every j € C has a facility in SUSp at distance at most (2+a)L(£;). There
are a few cases to consider. For the first case, we consider the clients {j € C' | F;\ (SoU F=1) # 0},
that is the set of C-clients whose F-balls contain some cheap, fractional facility. By an analogous

argument as for Cco},ered, we can apply Lemma 2.6.13 to each fractional i ¢ Sy to bound the cost
of connecting {j € C'| F; \ (So U F1) # 0} to SU Sy by O(5)U.

Then it remains to consider the clients j € C such that F; € F-1 U Sp. For such a client j, if
F; =0, then j’s contribution to the objective of LPj, is exactly L(¢;), so connecting j to S U .Sy
costs at most (2 + «) times j’s contribution to the objective of LPj,.

Similarly, if F; happens to contain a facility in F_; USp, then we can simply connect j to the closest
such facility in F}. Note that F_; U Sy C S U Sp, so j’s connection cost in this case it as most its
contribution to the objective in L Pj,.. In conclusion, the connection cost of {j € C' | F j C FL1USy}
is at most (24 a)Opt(LPjer). Summing the costs of these different groups of clients completes the
proof.
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2.8 Chain Decompositions of Extreme Points

In this section, we prove a more general version of Theorem 2.4.2 that applies to set-cover-like
polytopes with r side constraints. In particular, we consider polytopes of the form:

P={yeR"[y(F) =1 VjeC"0<y<1, Ay<b}

, where F', C*, and the F-balls are defined as in LPj,, and Ay < b is an arbitrary system of r
linear inequalities. We note that other than the Cp,y¢-, and Cyyy-constraints, P generalizes the
feasible region of L Py, by taking the system Ay < b to be the r; knapsack constraints and ro
coverage constraints.

Although we phrase P in terms of facilities and clients, one can interpret P as a set cover polytope
with side constraints as saying that we must choose elements in F' to cover each set in the family
F ={Fj | j € C*} subject to the constraints Ay < b. The main result of this section is that if F
has bipartite intersection graph, there exists a chain decomposition of the extreme points of P.

Note that P can also also be interpreted as the intersection of two partition matroid polytopes or
as a bipartite matching polytope both with r side constraints. Our chain decomposition theorem
shares some parallels with the work of Grandoni, Ravi, Singh, and Zenklusen, who studied the
structure of bipartite matching polytopes with r side constraints [GRSZ14].

Theorem 2.8.1 (General Chain Decomposition). Suppose we have a polytope: P = {y € R |
y(Fj) =1 VYjeC* 0<y<1, Ay < b}, such that F is a finite ground set of elements (facilities),
{F; C F|je C*} is a set family indexed by C* (clients), and Ay < b is a system of r linear
inequalities. Further, let § be an extreme point for P such that no non-negativity constraint is tight.
If F has bipartite intersection graph, then CZ admits a partition into 3r chains along with at most
2r wviolating clients (clients that are not in any chain.)

We will use the following geometric fact about extreme points of polyhedra:

Claim 2.8.2. Let P be a polyhedron in R™. Then x € R™ is an extreme point of P if and only
if there exist n linearly independent constraints of P that are tight at x. We call such a set of
constraints a basis for x.

Theorem 2.4.2 follows almost immediately from Theorem 2.8.1.

Proof of Theorem 2.4.2. Let § be an extreme point of LPj., such that no Cpari-, Cruy-, or non-
negativity constraint is tight, and suppose L Pj., satisfies the Distinct Neighbors Now consider the
polytope:

P={yeR"|y(F)=1 VjeC" 0<y<1, Ay <b},

, where Ay < b consists of the r1 knapsack constraints and 79 coverage constraints of LPj.. We
claim that g is an extreme point of . To see this, note that 7 is an extreme point of L P, so fix
any basis for § using tight constraints of LPj.,. By assumption, this basis uses no Cpari-, Cruii-s
or non-negativity constraint. In particular, it only uses constraints of L Pj., that are also present
in P, so this basis certifies that  is an extreme point of P.

Further, by Proposition 2.2.6, the set family {F; | j € C*} has bipartite intersection graph. Then
we can apply Theorem 2.8.1 to § and polytope P, which gives the desired result. ]
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2.8.1 Proof of Theorem 2.8.1

Now we go back to prove the more general chain decomposition theorem: Theorem 2.8.1. Through-
out this section, let P = {y € R | y(F;) =1 Vj € C*, 0 <y <1, Ay < b} be a polytope satisfying
the properties of Theorem 2.8.1. In particular, the intersection graph of 7 = {F; | j € C*} is bi-
partite. Further, let ¥ be an extreme point of P such that no non-negativity constraint is tight for
Y.

The crux is the next lemma, which allows us to bound the complexity of the intersection graph
with respect to the number of side constraints . The lemma follows by constructing an appropriate
basis for .

Definition 2.8.3. For any subset C' C C*, let dim(C") denote the maximum number of linearly
independent C’-constraints, so the constraint set {y(F;) =1|j € C'}.

Lemma 2.8.4. Let § be an extreme point of P such that no non-negativity constraint is tight.
Then the number of fractional facilities in § satisfies |F<i| < dim(C%) 4+ r (r is the number of
constraints of Ay <b.)

Proof. We construct a basis y. First, for each integral facility ¢ € F_1, we add the integrality
constraint g; < 1 to our basis. Thus we currently have |F_;| constraints in our basis.

It remains to choose |F<1| further linearly independent constraints to add to our basis. Note that we
have already added all tight integrality constraints to our basis, and no non-negativity constraint is
tight. Then the only remaining constraints we can add are the C*-constraints and the r constraints
of Ay <b. Every C*-constraint is linearly dependent with the tight integrality constraints, which
we already chose. It follows, the only possible constraints we can choose are the C7%-constraints
and the r constraints of Ay < b so |F<i| < dim(C%y) + . O

Now, to find a chain decomposition of C%, first we find the violating clients. We note that every

F-ball contains at least two facilities. The violating clients will be those clients whose F-balls
contain strictly more than two facilities, so we let V' = {j € C%, | |F};| > 2} be the set of violating
clients. We show that V has the desired size by a standard counting argument.

Proposition 2.8.5. |V| < 2r

Proof. Note that the F-balls for clients in C%, are supported on only factional facilities, and each
such ball contains at least two fractional facilities. Further, because F has bipartite intersection
graph, each fractional facility is in at most two F-balls for clients in V. Combining these observa-
tions give:
Vi< ST (B -2) < 2/Fa| - 2C7]
JECH

Applying Lemma 2.8.4 completes the proof:
V| < 2(dim(C%y) +7) — 2|C%y| < 2r.
O

It remains to partition C%, \ V into the desired chains. Importantly, for all j € C%; \ V, we have
|F;| = 2. To find our chains, we consider the intersection graph of C%,, so the intersection graph
of the set family {F; | j € C%;}. We let G denote this graph. Note that G is a subgraph of the

standard intersection graph, so it is also bipartite by assumption.
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We consider deleting the vertices V' from G, which breaks G into some connected components, say
Hi,...,Hy. Let Vi denote the vertex set of Hj, so we have that Vi, U --- UV}, partitions C%, \ V.
Further, for all k € [{], every F-ball for clients in Vj contains exactly two facilities, and every
facility is in at most two F-balls. Translating these statements into properties of the intersection
graph, we can see that every vertex of Hj has degree at most two, and Hy is connected, so we
can conclude that each Hy is a path or even cycle (we eliminate the odd cycle case because the
intersection graph is bipartite.) Thus, each Vj forms a chain.

To complete the proof, it remains to upper bound ¢, the number of chains. To do so, we first split
the inequality given by Lemma 2.8.4 into the contribution by each Hy. Importantly, we observe
that the F'(V})’s are disjoint for all k£ because the V}’s correspond to distinct connected components.
Then we have:

Z |F(Vi)| < |[Fai| <dim(CZy) +1r < Z dim(Vy) + dim(V) +r < Z dim(Vy) + 3r.
k€le] kel kell]

The way to interpret this inequality is that each chain Vi has a budget of dim(V}) fractional
facilities to use in its chain, but we have an extra 3r facilities to pay for any facilities beyond each
Vi’s allocated budget. We will show that each chain uses at least one extra facility from this 3r
surplus, which allows us to upper bound ¢ by 3r.

Proposition 2.8.6. For all k € [{], we have |F(Vy)| > dim(Vy).

Proof. There are two cases to consider based on if Hy is a path or even cycle. Suppose H is a path,
say ji — --- — jp. We first handle the degenerate case where there exists ¢ € [p — 1] such that
|Fj, N Fj .| = 2. Because each F-ball for these clients has size exactly two, the path Hj, has length
exactly two and both clients have exactly the same F-ball. Thus, |F(V})| = 2, but dim(Vy) = 1.

Otherwise, we may assume for all ¢ € [p — 1], we have |F;, N F} ;| = 1. Then each non-leaf client
shares one facility with the previous client on the path and one with the next, and each leaf client
has one facility all to itself. With these observations, we can bound:

dim(Vy,) < |Vi| = Z |Fj| = 2|F(Vk)| —2)=[F(Vy)| - 1.
JEVk

It remains to consider the case where Hy, is an even cycle. Then each facility in F'(V}) is in exactly
two F-balls, where each such ball contains exactly two facilities. Thus we have |[Vi| = 3 Y |Fj| =
JEVR
$(2|F(Vk)|) = |F(Vi)|. It remains to show dim(Vy) < |Vi|. This follows because the constraints
{y(Fj) = 1| j € Vi} are not linearly independent. To see this, note that Hy, is an even cycle ,
so consider the linear combination of constraints where odd-indexed clients along the cycle have
coeflicient 1 and even-indexed ones have coefficient —1. O

With the above proposition, we complete the proof by bounding ¢: > dim(Vy)+3r > > |F(Vi)| >
kel kel

> dim(Vi) + 4= 3r > L.

kel

2.9 Conclusion

In this chapter, we gave improved approximation algorithms for knapsack median and k-median
with outliers. Conceptually, our work refines the typical iterative rounding framework. Typically,
iterative rounding algorithms have the following form:
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1.

2.

3.

Solve LP relaxation for problem
If solution is (near) integral, then we are done

Else modify the LP and re-solve

However, our iterative rounding algorithms work as follows:

1.
2.

3.

4.

Solve LP relaxation for problem
If solution is (near) integral, then we are done

Else if solution is highly-structured, then modify the LP — exploiting the structure
— and re-solve

Else modify the LP and re-solve

The particular structure we use is the chain decomposition, which enable our new iterative op-
eration. By exploiting the structure of extreme points before we terminate with a near-integral
solution, we are able to find a better solution than the typical iterative rounding framework. We
hope that — beyond k-median problems — this conceptual innovation will inspire improved itera-
tive rounding algorithms for other combinatorial optimization problems. In fact, our quarter-ball
chasing technique has already been applied to other clustering problems [Den22].

Some concrete open problems are:

e Can we use such an iterative rounding framework to improve the best known k-median ap-

proximation, which is 2.671 due to [CGLS23| (without any side constraints)?

Recently, there has been interest in colorful k-clustering problems, where the clients are
partitioned into, say ¢, color classes and we must serve at least some quota of clients from
each color class [BIPV19]. For the k-center objective, there is a O(1)-approximation for this
colorful version of the problem [AAKZ22, GJS23]. Note that the colorful k-median problem is
a special case of GKM with one coverage constraint per color class; thus, we can obtain a O(1)
approximate solution with O(¢) fractional facilities. Can we obtain a O(1)-approximation for
colorful k-median by rounding the final O(¢) fractional facilities?

One natural avenue to improve our approach is to consider eighth-ball chasing (rather than
quarter-ball chasing) —i.e. we only delete a client when we have a neighboring ball that is at
least eight times smaller. In principle, this could lead to improved re-routing cost and thus
approximation ratio, but at the cost of more complex set structures arising at the LP extreme
points. Can we understand the structure of such extreme points and exploit them to obtain
further improvements?
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Chapter 3

Online Throughput Maximization

3.1 Introduction

We give the first constant-competitive online algorithm for throughput maximization. We recall
that the goal is to preemptively schedule jobs that arrive online at their release date r; with sizes
x; and deadlines d; on m identical machines to maximize the number of jobs that complete by
their deadline.

Our main result is the following theorem.

Theorem 3.1.1. For all m > 1, there exists a deterministic O(1)-competitive algorithm for
throughput maximization on m machines.

3.1.1 Scheduling Policies

We give some basic definitions and notations about scheduling policies.

A job j is feasible at time t (with respect to some schedule) if it can still be feasibly completed, so
xj(t) > 0 and t + 2;(t) < dj;, where x;(t) is the remaining processing time of job j at time ¢ (with
respect to the same schedule.) We define the laxity of a job j, as ¢; = (d; — rj) — z;, that is, the
maximum amount of time we can not run job j and still possibly complete it.

A schedule S of jobs J is defined by a map from time/machine pairs (¢,4) to a job j that is run on
machine ¢ at time ¢, with the constraint that no job can be run one two different machines at the
same time. We conflate S with the scheduling policy as well as the set of jobs completed by the
schedule. Thus, the objective value achieved by this schedule is |S].

A schedule is non-migratory if for every job j there exists a machine ¢ such that if j is run at time
t then j is run on machine i. Otherwise the schedule is migratory.

If S is a scheduling algorithm, then S(J,m) denotes the schedule that results from running S on
instance J on m machines. Similarly, Opt(J, m) denotes the optimal schedule on instance J on m
machines. We will sometimes omit the J and/or the m if they are clear from context. Sometimes
we will abuse notation and let Opt denote a nearly-optimal schedule that additionally has some
desirable structural property.
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Figure 8.1: Summary of FINALALG. A job will be given to LMNY if its laxity is sufficiently high. Otherwise,
it will be migrated between SRPT and MLAX.

3.1.2 Algorithms and Technical Overview

A simple consequence of the results in [KP01] and [KP03] is an O(1)-competitive randomized
algorithm in the case that m = O(1). Thus we concentrate on the case that m is large. We
also observe that since there is an O(1)-approximate non-migratory schedule [KP01], changing the
number of machines by an O(1) factor does not change the optimal objective value by more than an
O(1) factor. This is because we can always take an optimal non-migratory schedule on m machines
and create a new schedule on m/c machines whose objective value decreases by at most a factor of
¢, by keeping the m/c machines that complete the most jobs.

These observations about the structure of near-optimal schedules allow us to design a O(1)-
competitive algorithm that is a combination of various deterministic algorithms. In particular,
on an instance J, our algorithm, FINALALG, will run a deterministic algorithm, LMNY, on m/3
machines on the subinstance Jy,; = {j € J | £; > x;} of high laxity jobs, a deterministic algorithm
SRPT on m/3 machines on the subinstance J;, = {j € J | {; < z;} of low laxity jobs, and a
deterministic algorithm MLAX on m/3 machines on the subinstance Jj, of low laxity jobs. Note
that we run SRPT and MLAX on the same jobs. To achieve this, if both algorithms decide to run
the same job j, then the algorithm in which j has shorter remaining processing time actually runs
job 7, and the other simulates running j. See Figure 3.1.

We will eventually show that for all instances, at least one of these three algorithms is O(1)-
competitive, from which our main result will follow. Roughly, each of the three algorithms is
responsible for a different part of Opt.

Our main theorem about FINALALG is the following:

Theorem 3.1.2. For any m > 48, FINALALG is a O(1)-competitive deterministic algorithm for
Throughput Maximization on m machines.

We now discuss these three component algorithms of FINALALG.
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LMNY
The algorithm LMNY is the algorithm from [LMNY13] with the following guarantee.

Lemma 3.1.3. [LMNY13] For any number of machines m, and any job instance J, LMNY is an
O(1)-competitive deterministic algorithm on the instance Jp;.

SRPT

The algorithm SRPT is the standard shortest remaining processing time algorithm, modified to
only run jobs that are feasible.

Definition 3.1.4 (SRPT). At each time, run the m feasible jobs with shortest remaining process-
ing time. If there are less than m feasible jobs, then all feasible jobs are run.

We will show that SRPT is competitive with the low laxity jobs completed in Opt that are not
preempted in Opt.

MLax

The final, most challenging, component algorithm of FINALALG is MLAX, which intuitively we
want to be competitive on low-laxity jobs in Opt that are preempted.

To better understand the challenge of achieving this goal, consider m = 1 and an instance of
disagreeable jobs. A set of jobs is disagreeable if, for any two jobs j and k, if j has an earlier
release date than k, it also has a later deadline than k. Further, suppose all but one job in Opt is
preempted and completed at a later time.

To be competitive, MLAX must preempt almost all the jobs that it completes, but cannot afford to
abandon too many jobs that it preempts. Because the jobs have low laxity, this can be challenging
as it can only preempt each job for a small amount of time, and its hard to know which of the
many options is the “right” job to preempt for. This issue was resolved in [KP03] for the case of
m = 1 machine, but the issue gets more challenging when m > 1, because we also have to choose
the “right” machine for each job.

We now describe the algorithm MLAX. Let « be a sufficiently large constant (chosen later.) MLAX
maintains m stacks (last-in-first-out data structures) of jobs (one per machine), Hy, ..., Hy,. The
stacks are initially empty. At all times, MLAX runs the top job of stack H; on machine i. We
define the frontier F to be the set consisting of the top job of each stack (i.e. all currently running
jobs.) It remains to describe how the H;’s are updated.

There are two types of events that cause MLAX to update the H;’s: reaching a job’s pseudo-release
time (defined below) or completing a job.

Definition 3.1.5 (Viable Jobs and Pseudo-Release Time). The pseudo-release time (if it exists)
7j of job j is the earliest time in [r;,r; + %] such that there are at least %m jobs 7’ on the frontier
satisfying oz > £;.

We say a job j is viable if 7; exists and non-viable otherwise.

At job j’s pseudo-release time (note 7; can be determined online by MLAX), MLAX does the
following:
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a) If there exists a stack whose top job j’ satisfies ax; < ¢;/, then push j onto any such stack.

b) Else if there exist at least %m stacks whose second-top job j” satisfies ax; < £j» and further
some such stack has top job j’ satisfying ¢; > £, then on such a stack with minimum £;,
replace its top job j' by 7.

While the replacement operation in step b) can be implemented as a pop and then push, we view
it as a separate operation for analysis purposes. To handle corner cases in these descriptions, one
can assume that there is a job with infinite size/laxity on the bottom of each H;.

When MLAX completes a job j that was on stack H;, MLAX does the following:

c) Pop j off of stack H;.

d) Keep popping H; until the top job of H; is feasible.

Analysis Sketch

There are three main steps in proving Theorem 3.1.2 to show FINALALG is O(1)-competitive:

e In § 3.2, we show how to modify the optimal schedule to obtain certain structural properties
that facilitate the comparison with SRPT and MLAX.

e In § 3.3, we show that SRPT is competitive with the low-laxity, non-viable jobs. Intuitively,
the jobs that MLAX is running that prevent a job j from becoming viable are so much smaller
than job j, and they provide a witness that SRPT must also be working on jobs much smaller
than j.

e In § 3.4, we show that SRPT and MLAX together are competitive with the low-laxity, viable
jobs. First, we show that SRPT is competitive with the number of non-preempted jobs in
Opt. We then essentially show that MLAX is competitive with the number of preempted jobs
in Opt. The key component in the design of ML AX is the condition that a job j won’t replace
a job on the frontier unless at there are at least %m stacks whose second-top job j” satisfies
ax; < Lin. This condition most differentiates MLAX from m copies of the LAX algorithm in
[KP03]. This condition also allows us to surmount the issue of potentially assigning a job to
a “wrong” processor, as jobs that satisfy this condition are highly flexible about where they
can go on the frontier.

We combine these results in § 3.5 to complete the analysis of FINALALG.

3.2 Structure of Optimal Schedule

The goal of this section is to introduce the key properties of (near-)optimal scheduling policies that
we will use in our analysis.

By losing a constant factor in the competitive ratio, we can use a constant factor fewer machines
than Opt, which justifies FINALALG running each of three algorithms on % machines. The proof

3
is an extension of results in [KPO01].

Lemma 3.2.1. For any collection of jobs J, number of machines m, and c > 1, we have |Opt(J, )| =
Q(¢|Opt(J,m))).
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Proof. 1t is shown in [KPO01] that for any schedule on m machines, there exists a non-migratory
schedule on at most 6m machines that completes the same jobs. Applied to Opt(J,m), we obtain

a non-migratory schedule S on 6m machines with [S| = |Opt(J,m)|. Keeping the ”* machines that
complete the most jobs in S gives a non-migratory schedule on “* machines that completes at least
1 .

52S| jobs. O

A non-migratory schedule on m machines can be expressed as m schedules, each on a single machine
and on a separate set of jobs. To characterize these single machine schedules, we introduce the
concept of forest schedules. Let S be any schedule. For any job j, we let f;(S) and ¢;(S) denote the
first and last times that S runs the job j, respectively. Note that & does not necessarily complete
J at time ¢;(S).

Definition 3.2.2 (Forest Schedule). We say a single-machine schedule § is a forest schedule if for
all jobs j,j" such that f;(S) < f;(S), S does not run j during the time interval (f;/(S),c;/(S))
(so the (fj(S),c;(S))-intervals form a laminar family.) Then S naturally defines a forest (in the
graph-theoretic sense), where the nodes are jobs run by S and the descendants of a job j are the
the jobs that are first run in the time interval (f;(S), ¢;(S)).

A non-migratory m-machine schedule is a forest schedule if all of its single-machine schedules are
forest schedules.

With these definitions, we are ready to construct the near-optimal policies to which we will compare
SRPT and MLAX. The proof relies on modifications to Opt introduced in [KP03].
Lemma 3.2.3. Let J be a set of jobs satisfying {; < x; for all j € J. Then for any times

7y € [rj,rj + %J] and constant o > 1, there ewist non-migratory forest schedules S and S’ on the
jobs J such that:

1. Both S and 8" complete every job they run.

2. Let J; be the set of jobs that S runs on machine i. For every machine i and time, if there
exists a feasible job in J;, then S runs such a job.

3. For all jobs j € S, we have f;(S) = 7;.
4. If job j' is a descendant of job j in S, then axjy < {;

5. {leaves of S’} + |S| = Q(|Opt(J)]).

Proof. We modify the optimal schedule Opt(.J) to obtain the desired properties. First, we may
assume that Opt(.J) is non-migratory by losing a constant factor (Lemma 3.2.1.) Thus, it suffices
to prove the lemma for a single machine schedule, because we can apply the lemma to each of the
single-machine schedules in the non-migratory schedule Opt(.J). The proof for the single-machine
case follows from the modifications given in Lemmas 22 and 23 of [KP03]. We note that [KP03]
only show how to ensure f;(S) = t; for a particular ¢; € [r;,r; + %], but it is straightforward to

verify that the same proof holds for any t; € [r;,r; + %] O

Intuitively, the schedule S captures the jobs in Opt that are preempted and S’ captures the jobs in
Opt that are not preempted (i.e. the leaves in the forest schedule.)

To summarize, we may assume by losing a constant factor that Opt is a non-migratory forest
schedule. Looking ahead, we will apply Lemma 3.2.3 to the non-viable and viable jobs separately.
In each case, we will use a combination of SRPT and MLAX to handle jobs in & and SRPT for
those in &'.
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3.3 SRPT is Competitive with Non-Viable Jobs

The main result of this section is that SRPT is competitive with the number of non-viable, low-
laxity jobs of the optimal schedule (Theorem 3.3.1). We recall that a job j is non-viable if for every

time in [rj,r; + %], there are at least %m jobs j" on the frontier of MLAX satisfying aux; < /;.

Theorem 3.3.1. Let J be a set of jobs satisfying £; < x; for all j € J. Then for a = O(1)
sufficiently large and number of machines m > 16, we have [SRPT(J)| = Q(|Opt(Jny)|), where Jy,
is the set of non-viable jobs with respect to MLAX(J).

In the remainder of this section, we prove Theorem 3.3.1. The main idea of the proof is that for
any non-viable job j, MLAX is running many jobs that are much smaller than j (by at least an
a-factor.) These jobs give a witness that SRPT must be working on these jobs or even smaller
ones.

The following technical lemma - stating that SRPT is competitive with the leaves of any forest
schedule - is needed in the proof as well as in § 3.4. Intuitively this follows because whenever some
schedule is running a feasible job, then SRPT either runs the same job or a job with shorter
remaining processing time. We will use this lemma to handle the non-viable jobs that are not
preempted.

Lemma 3.3.2. Let J be any set of jobs and S be any forest schedule on m machines and jobs
J" C J that only runs feasible jobs. Let L be the set of leaves of S. Then |[SRPT(J)| > %|L|

Proof. 1t suffices to show that |L \ SRPT(J)| < |[SRPT(J)|. The main property of SRPT gives:

Proposition 3.3.3. Consider any leaf ¢ € L\ SRPT(J). Suppose S starts running ¢ at time t.
Then SRPT completes m jobs in the time interval [fi(S), fo(S) + x¢].

Proof. At time f;(S) in SRPT (J), job ¢ has remaining processing time at most x, and is feasible
by assumption. Because ¢ ¢ SRPT(J), there must exist a first time ¢’ € [f¢(S), fe(S) + x| where ¢
is not run by SRPT(J). At this time, SRPT(J) must be running m jobs with remaining processing
time at most xy— (t' — f¢(S)). In particular, SRPT(J) must complete m jobs by time fy(S)+z,. [

Using the proposition, we give a charging scheme: Each job ¢ € L\ SRPT(J) begins with 1
credit. By the proposition, we can find m jobs that SRPT(J) completes in the time interval
[£e(S), fe(S) + z¢]. Then ¢ transfers L credits each to m such jobs in SRPT.

It remains to show that each j € SRPT(J) gets at most 1 credit. Note that j can only get credits
from leaves ¢ such that ¢;(SRPT) € [fi(S), fe(S) + x¢]. There are at most m such intervals (at
most one per machine), because we only consider leaves, whose intervals are disjoint if there are on
the same machine. O

Now we are ready to prove Theorem 3.3.1.

Proof of Theorem 3.3.1. Let S,S’ be the schedules guaranteed by Lemma 3.2.3 on the set of jobs
Jno with 7; = r; for all j € Jy,. We re-state the properties of these schedules for convenience:

1. Both § and &’ complete every job they run.

2. Let J; be the set of jobs that S runs on machine i. For every machine ¢ and time, if there
exists a feasible job in J;, then S runs such a job.
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3. For all jobs j € S, we have f;(S) =r;.
4. If job j' is a descendant of job j in S, then ax; < ¢;
5. [{leaves of S’} + |S| = Q(|Opt(Jnw)])-

By Lemma 3.3.2, we have [SRPT(J)| = Q(|{leaves of S§’}|). Thus, it remains to show the following:
Lemma 3.3.4. For a = O(1) sufficiently large, |SRPT(J)| = Q(|S])

Proof. We first show that for the majority of jobs j in S’s forest, we run j itself on some machine
for at least a constant fraction of the time interval [rj,r; + %]

Proposition 3.3.5. For at least half of the nodes j in S’s forest, there exists a closed interval
I Crj,rj+ %] of length at least % such that S runs j on some machine during I;.

Proof. We say a node j is a non-progenitor if j has less than 2% descendants at depth z from j for
all z > 1. Because S satisfies (1), at least half of the nodes in S’s forest are non-progenitors. This
follows from Lemma 7 in [KP03].

Now consider any non-progenitor node j. Because S is a forest, S is only running j or its descendants
on some machine in times [rj,7; + %] Further, because j is a non-progenitor and S satisfies (1)
and (4), we can partition [rj,r; + %J] = [rj,a]U(a,b)U[b,r;+ %] such that [r;,a] and [b,7; + %] are
times where S is running j, and (a,b) are times where S is running descendants of j. By taking «

sufficiently large, we have |(a,b)| < %J. This follows from Lemma 6 in [KP03]. It follows, at least

one of [rj,a] or [b,r; + %]] has length at least %. This gives the desired I;. O

Let 8” C S be the collection of jobs guaranteed by the proposition, so |S”| > %|S\ It suffices to
show that [SRPT(J)| = Q(|S8”]). Thus, we argue about MLAX(J) in the interval I; (guaranteed
by Proposition 3.3.5) for some j € S”.

Proposition 3.3.6. Consider any job j € S8”. For sufficiently large o = O(1), MLAX(J) starts
running at least g jobs during I such that each such job j' satisfies [y (MLAX(J)), fj(MLAX(J))+
CCj/] C Ij.

Proof. We let I' be the prefix of I; with length exactly @ > %. Recall that j € 8” is non-viable.

Thus, because I’ C I; C [rj,r; + %], MLAX(J) is always running at least gm jobs j' satisfying

azxj < {; during I'.

We define J' to be the set of jobs that MLAX(J) runs during I" satisfying axj < ¢;. We further

partition J' into size classes, J' = |J,cyJ. such that J. consists of the jobs in J’ with size in
4 4

(b 4.

ar+1) a7

For each machine i, we let T¢ be the times in I’ that MLAX(J) is running a job from .J, on machine
i. Note that each T¢ is the union of finitely many intervals. Then because MLAX(J) is always
running at least %m jobs j’ satisfying axj < ¢; during I’, we have:

PIDB MR
ze€Nie[m]

By averaging, there exists some z with > .1, [T i > %QLI +|1.
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Fix such a z. It suffices to show that there exist at least f§ jobs in J. that LAX starts in I'.
This is because every job j' € J. has size at most % and |I; \ I'] > %. Taking o > 16 gives that
fy(LAX) + xj € I;.

Note that every job in J., has size within a a-factor of each other, so there can be at most one
such job per stack at any time. This implies that there are at most m jobs in J., that don’t start
in I’ (i.e. the start before I'.) These jobs contribute at most m% to > ]|Tzi|. Choosing « large

i€lm

enough, we can ensure that the jobs in J., that start in I’ contribute at least 5 to Zie[m]\TQ.

16 a*
To conclude, we note that each job in J. that starts in I’ contributes at most % to the same sum,
so there must exist at least {5 such jobs. O

Using the above proposition, we define a charging scheme to show that [SRPT(J)| = Q(|S"]).
Each job j € 8" begins with 1 credit. By the proposition, we can find {§ jobs j’ such that
[fjy(MLAX(J)), f#(MLAX(J)) + 2] is contained in the time when & runs j. There are two cases
to consider. If all % jobs we find are contained in SRPT(J), then we transfer 1% credits from
J to each of the {g-many jobs. Note that here we are using m > 16. Otherwise, there ex-
ists some such j' that is not in SRPT(J). Then SRPT(J) will complete at least m jobs in
[fjy(MLAX(J)), fj(MLAX(J)) +2;]. We transfer % credits from j to each of the m-many jobs. To
conclude, we note that each j' € SRPT(J) gets O(-1) credits from at most O(m) jobs in 8”. O

O]

We showed that SRPT is competitive with the low-laxity, non-viable jobs in Opt. It remains to
consider the low-laxity, viable jobs, which we handle in the next section.

3.4 SRPT and MLax are Competitive with Viable Jobs

We have shown that SRPT is competitive with the non-viable, low-laxity jobs. Thus, it remains
to account for the viable, low-laxity jobs. We recall that a job j is viable if there exists a time in
[rj, 7 + %] such that there are at least %m jobs j’ on the frontier satisfying ax;s > £;. The first
such time is the pseudo-release time, 7; of job j. For these jobs, we show that SRPT and MLAX
together are competitive with the viable, low-laxity jobs of the optimal schedule.

Theorem 3.4.1. Let J be a set of jobs satisfying {; < x; for all j € J. Then for a = O(1)
sufficiently large and number of machines m > 8, we have |[SRPT(J)|+|MLAX(J)| = Q(|Opt(J,)|),
where J,, is the set of viable jobs with respect to MLAX(J).

Proof of Theorem 3.4.1. Let S,S’ be the schedules guaranteed by Lemma 3.2.3 on the set of jobs
Jy with 7; = 7; for all j € J,. We re-state the properties of these schedules for convenience:

1. Both & and &’ complete every job they run.

2. Let J; be the set of jobs that S runs on machine i. For every machine ¢ and time, if there
exists a feasible job in J;, then S runs such a job.

3. For all jobs j € S, we have f;(S) = 7;.
4. If job j" is a descendant of job j in S, then axj < ¢;
5. [{leaves of 8’}| + |S| = Q(|Opt(Jy)])-
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By Lemma 3.3.2, we have |[SRPT(J)| = Q(|{leaves of S’}|). Thus, it suffices to show that |[SRPT(J)|+
IMLAX(J)| = Q(|S]). We do this with two lemmas, whose proofs we defer until later. First, we
show that MLAX pushes (not necessarily completes) many jobs. In particular, we show:

Lemma 3.4.2. |SRPT(J)| + #(pushes of MLAX(J)) = Q(|S])

The main idea to prove Lemma 3.4.2 is to consider sequences of preemptions in Opt. In particular,
suppose Opt preempts job a for b and then b for ¢. Roughly, we use viability to show that the
only way MLAX doesn’t push any of these jobs is if in between their pseudo-release times, MLAX
pushes (m) jobs.

Second, we show that the pushes of MLAX give a witness that SRPT and MLAX together actually

complete many jobs.

Lemma 3.4.3. |[SRPT(J)| + IMLAX(J)| = Q(#(pushes of MLAX(J))).

The main idea to prove Lemma 3.4.3 is to upper-bound the number of jobs that MLAX pops because

they are infeasible (all other pushes lead to completed jobs.) The reason MLAX pops a job j for
being infeasible is because while j was on a stack, MLAX spent at least % units of time running

jobs higher than j on j’s stack. Either those jobs are completed by MLAX, or MLAX must have
have done many pushes or replacements instead. We show that the replacements give a witness
that SRPT must complete many jobs.

Combining these two lemmas completes the proof of Theorem 3.4.1. O

Now we go back and prove Lemma 3.4.2 and Lemma 3.4.3.
3.4.1 Proof of Lemma 3.4.2

Recall that S is a forest schedule. We say the first child of a job j is the child 5’ of j with the
earliest starting time f;(S). In other words, if j is not a leaf, then its first child is the first job
that pre-empts j. We first focus on a sequence of first children in S.

Lemma 3.4.4. Let a,b,c € S be jobs such that b is the first child of a and c is the first child of b.
Then MLAX(J) does at least one of the following during the time interval [Fq,T¢|:

e Push at least g jobs,

e Push job b,

e Push a job on top of b when b is on the frontier,
e Push c.

Proof. Because S is a forest schedule, we have 7, < 7 < 7.. It suffices to show that if during
[Tas Te], MLAX(J) pushes strictly fewer than % jobs, MLAX(J) does not push b, and if MLAX(J)
does not push any job on top of b when b is on the frontier, then MLAX(J) pushes c.

First, because MLAX(.J) pushes strictly fewer than ¢ jobs during [fs, 7], there exists at least %m
stacks that receive no push during this interval. We call such stacks stable. The key property of
stable stacks is that the laxities of their top- and second-top jobs never decrease during this interval,
because these stacks are only changed by replacements and pops.
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Now consider time 7,. By definition of pseudo-release time, at this time, there exist at least %m
stacks whose top job j satisfies ax;s > ¢;. Further, for any such stack, let j” be its second-top job.
Then because b is a descendant of @ in S, we have:

ATy S ga S Cl]?j/ S Ej”'

It follows that there exist at least %m stable stacks whose second-top job j” satisfies axy < ¢;» for
the entirety of [r,7:]. We say such stacks are b-stable.

Now consider time 7,. We may assume b is not pushed at this time. However, there exist at least
%m that are b-stable. Thus, if we do not replace the top of some stack with b, it must be the case
that the top job j’ of every b-stable stack satisfies Z} > 0. Because these stacks are stable, their
laxities only increase by time 7., so MLAX(J) will push ¢ on some stack at that time.

Otherwise, suppose we replace the top job of some stack with b. Then b is on the frontier at 7.
We may assume that no job is pushed directly on top of b. If b remains on the frontier by time 7,
then MLAX(J) will push ¢, because ax. < ¢,. The remaining case is if b leaves the frontier in some
time in [, 7c]. We claim that it cannot be the case that b is popped, because by (2), S could not
complete b by time 7, so MLAX(J) cannot as well. Thus, it must be the case that b is replaced
by some job, say d at time 74. At this time, there exist at least %m stacks whose second-top job
j" satisfies axg < £jn. Tt follows, there exist at least % b-stable stacks whose second-top job j”
satisfies arg < £ at time 7y. Note that because m > 8, there exists at least one such stack, say 7,
that is not b’s stack. In particular, because b’s stack has minimum laxity, it must be the case that
the top job j’ of stack i satisfies £;; > ;. Finally, because stack i is stable, at time 7. we will push
c. O

Now using the above lemma, we give a charging scheme to prove Lemma 3.4.2. First note that
by Lemma 3.3.2, we have |[SRPT(J)| = Q(#(leaves of S)). Thus, it suffices to give a charging
scheme such that each job a € S begins with 1 credit, and charges it to leaves of S and completions
of MLAX(J) so that each job is charged O(1) credits. Each job a € S distributes its 1 credit as
follows:

o (Leaf Transfer) If a is a leaf or parent of a leaf of S, say ¢, then a charges ¢ for 1 credit.

Else let b be the first child of a and ¢ the first child of b in S

e (Push Transfer) If MLAX(J) pushes b or ¢, then a charges 1 unit to b or ¢, respectively.
e (Interior Transfer) Else if job b is on the frontier, but another job, say d, is pushed on top of
b, then a charges 1 unit to d.

e (m-Push Transfer) Otherwise, by Lemma 3.4.4, MLAX(J) must push at least ¢ jobs during
[Fa, 7c]. In this case, a charges % units to each of these g such jobs.

This completes the description of the charging scheme. It remains to show that each job is charged

O(1) credits. Each job receives at most 2 credits due to Leaf Transfers and at most 2 credits due

to Push Transfers and Interior Transfers. As each job is in at most 3m intervals of the form [7, 7],

each job is charged O(1) from m-Push Transfers.
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3.4.2 Proof of Lemma 3.4.3

Recall in MLAX, there are two types of pops: a job is popped if it is completed, and then we
continue popping until the top job of that stack is feasible. We call the former completion pops
and the later infeasible pops. Note that it suffices to prove the next lemma, which bounds the
infeasible pops. This is because #(pushes of MLAX(J)) = #(completions pops of MLAX(J)) +
# (infeasible pops of MLAX(J)). To see this, note that every stack is empty at the beginning and
end of the algorithm, and the stack size only changes due to pushes and pops.

Lemma 3.4.5. For a = O(1) sufficiently large, we have:
ISRPT(J)| + IMLAX(J)| + #(pushes of MLAX(J)) > 2 - #(infeasible pops of MLAX(J)).

Proof. We define a charging scheme such that the completions of SRPT(J) and MLAX(J) and the
pushes executed by MLAX(J) pay for the infeasible pops. Each completion of SRPT(J) is given 2
credits, each completion of MLAX(J) is given 1 credit, and each job that MLAX(J) pushes is given
1 credit. Thus each job begins with at most 4 credits. For any z > 0, we say job j’ is z-below j (at
time ¢) if j* and j are on the same stack in MLAX(J) and j' is z positions below j on that stack at
time t. We define z-above analogously. A job j distributes these initial credits as follows:

(SRPT-transfer) If SRPT(J) completes job j and MLAX also ran j at some point, then j
gives 22% credits to the job that is z-below j at time f;(MLAX(J)) for all z > 0.

(m-SRPT-transfer) If SRPT(J) completes job j at time ¢, then j gives 2z1+1 % credits to the
job that is z-below the top of each stack in MLAX(J) at time ¢ for all z > 0.

(MLAX-transfer) If MLAX(J) completes a job j, then j gives 22% credits to the job that is
z-below j at the time j is completed for all z > 0.

(Push-transfer) If MLAX(J) pushes a job j, then j gives 22% credits to the job that is z-below
j at the time j is pushed for all z > 0.

It remains to show that for & = O(1) sufficiently large, every infeasible pop gets at least 4 credits.
We consider any job j that is an infeasible pop of MLAX(J). At time 7; when j joins some stack
in MLAX(J), say H, j’s remaining laxity was at least %. However, as j later became an infeasible
pop, it must be the case that while j was on stack H, MLAX(J) was running jobs that are higher
than j on stack H for at least % units of time.

Let I be the union of intervals of times that MLAX(J) runs a job higher than j on stack H (so j
is on the stack for the entirety of I.) Then we have || > %. Further, we partition I based on the
height of the job on H that MLAX(J) is currently running. In particular, we partition I =, Iz,
where I, is the union of intervals of times that MLAX(J) runs a job on H that is exactly z-above
7.

By averaging, there exists a z > 1 such that |I,| > %. Fix such a z. We can write I, as the
union of disjoint intervals, say I, = |J; _;[au,by]. Because during each sub-interval, MLAX(J) is
running jobs on H that are much smaller than j itself, these jobs give a witness that SRPT(J)
completes many jobs as long as these sub-intervals are long enough. We formalize this in the
following proposition, whose proof is omitted in this extended abstract.

G

a?’

. . 1 by—a
Job j earns at least 5z e

Proposition 3.4.6. In each sub-interval [a,, by] of length at least 4
credits from SRPT-transfers and m-SRPT-transfers.
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On the other hand, even if the sub-intervals are too short, the job j still gets credits from MLAX-
transfers and Push-transfers when the height of the stack changes. We formalize this statement in
the following proposition, whose proof is omitted in this extended abstract.

Proposition 3.4.7. For every sub-interval [ay,by], job j earns at least 22% credits from MLAX-
transfers and Push-transfers at time b,,.

Now we combine the above two propositions to complete the proof of Lemma 3.4.5. We say a

sub-interval [a,, by] is long if it has length at least 4% (i.e. we can apply Proposition 3.4.6 to it)
and short otherwise. First, suppose the aggregate length of all long intervals it at least 4 - 2Z+3%.
Then by Proposition 3.4.6, job j gets at least 4 credits Efrom the long intervals. Otherwise, the

aggregate length of all long intervals is less than 4 - 2z+3a—jz. In this case, recall that the long and

short intervals partition I, which has length at least 25%. It follows, the aggregate length of the

l
> 40

length of the short intervals is at least 4 - 22+2a—§. Because each short interval has length at most

short intervals is at least =325 —4-22+3%. For ao = O(1) large enough, we may assume the aggregate

4%, there are at least 4 -2°%2 short intervals. We conclude, by Proposition 3.4.7, job j gets at least
4 credits from the short intervals. We conclude, in either case job j gets at least 4 credits. ]

3.5 Putting it all together

In this section, we prove our main result, Theorem 3.1.1, which follows from the next meta-theorem:

Theorem 3.5.1. Let J be any set of jobs. Then for number of machines m > 16, we have
ILMNY (Jpi)| + |SRPT(Jio)| + IMLAX(Jjo)| = Q(|Opt(J)|), where Jp; = {j € J | {; > x;} and
Jio=1{j € J|¥4; <z} partition J into high- and low-lazity jobs.

Proof. We have |LMNY (Jy;)| = Q(|Opt(Jp;)| by Lemma 3.1.3. Also, we further partition J;, =
Jy U Jpy into the viable and non-viable jobs with respect to MLAX(Jj,). Then Theorem 3.3.1 and
Theorem 3.4.1 together give [SRPT(Jj,)| + [MLAX(Jj0)| = Q(|Opt(Jy)| 4 |Opt(Jny)|). To complete
the proof, we observe that J = Jp; U J, U Jy,, partitions J, so |Opt(Jp;)| + |Opt(Jy)| + |Opt(Jnw)| =
Q(|0pt(J)])- O

The proof of Theorem 3.1.2, which gives our performance guarantee for FINALALG is immediate:

Proof of Theorem 3.1.2. By combining Theorem 3.5.1 and Lemma 3.2.1, the objective value achieved
by FINALALG is:

(MLMNYUM€9L+ﬁRPHﬁm%N+ﬂMLMqﬁm%N%:QthL

ol
— Q(|Opt(J,m

e
O

Finally, we obtain our O(1)-competitive deterministic algorithm for all m > 1 (recall FINALALG is
O(1)-competitive only when m > 48) by using a two-machine algorithm when m is too small:

Proof of Theorem 3.1.1. Our algorithm is the following: If 1 < m < 48, then we run the determinis-
tic two-machine algorithm from [KP03] which is O(1)-competitive with the optimal single-machine
schedule. Thus by Lemma 3.2.1, this algorithm is also O(m) = O(1)-competitive for all m < 48.
Otherwise, m > 48, so we run FINALALG. O
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3.6 Conclusion

We considered throughput maximization on multiple machines without any high-laxity or speed
augmentation assumption. Our final competitive ratio is a large unspecified constant (obtained by
choosing o = O(1) sufficiently large.)

Conceptually, our work overcomes barriers faced by previous approaches, which were mainly in the
case of low laxity jobs that are pre-empted by the optimal solution and completed later. Our new
sub-algorithm for this case, ML AX, uses carefully-crafted definitions for pseudo-release times and
the replacement rule to ensure that at least a constant-factor of the machines are utilized effectively.

The main open question is if there exists a simpler algorithm and analysis for online throughput
maximization on multiple machines. The “carefully crafted” definition of MLAX makes its design
and analysis arguably fragile and unnatural.

Further, is migration necessary to achieve constant-competitiveness? Note that two out of three of
our component algorithms (LMNY and LAX) are non-migratory. Naively, SRPT is migratory, and
we also use migration because LAX and SRPT share the low-laxity jobs. We leave it as an open
question to develop a non-migratory constant-competitive algorithm for throughput maximization
on multiple machines.
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Chapter 4

Stochastic Load Balancing

4.1 Introduction

We first define the configuration balancing problem, which generalizes many resource allocation
problems including load balancing. In this problem, there are m resources (machines) and n
requests (jobs). Every request j has g; possible configurations x;(1),...,z;(¢g;) € RZ,. We must
choose one configuration ¢; € [g;] per request, which adds z;(c;) to the load vector on the resources.
The goal is to minimize the makespan, i.e., the load of the most-loaded resource.

In the stochastic version, configuration balancing with stochastic requests, we assume each config-
uration c of request j is a random vector X;(c) ~ Dj(c) with known distribution Dj;(c) such that
the X;(c)’s are independent across different requests j. However, the actual realized vector of a
configuration ¢ of request j is only observed after irrevocably selecting this particular configura-
tion for request j. The objective is to minimize the expected maximum load (i.e., the expected
makespan)
n
E[m?x Z Xij(cj)} s
j=1
where ¢; is the configuration chosen for request j. We assume that we have oracle access to the

Dj(c)’s; in particular we assume that in constant time, we can compute any needed statistic of the
distribution Dj(c).

As in stochastic load balancing, we also consider the online setting, where requests are not known
in advance and they are revealed one-by-one (online-list model). Upon arrival, each request reveals
its Dj(c)’s, from which the algorithm must choose one irrevocably before the next request arrives.

For these general offline and online problem, we give asymptotically tight approximations.

Theorem 4.1.1. For configuration balancing with stochastic requests there is a randomized offline
algorithm that computes a non-adaptive policy that is a O(log)i?m)-approximation and a deter-
ministic online algorithm that is a O(logm)-approximation when comparing to the optimal offline
adaptive policy. Both algorithms run in polynomial time in the number of resources and the total

number of configurations over all requests.

Note that stochastic load balancing is a special case — the resources are the m machines, and each
job has m possible configurations — one corresponding to assigning that job to each machine. Thus,
we can efficiently represent all configurations. This gives the following corollary for stochastic load
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balancing, where additionally we can make the offline algorithm deterministic by exploiting the
simpler LP in this special case.

Theorem 4.1.2. There exist efficient deterministic algorithms that compute a non-adaptive pol-
icy for load balancing on unrelated machines with stochastic jobs that achieve an @(logﬁ);nm)—
approximation offline and an O (log m)-approrimation online when comparing to the optimal offline

adaptive policy.

Further, if the machines are related (X;; = )s(—: for machine speed s;), we give improved adaptive
approrimations. Interestingly, our adaptive algorithms begin with a similar non-adaptive assign-
ment of jobs to machines, but we deviate from the assignment adaptively to obtain our improved
algorithms.

Theorem 4.1.3. For load balancing on related machines with stochastic jobs, there exist efficient
deterministic algorithms that compute an adaptive offline O(1)-approzimation and an adaptive on-
line O(loglogm)-approzimation when comparing to the optimal offline adaptive policy.

We also quantify the power and limitation of non-clairvoyant algorithms for load balancing on
related machines (i.e. if our algorithm did not use the distributional information at all). Recall
that a non-clairvoyant algorithm has no prior knowledge of the job sizes and must decide where
to schedule a job using only the information about current machine loads and speeds. After an
algorithm’s decision upon assigning a job, an adversary chooses the realized size of the job, which
the algorithm then observes for subsequent decisions. We refer to a non-clairvoyant online algorithm
as a non-clairvoyant algorithm that learns about the existence of jobs (of unknown size) online one
by one.

Theorem 4.1.4. For load balancing on related machines, there exists an efficient non-clairvoyant
online algorithm that O(\/m)-approzimates the optimal clairvoyant algorithm. Further, any non-
clairvoyant algorithm is at least Q(y/m)-approzimate.

Thus the clairvoyance gap — the maximum ratio between the makespan of an optimal non-clairvoyant
algorithm and the optimal makespan achievable by a clairvoyant offline algorithm — is ©(y/m) !.

Another special case of configuration balancing that is of particular interest is virtual circuit routing
(or congestion minimization). In this problem, there is a directed graph G = (V, E) on m edges
with edge capacities c. > 0 for e € E, and n requests, each request consisting of a source-sink pair
(sj,tj) in G and a demand x; > 0. The goal is to route each request j from s; to t; via some
directed path, increasing the load/congestion of each edge e on the path by %’ while the objective
is to minimize the load of the most-loaded edge.

In the stochasic version, the demands X; ~ D; are random with known distributions. This is
again a special case of configuration balancing with stochastic requests where the resources are
the edges, and each request has a configuration for each possible routing path. Note that in
general there are exponentially many configurations, so Theorem 4.1.1 does not immediately imply
efficient algorithms for stochastic routing. However, we can exploit the particular structure of the
configurations to efficient optimize over the configurations for stochastic virtual circuit rounding,
and obtain the same result.

! Again, T will advertise this result. If there is one proof you read in this entire dissertation, I think it should be
this one. See § 4.5.
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Theorem 4.1.5. For virtual circuit routing with stochastic requests, there exist an efficient random-
ized offline algorithm computing a non-adaptive policy that is a @(log’igm)-approximation and an
efficient deterministic online algorithm that computes an ©(log m)-approximation when comparing

to the optimal offline adaptive policy.

Note that even for deterministic requests, virtual circuit routing is hard to approximate better than

O(log’ﬁ) g‘m) unless NP C ZPTIME(n!°81°87) [CGKTO07], and there is a lower bound of Q(logn) for

online algorithms [AAFT97]. Thus, Theorem 4.1.5 implies that stochastic requests are not harder
to approximate than deterministic requests.

4.1.1 Technical Overview

We illustrate the main idea behind our non-adaptive policies, which compare to the optimal offline
adaptive policy. Throughout this paper, we let Opt denote the optimal adaptive policy as well
as its makespan. As in many other stochastic optimization problems, our goal is to give a good
deterministic proxy for the makespan of a policy. Then, our algorithm will optimize over this
deterministic proxy to obtain a good solution. First, we observe that if all configurations were
bounded with respect to E[Opt] in every entry, then selecting configurations such that each resource
has expected load O(E[Opt]) gives the desired O(1 Oglgognm)—approximation by standard concentration
inequalities for independent sums with bounded increments. Thus, in this case the expected load
on each resource is a good proxy. However, in general, we have no upper bound on Xj;(c), so
we cannot argue as above. We turn these unbounded random variables into bounded ones in a

standard way by splitting each request into truncated and exceptional parts.

Definition 4.1.6 (Truncated and Exceptional Parts). Let 7 > 0 be a fixed threshold. For a
random variable X, its truncated part (with respect to threshold 7) is X7 := X - 1x.,. Similarly,
its exceptional part is X ¥ := X - Ix>r. Note that X = XT 4 XF,

It is immediate that the truncated parts Xg;. (c) are bounded in [0, 7]. Taking 7 = O(E[Opt]), we
can control their contribution to the makespan using concentration. It remains to find a good
proxy for the contribution of exceptional parts to the makespan. This is one of the main technical
challenges of our work as we aim to compare against the optimal adaptive policy. We will see that
adaptive policies have much better control over the exceptional parts than non-adaptive ones.

Concretely, let ¢; be the configuration chosen by some fixed policy for request j. Note that c¢; itself
can be a random variable in {1,...,¢;}. We want to control the quantity

E[m?xzn:Xg(cj)].
j=1

Because we have no reasonable bound on the X; 2 (c]) s, for non-adaptive policies, we can only upper
bound the expected maximum by the followmg sum

L%Z ()] < 3B e XF(ey)] (41)
j=1

We call the right hand side total (expected) exceptional load. The above inequality is tight up to con-
stants for non-adaptive policies, so it seems like the total expected exceptional load is a good proxy
to use for our algorithm. However, it is far from tight for adaptive policies as the example shows.
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Example 4.1.7. We define an instance of load balancing on related machines, where each machine ¢

has a speed s; and each job j has processing time X; such that X;; = f—j Our instance has one
“fast” machine with speed 1 and m — 1 “slow” machines each with speed %, where 7 > 0 is
the truncation threshold. There are m jobs: a stochastic one with processing time T-Ber(%) and
m — 1 deterministic jobs with processing time % The optimal adaptive policy schedules first the
stochastic job on the fast machine. If its realized size is 0, then it schedules all deterministic jobs
on the fast machine. Otherwise its realized size is 7 and we schedule one deterministic job on each

slow machine. This gives E[Opt] = (1 — 1)(Z=1) + 1.7 = ©(1). However, the total expected

=
exceptional load (with respect to threshold 7) is E”E[Xg 1] = 2(m7) = m, where j — i
denotes that job j is assigned to machine i, i.e., configuration 4 is chosen for j.

)

In the example, the optimal adaptive policy accrues a lot of exceptional load, but this does not
have a large effect on the makespan. Concretely, (4.1) can be loose by a (m)-factor for adaptive
policies. Thus, it seems that the total exceptional load is a bad proxy in terms of lower-bounding
Opt. However, we show that, by comparing our algorithm to a near-optimal adaptive policy rather
than the optimal one, the total exceptional load becomes a good proxy in the following sense. This
is the main technical contribution of our work, and it underlies all of our algorithmic techniques.

Theorem 4.1.8. For configuration balancing with stochastic requests, there exists an adaptive
policy with expected mazimum load and total expected exceptional load at most 2 - E[Opt] with
respect to any truncation threshold T > 2 - E[Opt]. Further, any configuration c selected by this
policy satisfies E| max; X;(c)] < 7.

The proof of the above relies on carefully modifying the “decision tree” representing the optimal
adaptive policy. In light of Theorem 4.1.8, the deterministic proxies we consider are the expected
truncated load on each resource and the total expected exceptional load. All of our algorithms
then proceed by ensuring that both quantities are bounded with respect to E[Opt]. In the offline
case, we round a natural assignment-type linear program (LP), and in the online case, we use a
potential function argument. All of these algorithms actually output non-adaptive policies.

For the special case of related-machines load balancing, we also compute a non-adaptive assignment
but instead of following it exactly, we deviate using adaptivity and give improved solutions.

4.2 Configuration Balancing with Stochastic Requests

In this section, we prove our main results for the most general problem we consider: configuration
balancing. We give a O(log)fg() ’;m)—approximation offline and a O(log m)-approximation online. Both
of our algorithms are non-adaptive. Before describing the algorithms, we give our main structure
theorem that enables all of our results. Roughly, we show that instead of comparing to the optimal
adaptive policy, by losing only a constant factor in the approximation ratio, we can compare to a
near-optimal policy that behaves like a non-adaptive one (with respect to the proxy objectives we

consider — namely, the total expected exceptional load).

4.2.1 Structure theorem

The goal of this section is to show that there exists a near-optimal policy as guaranteed by The-
orem 4.1.8. To this end, we modify the optimal policy by “restarting” whenever an exceptional
request is encountered. Additionally, we ensure that this modified policy never selects a configura-
tion ¢ for a request j with E[ max; X;;(c)] > 7.
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We let J denote the set of requests. For any subset J' C J, we let Opt(J’) denote the optimal
adaptive policy (and its maximum load) on the set of requests J'. Note that Opt(f) = 0. Our
(existential) algorithm to construct such a policy will begin by running the optimal policy Opt(J)
on all requests. However, once a exceptional request is encountered or the next decision will choose
a configuration with too large expected max, we cancel Opt(.J) and instead recurse on all remaining
requests, ignoring all previously-accrued loads. The main idea of our analysis is that we recurse
with small probability. We now proceed formally.

Theorem 4.1.8. For configuration balancing with stochastic requests, there exists an adaptive
policy with expected mazimum load and total expected exceptional load at most 2 - E[Opt] with
respect to any truncation threshold T > 2 - E[Opt]. Further, any configuration c selected by this
policy satisfies E| max; X;(c)] < 7.

Proof. We prove the theorem by induction on the number of requests n € N. The base case n = 0
is trivial. Now we consider n > 0. Let J be the set of n requests. Our algorithm to construct the
desired policy S(J) is the following. Throughout, we fix a truncation threshold 7 > 2 - E[Opt].

Algorithm 7: Policy S(J)

71 R+ J // remaining requests
7.2 if R = () then
7.3 L return empty policy // finish

7.4 while R # () do

7.5 j « first / next request considered by Opt(J)
7.6 ¢; + configuration chosen for request j by Opt(J)
7.8 if E[maxi Xij(cj)] > 7 then // maximum too large
7.9 ‘ break
7.10 else
7.11 choose c; for request j /] S(J) follows Opt(J)
7.12 R+ R\ {j} // update remaining requests
7.14 if max; Xij(cj) > 7 then // exceptional configuration observed
7.15 L break
7.16 run S(R) // recurse with remaining requests

Let R be the random set of requests we recurse on after stopping Opt(.J). We first show that indeed
|R| < |J|, so we can apply induction. Suppose we did not follow Opt(J) to completion because a
chosen configuration becomes exceptional (7.14); denote this event by £. In this case, there is at
least one request for which we have chosen a configuration. Hence, we have |R| < |J|, and therefore
there is a policy S with the required properties by induction.

Suppose now that Opt(J) chooses a configuration c¢; for request j that is too large (7.8); denote
this event by £. We have to show that |R| < |J| holds as well. Suppose for the sake of contra-
diction that j was the first request considered by Opt(J). As Opt is w.l.o.g. deterministic, this
implies E[Opt] > E[maxi Xij(cj)] > 2E[Opt], a contradiction. Hence, the desired policy S exists
by induction.

The maximum load of this policy is at most Opt(J) + S(R), where we set R = () if no decision
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results in an exceptional or too large configuration when running Opt(J). In expectation, we have

E[S(R)] =Y E[S(R)|R=JIP[R=J]= Y E[S(J)P[R=J]<2)  E[Opt(J)P[R =]

JCJ JICJ JIGT
< 2-E[Opt(J)|P[R # 0.

In the second equality, we use the fact that the realizations of the remaining requests in R are
independent of the event R = J’. The first inequality uses the inductive hypothesis. The last
inequality uses J' C J, so E[Opt(J’)] < E[Opt(J)], and Opt(0) = 0.

Note that on the event R # (), we have that Opt(J) chooses a configuration that becomes exceptional
or that is too large in expectation. By definition of the policy S, the events £ and L are disjoint.
By definition of £, we have Opt(J) - 1¢ > 7 - 1¢. Observe that the event £ implies that there is a
request j* with configuration ¢* chosen by Opt(J) with E[maxi Xijx (c*)] > 7. Since the realization
of max; X;;+(c*) is independent of the choice ¢*, this implies E[Opt | £] > E[max; X;;=(c*) | £] =
E[max; X+ (c*)] > 7. Thus,

E[Opt(J)] > P[E]E[Opt(J) | €] + P[L]E[Opt(J]) | £] > P[E]T + P[L]T > 2P[R # O]E[Opt(J)].
Rearranging yields P[R # ()] < % Hence, we can bound the expected makespan of policy S(J) by

E[Opt(J)] + E[S(R)] < E[Opt(J)] + 2E[Opt(/)|P[R # 0] < 2E[Opt(.J)].

The computation for the total expected exceptional load is similar. We let 5 — ¢ denote the event
that our policy chooses configuration ¢ for request j. Then, we can split the exceptional load into
two parts based on whether a configuration is chosen by Opt(J) or S(R)

iz<maxxff ©) ﬁc-zz<maxﬂ )1, + 303 (mexXE@) 1

j=1c=1 j=1c=1 j=1c=1

where we let j Iy ¢ and J B¢ denote the events that configuration ¢ is chosen for request
j by Opt(J) up to the first too large configuration or up to and including the first exceptional
configuration, or by S(R), respectively.

We first bound the former term, corresponding to the configurations chosen in Opt(J). In case

of event £ or if Opt(J) is run to completion, we have }. . (max; Xg(c)) . Il'i> = 0. Oth-
b ‘7 C

erwise, let j* — ¢* be the first (and only) exceptional configuration chosen by Opt(J). Then,

D (max; X; ]( c)) - ]l g, = Max; Xg* (c*) < Opt(J). Combining and taking expectations yields

[iZmaxX 1, } < E[Opt(J)].

—rc
j=1c=1

For the latter term, we condition again on the events R = J’ and apply the inductive hypothesis.
All exceptional parts are defined with respect to the fixed threshold 7 > 2-E[Opt(.J)] > 2-E[Opt(J')]
for J' C J. Therefore,

[f:z mXf(0) 1 [ = S B [ZZ (max XE(©) 1 s

j=1c=1 J'CJ jeJ! =1

} P[R = J']
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—ZE[ZZ maXXE -an_,>c ‘PR =J]

J'CJ  “tjedce=1
<2 E[Opt(J)]-P[R=J
J'cJ

< 2-E[Opt(J)] - B[R ] < E[Opt()].

Note that we define j L5 ¢ to be the event that the policy S(J') chooses configuration ¢ for
request j. In conclusion, by combining our bounds for these two terms we have

[ZZ maxXZJ )E) - ]_m] < 2E[Opt(J)].

j=1c=1
To conclude, our constructed policy has expected maximum truncated load and total expected
exceptional load both at most 2 - E[Opt] (by the above calculations), and it never chooses a con-
figuration with E[maxi Xi(c)] > 7 (because we stop running Opt(J) right before it chooses such a
configuration, and by induction we subsequently do not as well.) O

Having this near-optimal policy at hand, the upshot is that we can bound our subsequent algo-
rithms with respect to the following LP relaxation (LP¢) for configuration balancing with stochastic
requests. The variable y.; denotes selecting configuration ¢ for request j. We take our threshold
between the truncated and exceptional parts to be 7. Using the natural setting of the y-variables
defined by the policy guaranteed by Theorem 4.1.8, it is straight-forward to show that the following
LP relaxation is feasible, formalized in Lemma 4.2.1.

Z—l Yej = 1 V] € [n]

i e EXG (0] yey ST Vi€ [m]
Z?:l gj 1E[maszE( N yej <7 (LPc)

yj =0 Vje[nlVeceg]:Emax; Xij(c)] > 7
Yyej =0  Vje[n],Vee gl

Lemma 4.2.1. (LP¢) has a feasible solution for any 7 > 2 - E[Opt|.

Proof. Consider the adaptive policy guaranteed by Theorem 4.1.8, and let the events j — ¢ be with
respect to this policy. We consider the natural setting of the y-variables given this policy: for all j
and ¢ € [gj], we take y.; = P(j — c). It is clear that 3%  y.; = 1 for all j and 0 < y.; < 1 for
all j and for all ¢ € [¢;]. Moreover, as by Theorem 4.1.8 the policy does not select a configuration ¢
with E[maxi X,-(c)] > 7, the pruning constraints y.; = 0 if E[maxi Xi(c)] > 7 are also satisfied.

It remains to verify the exceptional and truncated load constraints. For the exceptional constraint,
we observe

ZZE[maXXE } yC]—ZZE[maXX c)- JHC}<2 E[Opt] < ~,

j=1c=1 j=1c=1

where in the first step we use the fact that the decision to choose configuration ¢ for request j is
independent of its realization, and in the second we use the properties of the policy. Similarly, for
the truncated constraint for each i,

ZZE Yej = ZZE ‘1] <2-E[Opt] <

j=1c=1 j=1 c=1
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4.2.2 Offline Setting

Our offline algorithm is based on the natural randomized rounding of (LP¢). For the truncated
parts, we use the following maximal inequality to bound their contribution to the makespan. See
Appendix B.1 for proof. The independence is only required for the random variables constituting
a particular sum S;, but is not necessary for random variables appearing in different sums.

Lemma 4.2.2. Let S1,..., Sy be sums of independent random variables, that are bounded in [0, 7]
for some T > 0, such that E[S;] < T for all 1 <i < m. Then, E[max; S;] = O(log’igm)r

To bound the contribution of the exceptional parts, we use (4.1) (i.e. the total expected exceptional
load.) Using binary search for the correct choice of 7 and re-scaling the instance down by the current
value of 7, it suffices to give an efficient algorithm that either

logm
loglogm

e outputs a non-adaptive policy with expected makespan O(
e certifies that E[Opt] > 1.

), or

This is because for T € (E[Opt], 2 - E[Opt]], the re-scaling guarantees E[Opt] € [,1) on the scaled

instance, in which case the algorithm achieves expected makespan O ( lolgoi Zm) =0( blgolgo glm) -E[Opt].

To that end, we use natural independent randomized rounding of (LPc). That is, if (LP¢) has a
feasible solution y*, for request j, we choose configuration c as configuration c¢; independently with
probability y.; see Algorithm 8. If the configurations are given explicitly as part of the input,

Algorithm 8: Offline Configuration Balancing with Stochastic Requests

8.1 try to solve (LP¢) with 7 =2
8.2 if (LPc) is feasible then
8.3 let y* be the outputted feasible solution

8.4 for each request j do
8.5 independently sample c € [g;] with probability y7;
8.6 choose sampled c as c;

8.7 else
8.8 L return “E[Opt] > 17

then (LPc) can be solved in polynomial time and, thus, Algorithm 8 runs in polynomial time.

Hence, the desired O(loglg();"m)-approximate non-adaptive policy for configuration balancing with

stochastic requests (Theorem 4.1.1) follows from the next lemma.

Lemma 4.2.3. If (LP¢) can be solved in polynomial time, Algorithm 8 is a polynomial-time ran-
domized algorithm that either outputs a non-adaptive policy with expected makespan O(lolgol"’%),
or certifies correctly that E[Opt] > 1.

Proof. We need to show that Algorithm 8 either outputs a non-adaptive policy with expected

makespan O(lolgoi ’;m) or certifies that E[Opt] > 1. There are two cases.

If (LP¢) is feasible for 7 = 2, then we output a (randomized) non-adaptive policy. We show this

policy has expected makespan O(log’fgo Zm) We let j — ¢ denote the event that our algorithm

chooses configuration c for request j. Thus, the truncated load on resource i can be written as

n

Lizz:(g)(g(c).nﬁc).

Jj=1
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Note that the random variables gjzl Xg; (¢) - 1. are independent for different j because the Xj;
are and we sample the configuration c¢; independently for each j. Further, they are bounded in
[0,2] by truncation. With the constraints of (LPc), we can bound the expectation by

L= 33 E [0 1] = S B[] s <2

j=1c=1 j=1c=1

where we used the independence of 1;,. and Xj;(c) in the second equality. By Lemma 4.2.2,

E[max; L;] = O(log)i ’gnm) Using (4.1) we upper bound the total expected exceptional load by

n n 49 n
ST DTN ED 3 »El FEICHIN B 9 oE BRSPS

j=1lc=1 j=1c=1 j=1lc=1

Combining our bounds for the truncated and exceptional parts completes the proof. The expected
makespan of our algorithm is given by

n n

logm

< = .

£ e 3330 m] < 1] 2 e 303501, = 028 )
j=1 c= =1 =

In the other case (LPc¢) is infeasible, so the contrapositive of Lemma 4.2.1 gives E[Opt] > 1. O
4.2.3 Online Setting

We now consider online configuration balancing where n stochastic requests arrive online one-
by-one, and for each request, one configuration has to be irrevocably selected before the next
request appears. We present a non-adaptive online algorithm that achieves a competitive ratio
of O(logm), which is best possible due to the lower bound of Q(logm) on the competitive ratio of
any deterministic algorithm for online load balancing on unrelated machines [ANR95].

First, by a standard guess-and-double scheme, we may assume we have a good guess of E[Opt].

Lemma 4.2.4. Given an instance of online configuration balancing with stochastic requests, sup-
pose there exists an online algorithm that, given parameter A > 0, never creates an expected
makespan more than a- X, possibly terminating before handling all requests. Further, if the algorithm
terminates prematurely, then it certifies that E[Opt] > X\. Then, there exists an O(«)-competitive al-
gorithm for online configuration balancing with stochastic requests. Further, the resulting algorithm
preserves non-adaptivity.

We omit the proof, which is analogous to its virtual-circuit-routing counterpart in [AAF*97].

We will build on the same technical tools as in the offline case. In particular, we wish to compute a
non-adaptive assignment online with small expected truncated load on each resource and small total
expected exceptional load. To achieve this, we generalize the greedy potential function approach of
[AAFT97]. Our two new ingredients are to treat the exceptional parts of a request’s configuration
as a resource requirement for an additional, artificial resource and to compare the potential of our
solution directly with a fractional solution to (LP¢).

Now we describe our potential function, which is based on an exponential /soft-max function. Let A
denote the current guess of the optimum as required by Lemma 4.2.4. We take 7 = 2\ as our

66



truncation threshold. Given load vector L € R™*!, our potential function is

m
o(L) = (3/2)%/".
i=0
For i = 1,...,m, we will ensure the ith entry of L is the expected truncated load on resource i.

We use the 0th entry as a virtual resource that is the total expected exceptional load. For any
request j, we let L;; be the ith entry of the expected load vector after handling the first j requests.
We define L;p := 0 for all <. Let L; be the expected load vector after handling the first j requests.

Algorithm 9 works as follows: Upon arrival of request j, we try to choose the configuration ¢; € [g;]
that minimizes the increase in potential. Concretely, we choose ¢; to minimize

((3/2)(L0j71+E[maXie[m] X5/ 4 2(3/2)(Lijfl+E[X£(Cj)])/T) —¢(Lj ).
i=1

Algorithm 9: Online Configuration Balancing with Stochastic Requests

9.1 £ < loggr(2m +2)

9.2 \ < current guess of E[Opt]

9.3 T < 2) truncation threshold

9.4 upon arrival of request j do

9.6 ¢j ¢ arg mingey) ((3/2)(L0j—1+E[maXi€[m] Xﬁ(c)})/T—FZﬁl(3/2)(L“—1+]E[X£(C)D/T> —¢(Lj_1)

9.7 if L1+ E[XZ(CJ)] <t for alli € [m] and Loj—1 + E[max;c(p Xg(cj)] < {1 then
9.8 choose ¢; for j

9.9 Lij — Lij—l + E[Xg;(cj)] for all 7 € [m}
9.10 L()j — Loj,1 + ]E[maxie[m] XZ]‘;J(CJ)]
9.11 else

9.12 L return “E[Opt] > \”

To analyze this algorithm, we compare its makespan with a solution to (LP¢). This LP has an
integrality gap of Q(lolofg0 g“m), which follows immediately from the path assignment LP for virtual
circuit routing [LRSQST. Hence, a straightforward analysis of Algorithm 9 comparing to a rounded
solution to (LP¢) gives an assignment with expected truncated load per machine and total expected
exceptional load O(logm - 10?1%) o) - E[Opt]. The O(lolgi ’gnm) factor is due to the aforementioned
integrality gap while the second factor O(logm) is due to the use of the potential function. To get
a tight competitive ratio of O(logm), we avoid the integrality gap by comparing to a fractional
solution to (LP¢), and we use a slightly different maximal inequality for the regime where the mean
of the sums is larger than the increments by at most a O(logm)-factor. The particular maximal
inequality is the following, which we prove in Appendix B.1.

Lemma 4.2.5. Let S1,...,Sm be sums of independent random wvariables bounded in [0, 7] such
that E[S;] < O(logm)T for all 1 <1i < m. Then, E[max; S;] < O(logm)t.

Now we give our main guarantee for Algorithm 9, which implies the desired O(logm)-competitive
online algorithm for configuration balancing with stochastic requests.
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Lemma 4.2.6. Suppose the minimizing configuration in Line 9.6 can be found in polynomial time.
Then Algorithm 9 runs in polynomial time. Further, Algorithm 9 is a deterministic, non-adaptive
algorithm that correctly solves the subproblem of Lemma 4.2.4 for a = O(logm).

Proof. The running time of Algorithm 9 is clear. It remains to show that the algorithm creates
expected makespan at most O(log m)A or correctly certifies E[Opt] > A if it terminates prematurely.

We first show the former. By definition, upon termination of the algorithm after, say n’ requests,
the expected truncated load on each resource and total expected exceptional load are both at most
O(logm) - A. Let the configuration choices ¢; be with respect to our algorithm. We can split the
makespan into the contributions by the truncated and exceptional parts.

<
= s 3 0te)] <y 3t e S|

Each truncated part is bounded in [0,2)\] and each resource has expected truncated load at
most O(log m)A By Lemma 4.2.5, we can bound the contribution of the truncated parts by

E[max1<l<m Zj 1 XT( )] = O(logm)A\. For the exceptional parts, applying (4.1) gives

XE <E X <0(l .
L%&EI i) [1£%1 fiep | < 0togm»
Combining both bounds gives that the expected makespan is at most O(logm)A\, as required.

It remains to show that if E[Opt] < A, then the algorithm successfully assigns all requests. We do so
by bounding the increase in the potential function. Note that if E[Opt] < A, then (LP¢) is feasible for
our choice of 7 = 2\ by Lemma 4.2.1. Thus, let (y.;) be a feasible solution to (LP¢c). For simplicity,

let z¢;(c) := E[maxi<;<m XZ(c)] be the exceptional part of configuration ¢ and ;;(c) := E[XZ(C)]

ij
its truncated part on resource 1.

For each request j, as Algorithm 9 chooses a configuration ¢; minimizing the increase in @,

O(Lj-1 4 xj(c;) — d(Lj-1) < p(Lj1 + () — d(Lj-1)
for all configurations ¢ € [g;]. As 3%, y.; = 1 by feasibility of (y.;), this implies

O(Lj-1+j(c;)) — d(Lj-1) < qugb —1+z;(c)) — d(Lj-1). (4.2)

We recall that Ly = 0 € R™*!. We bound the increase in potential incurred by Algorithm 9:

¢(Ln) ZZ 3/2)Ru=/7((3/2)m ()™ 1)

7j=11i=0

n 4 m

<IN e > (3/2)R (3729 < 1)

j=lc=1  i=0

iwwWiZ%@m% 1),

1=0 j=1c=1
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where the first inequality holds due to (4.2), and the second inequality holds because the load on
machine ¢ only increases over time. Standard estimates of e* give (3/2)* —1 < (1/2)z for z € [0, 1].
As y.; is feasible, we know that z;;(c) < 7 for all ¢ with y.; > 0. Hence,

&(Ln) — (Lo) <Z 3/2) ”‘/TZZ CJ%T

j=1c=1
Using that y.; is feasible and satisfies Z =1 Z oty Zij(c)-ye; < 7 for resource ¢ = 0 by the exceptional
constraint and for all resources i = 1,...,m by the truncated constraints, we get
m
O(Ln) — d(Lo) < (1/2) Y (3/2)"/7 = (1/2)¢(Ln).
i=0

After rearranging, we have ¢(Ly) < 2¢(Lg) = 2(m + 1) by choice of Ly. Taking logarithms and
using that logs»(2) is monotonically increasing, we conclude that maxo<j<m Lin < loggs(2m+2)7.
Note that we chose £ = logg/5(2m + 2) implying that Algorithm 9 never fails if E[Opt] < A. O

Summary

Our main theorem for configuration balancing follows from the above two algorithms.

Theorem 4.1.1. For configuration balancing with stochastic requests there is a randomized offline
algorithm that computes a non-adaptive policy that is a O(logigm) -approrimation and a deter-
ministic online algorithm that is a O(logm)-approxzimation when comparing to the optimal offline
adaptive policy. Both algorithms run in polynomial time in the number of resources and the total

number of configurations over all requests.

Proof. Note that the configurations are given explicitly, implying that both, Algorithms 8 and 9,

run in polynomial time. Hence, Lemma 4.2.3 gives the O(logignm)—approximate offline algorithm
and Lemmas 4.2.4 and 4.2.6 give the O(log m)-approximate online algorithm. O

4.3 Unrelated Load Balancing and Virtual Circuit Routing

In this section, we apply our algorithms for configuration balancing to stochastic load balancing on
unrelated machines (Theorem 4.1.2) as well as stochastic virtual circuit routing (Theorem 4.1.5).

4.3.1 Unrelated Load Balancing with Stochastic Jobs

We recall that in load balancing on unrelated machines with stochastic jobs, we have m machines
and n jobs such that the size of job j on machine 7 is a random variable X;;. These X;;s are
independent across jobs. This is a special case of configuration balancing with stochastic requests
by taking m resources (corresponding to the m machines) and n requests such that each request
j has m possible configurations, one for each machine choice job j has. Precisely, we define the
configurations ¢ = 1,...,m for job j by setting

X, ifi=c
X;i(e) = c ) 4.3
]( ) {O otherwise. (43)

Theorem 4.1.2. There exist efficient deterministic algorithms that compute a non-adaptive pol-
icy for load balancing on unrelated machines with stochastic jobs that achieve an 9(10?1%3?7;1)'
approximation offline and an O (log m)-approrimation online when comparing to the optimal offline

adaptive policy.
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Proof. Each request has m possible configurations, so the total size of the resulting configura-
tion balancing instance is polynomial. Thus, we may assume the configurations are given explic-
itly. Hence, Theorem 4.1.1 immediately gives a randomized O(logi?m)—approximation offline and
O(log m)-approximation online for load balancing on unrelated machines with stochastic jobs.

However, to obtain a deterministic offline algorithm, we can de-randomize Algorithm 8 for this
special case because here, (LPc) is equivalent to the generalized assignment LP considered by
Shmoys and Tardos, which has a constant-factor rounding algorithm [ST93]. O

4.3.2 Routing with Stochastic Demands

Virtual circuit routing is another special case of configuration balancing: Given any instance of
the former, which consists of a directed graph with m edges and n source-sink pairs, the resulting
configuration balancing instance has m resources, one for each edge, and n requests, one for each
source-sink pair, such that there is one configuration per source-sink path in the graph.

Note that unlike load balancing, where a request has at most m configurations, for routing, a
request can have exponentially many configurations. Thus, to obtain polynomial-time algorithms
for routing, we cannot explicitly represent all configurations. In particular, to prove Theorem 4.1.5
in the offline setting, we need to show how to solve (LP¢) efficiently in the special case of routing,
and to prove Theorem 4.1.5 in the online setting, we need to show how to find the configuration
(i.e. the path) that minimizes the increase in the potential ®.

Offline Routing: Solving (LP¢)

We first re-write (LPc) for routing. Recall that 7 is the truncation threshold. For a request j,
let E; be the set of all edges with E[X,;] < 7 and let P; be the collection of all s;-t; paths in the
auxiliary graph Gj = (V, E;). For each request j and path P € P;, the variable yp; denotes the
decision to route request j along path P. Thus, we want to solve the following path assignment LP.

Ypep,yp; =1 Yie[n]
Z?ZI ZPeP]- E[Xg;] “ypj ST VecE
Z;LZI ZPGPJ- E[maXeGP Xg] “Ypj <rT
ypj =20 Vje€n], PeP;

(LPp)

To see that (LPp) is equivalent to (LPc), note that the pruning constraints of the latter ensure
that any configuration/path P with E[maxee P Xej] > 7 will not be selected. Re-writing gives
E[maxeep Xej] = E[maxeep éXj] = maxccp E[X,;]. Thus, the pruning constraint ensures that
no edge with E[X.;] > 7 will be selected. This is exactly encoded by the set of feasible paths P;.

Note that (LPp) has an exponential number of variables. For classical congestion minimization
problems, the path-assignment LP formulation is equivalent to a flow formulation [LRS98], which
can be solved optimally in polynomial time using results about flows in networks. In our case,
however, we additionally have the third constraint (the exceptional load constraint) in the LP,
which does not allow for a straight-forward equivalent flow formulation. Therefore, we use LP
duality in order to solve it efficiently: We give a separation oracle for its dual LP. For obtaining
the dual, we add the trivial objective to maximize 07y to (LPp). Hence, the dual of (LPp) is
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mind . aj+Y be-7+c-T
s.t. aj—i—zeepbe-E[ng}—i—c-E[maXeerZj] >0 Vjen], PeP;
be >0 VeeFE
c >0.

(Dp)

For solving (Dp), consider a request j and a path P € P;. The expected exceptional part of
routing j along P is E[maxeep Xg] = maxeng[(Xj/ce)E], which is the expected exceptional
part of the smallest-capacity edge €; along the path. Given this edge €;, a particular choice of the
dual variables is feasible for the first constraint of (Dp) if and only if

min (Zbe-E[XZj]—i—c-E[rerlealg(ng}) > —a;j Vj.

PePj :minecp CEZCéj P

Hence, for each request j, it remains to find a path P € P; that is minimal w.r.t. edge weights
be-E[X ;";] By letting every edge € be the smallest-capacity edge and removing any smaller-capacity
edges from the graph, this becomes a shortest s;-t; path problem.

Algorithm 10: Separation oracle for (Dp)

10.1 (a,b,c) < current solution of (Dp)
10.2 if b, < 0 for some e € E or ¢ < 0 then

10.3 ‘ return the violated non-negativity constraint

10.4 else

10.5 for j and edge € € E; do

10.6 Ee —{e€ Ej:cc>ce}

10.7 Ge «+ (V, Ep)

10.8 Pje < shortest s;-t; path in G w.r.t. edge weights b, - E[Xg;]

10.9 if >eep,, be - E[X[)] + ¢ E[maxcep;, X/;] < —a; then
10.10 L return the separating hyperplane > cp_be - E[Xg;] + ¢ - E[maxcp,, Xg;] > —a;
10.11 return “feasible”

Lemma 4.3.1. Algorithm 10 is a polynomial time separation oracle for (Dp).

Proof. Since shortest paths can be found in polynomial time [Bel58], Algorithm 10 indeed runs in
polynomial time. Further, if there is an edge e € F with b, < 0 or if ¢ < 0, then Algorithm 10
correctly outputs the violated constraint.

It remains to consider the case when b, ¢ > 0. In this case, we need to show for each request j that
we find some € € E such that Pjz achieves minpep, (Zeep be E[XET]] + ¢ E[maxeep Xg;])

Consider any request j such that the minimum is achieved by some s;-t; path P*. Let e* be the
smallest-capacity edge along P*. We claim for the correct guess € = e*, P}z achieves the minimum.
To see this, observe that P* is a s;-t; path in the graph Ge, so the algorithm will choose Pjg
with Zeeré be - E[Xg] <Y ecpe be - E[Xg} by definition of the edge weights. Further, we have
c-E[maxeep,, XeTJ] < ¢-E[maxeepr Xg;], because the latter maximum is achieved by edge €, and by
definition of the residual graph, Pjz cannot use any edges with smaller capacity than e. Combining
these two bounds shows that Pjz achieves the minimum. This in turn implies that Algorithm 10
returns a constraint violated by (a, b, ¢) if such a constraint exists. ]
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Online Routing: Minimizing Increase in ®

For online virtual circuit routing, we assume that a sequence of source sink-pairs (s;,t;) for j =
1,...,n arrive online. To implement Algorithm 9 efficiently, given a load vector L = (Lyg, ..., Ly,)
and source-sink pair (sj,t;) with random demand X; > 0, we need to choose a s;-t; path in G
that minimizes the increase in ® with respect to some fixed truncation threshold 7. Recall that
we index the edges of G by 1,...,m, while Lg is the load of an additional, artificial resource that
captures the total expected exceptional load.

As in the offline setting, the expected exceptional part of the configuration corresponding to choos-
ing a particular s;-t; path is the expected exceptional part of the smallest-capacity edge along the
path. Thus, the increase in potential due to choosing a path P is

((3/2)(L0+(maXeEP EXEN/7 _ (3/2>Lo/7) + Z ((3/2>(LE+E[X£})/T _ (3/2)[/6/7.).
ecP

The first term is the increase due to the exceptional part (the smallest-capacity edge along P), and
the remaining terms are the per-edge contributions due to the truncated parts. Analogously to the
previous section, we only consider edges in E; = {e € E : E[X,;] < 7}, guess the smallest-capacity
edge, and solve a shortest s;-t; path problem to find the minimizing path; see Algorithm 11.

Algorithm 11: Minimizing increase in ¢ for virtual circuit routing

11.1 L < current load vector

11.2 for e € £j do

11.3 E: «— {e€ Ej:cc> ce}

11.4 Ge + (V, Eg)

11.5 Pje < shortest s;-t; path in G¢ w.r.t. edge weights ((3/2)(L6+E[X6TJD/T - (3/2)L6/T)

11.6 Pj < argminp,, increase in ¢

Lemma 4.3.2. Given a request j and load vector L, Algorithm 11 returns in polynomial time a
path P; that minimizes the increase in ®.

Proof. Tt is clear that Algorithm 11 runs in polynomial time. To see that it also finds a path that
minimizes the increase in @, let P* be such an optimal path with smallest-capacity edge e*. For
the correct guess e = e*, P is a s;-t; path in the graph Ge. Thus, Algorithm 11 chooses Pjz
such that the per-edge contributions due to the truncated parts of Pjz are at most those due to
P} by definition of the edge weights. Further, the exceptional part of Pjz is at most that of P7,
because Pjz does not use any edges with capacity smaller than cz by definition of the graph Ge.
We conclude that Pjz is also a s;-t; path that minimizes the increase in ®. ]

Summary

Combining the above two algorithms for the offline and online cases allow us to efficiently optimize
over the possibly exponentially many configurations in stochastic virtual circuit routing.

Theorem 4.1.5. For virtual circuit routing with stochastic requests, there exist an efficient random-
ized offline algorithm computing a non-adaptive policy that is a @(logﬁ)g”m)—appmximation and an
efficient deterministic online algorithm that computes an ©(log m)-approximation when comparing

to the optimal offline adaptive policy.
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Proof. For offline virtual circuit routing, Lemma 4.3.1 guarantees that (LPp) can be solved optimally
in polynomial time by LP duality. Thus, Lemma 4.2.3 implies that Algorithm 8 runs in polynomial

time and achieves a maximum congestion of O(; Ogi?m)E[Opt].

For the online problem, Lemma 4.3.2 guarantees that, for each request j, a path P; that minimizes
the increase in the potential function ® is found in polynomial time. Thus, Lemma 4.2.3 implies that
Algorithm 9 runs in polynomial time and guarantees a maximum congestion of O(logm)E[Opt]. [

4.4 Load Balancing on Related Machines

In this section, we improve on Theorem 4.1.2 in the special case of related machines, where each
machine ¢ has a speed parameter s; > 0 and each job j an independent size X; such that X;; = %
logm ’

loglogm
the adaptivity gap is Q(log)lgo glm) even for load balancing on identical machines where every machine

has the same speed. Thus, to improve on Theorem 4.1.2, we need to use adaptivity.

Recall that we gave a non-adaptive O( )—approximation for unrelated machines. However,

The starting point of our improved algorithms is the same non-adaptive assignment for unrelated-
machine load balancing. However, instead of non-adaptively assigning a job j to the specified
machine ¢, we adaptively assign j to the least loaded machine with similar speed to ¢. In the
first part, we formalize this idea and then we focus on offline and online load balancing on related
machines.

4.4.1 Machine Smoothing

In this section, we define a notion of smoothed machines. We show that by losing a constant factor
in the approximation ratio, we may assume that the machines are partitioned into at most O(logm)
groups such that machines within a group have the same speed and the size of the groups shrinks
geometrically. Thus, by “machines with similar speed to i,” we mean machines in the same group.

Formally, we would like to transform an instance Z of load balancing on m related machines with
stochastic jobs into an instance Z; with so-called “smoothed machines” and the same set of jobs
with the following three properties:

(i) The machines are partitioned into m’ = O(logm) groups such that group k consists of my
machines with speed exactly si such that s; < so < -+ < sy

(ii) For all groups 1 < k < m/, we have my > %mkH.
(iii) Opt(Z,) = O(Opt(T)).

To this end, we suitably decrease machine speeds and delete machines from the original instance Z.
Our algorithm is the following.

We show that this algorithm creates the desired smoothed machines instance.
Lemma 4.4.1. Given an instance I of load balancing with m related machines and stochastic jobs,

Algorithm 12 efficiently computes an instance Iy of smoothed machines with the same set of jobs
satisfying Properties (i) to (iii).

Proof sketch (full proof in Appendiz B.2). It is clear that the algorithm is efficient and outputs Z
satisfying (i) and (ii). For showing (iii), we analyze the increase of the cost of Opt due to each step.
For Step 12.6, we schedule the jobs assigned by Opt to deleted machines on the fastest machine,
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Algorithm 12: Machine Smoothing

12.1 Smax < Max; S;
12.2 for i =1 to m do

12.3 Si < Si/Smax

12.4 if 5; < % then
12.6 ‘ delete machine ¢
12.7 else

12.9 L S; 2llog si]

12.10 partition machines by speeds such that group k has m; machines of speed sy,
12.11 index the groups in order of increasing speed

12.12 for k =1 to [logm] do

12.13 if my < %mk+1 then

12.15 L L delete group k

increasing its load by at most (m — 1)%Opt. Step 12.9 increases Opt by at most a factor 2. For
Step 12.15, we schedule all jobs assigned by Opt to a deleted machine on machines of the next faster
remaining group, following a fixed mapping of the deleted machines to the remaining machines.
Because of (ii), we can bound the increase in load on each remaining machine by O(Opt). O

To summarize, by losing a constant-factor in our final approximation ratio, we may assume we are
working with an instance of smoothed machines. Looking ahead, if our non-adaptive policy assigns
job j to machine ¢, then we instead adaptively assign j to the least-loaded machine in the group
containing machine ¢. We will use the properties of smoothed machines to show that this leads to
a O(1)-approximation offline and O(log log m)-approximation online.

A similar idea for machine smoothing has been employed by Im et al. [IKPS18] for deterministic
load balancing on related machines. In their approach, they ensure that the total processing power
of the machines in a group decreases geometrically rather than the number of machines.

4.4.2 Offline Setting

In this section, we give our O(1)-approximate adaptive policy for load balancing on related machines
with stochastic jobs. Our algorithm has three parts: machine smoothing (Algorithm 12), non-
adaptive assignment (Algorithm 8), and adaptively turning a job-to-machine assignment into a
coarser job-to-group assignment. Precisely, our algorithm is the following.

Algorithm 13: Offline Related Load Balancing

13.1 smooth machines with Algorithm 12

13.2 create configuration balancing instance as in (4.3)

13.3 obtain assignment of jobs to machines by Algorithm 8
13.4 for j € J do

13.5 i < machine of j

13.6 L schedule j on least loaded machine i’ with s; = s/

Note that as in the case of unrelated machine load balancing (Theorem 4.1.2), we can derandomize
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this algorithm by employing the GAP LP rounding algorithm by [ST93].

We show that this algorithm gives the desired O(1)-approximation. Note that our previous analysis
of Algorithm 8 gave a O( 10g0fgo;nm> approximation. We improve on this using the properties of
smoothed machines and our adaptive decisions. We give a stronger maximal inequality using the

fact that group sizes are geometrically increasing. See Appendix B.1 for proof of the following.

Lemma 4.4.2. Let cq,...,¢n € N>y be constants such that ¢; > %Ci+1 forall 1 < i < m. Let
Si,...,Sm be sums of independent random variables bounded in [0,7] such that E[S;] < ¢ for
all 1 <i <m. Then, E[ max; C{] < O(1).

Now we analyze Algorithm 13.

Lemma 4.4.3. For offline load balancing on related machines with stochastic jobs, Algorithm 13
efficiently either outputs an adaptive policy with expected makespan O(1) or certifies E[Opt] > 1.

Proof. 1t is clear that the algorithm runs in polynomial time. By the contrapositive of Lemma 4.2.1,
if (LP¢) is infeasible for 7 = 2, then we correctly certify E[Opt] > 1. Thus, it remains to consider
the case where the LP is feasible.

In this case, we obtain a job-to-machine assignment with expected truncated load at most 2 on
every machine and expected exceptional load at most 2. Summing up the truncated loads within
each group, we have that group k has expected truncated load at most 2my. Again, we split the
makespan of our policy into truncated and exceptional parts

[11%1122};12le} <E|:1I§lzi}7(nZX£:| —HE[ max Z ]

17,m

where the events j — i are with respect to our final adaptive assignment. We can upper bound
the contribution of the exceptional parts (the latter term) by 2 using (4.1). It remains to bound
the contribution of truncated parts. We do so by considering the makespan on each group. For
group k, we let j — k denote the event that we non-adaptively assign job j to a machine in group k,
and Xj; be the size of job j on any machine in group k (recall that they all have the same speed).

Then,
max E max max Xg;- ,
1<i<m k i1eGy <

7 Jj—

where G}, is the collection of all machines in group k. Similar to the analysis of list scheduling
by [Gra69], i.e, by an averaging argument, we obtain

maxz X< — Z X+ max x X[ < Z X5 +2. (4.4)

eG
’ k j—)k j—>k

The expected truncated load on group k is at most 2my, and we have my > %mk+1 for all k by
the properties of smoothed machines. Lemma 4.4.2 bounds the expected maximum of (4.4) for
all £ by O(1). This upper bounds the expected contribution of the truncated parts by O(1), as
required. O
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4.4.3 Online Load Balancing on Related Machines

In this section, we apply the same framework to the online setting. As main difference, we compute
the non-adaptive assignment online using Algorithm 9. We must be careful, because our online
configuration balancing algorithm loses a logarithmic factor in the number of resources, so to obtain
a O(loglogm)-approximation, we aggregate each group (in the smoothed-machines instance) as a
single resource. Thus, our configuration balancing instance will have only O(logm) resources.

We first describe how to construct the configuration balancing instance. Suppose we have smoothed
machines with m’ groups. We define m’ + 1 resources indexed 0, ..., m’ such that the Oth resource
is a virtual resource collecting exceptional parts, and the resources 1,...m’ index the groups of
smoothed machines and collect the respective truncated parts. Each job j has m’ configurations

c¢=1,...,m' (one per job-to-group assignment) defined by
E[X{] if k=0,
Xijle) = BIXL] ifk=c, (4.5)
0 otherwise,

for a fixed truncation threshold 7. Note that these configurations are deterministic. Intuitively, this
definition captures the fact that we will average all jobs assigned to group k over the mj machines
in the group. Now we give our algorithm for the online setting.

Algorithm 14: Online Related Load Balancing

14.1 smooth machines with Algorithm 12
14.2 X < current guess of E[Opt]

14.3 T < 2\ truncation threshold

14.4 upon arrival of request j do

14.5 construct configurations as in (4.5)
14.6 k < configuration chosen by Algorithm 9
14.7 schedule j on least-loaded machine in group &

Lemma 4.4.4. For online load balancing on related machines with stochastic jobs, Algorithm 1
runs in polynomial time and correctly solves the subproblem of Lemma 4.2.4 for a = O(loglogm).

Proof. 1t is clear that the algorithm runs in polynomial time.

Let Optg be the optimal makespan of the smoothed load balancing instance. We first claim that
the resulting configuration balancing instance has optimal makespan at most O(E[Optg|) for any
truncation threshold 7 > 2E[Optg]. To see this, observe that (LP¢) for the smoothed load balancing
instance is feasible for 7. Then, (LPc) for the deterministic configuration balancing instance is
obtained from this LP by aggregating the truncated constraints for all machines in the same group
and dividing by mj. Thus, this latter LP is also feasible for the same threshold, and it admits a
constant-factor approximation by Shmoys-Tardos [ST93]. Thus, Optp, the optimal solution of the
deterministic configuration balancing instance defined by (4.5), is at most O(E[Optg]).

Further, by the properties of smoothed machines, the resulting configuration balancing instance
has m’ + 1 = O(logm) resources. As argued in the proof of Theorem 4.1.3, the potential function
guarantees that Algorithm 9 never creates makespan (for the configuration balancing instance)
more than O(loglogm)\ if Optp < A. Hence, by (4.5), the total expected exceptional load and
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average expected truncated load within each group are at most O(loglogm)A. We translate these
bounds into bounds on the makespan for the load balancing instance.

Similar to Lemma 4.4.3, we can upper bound the contribution of the exceptional parts by O(loglogm)A
using (4.1) and the truncated parts by O(loglogm)\ using Lemma 4.4.2. Thus, the expected
makespan of the load balancing instance is at most O(loglogm)A\, as required.

Finally, we recall that if Algorithm 9 fails, then Optp > A, which implies E[Optg] > Q(M). O
Summary

The proof of our main theorem for related machines follows immediately from Lemma 4.4.3 and
Lemma 4.4.4.

Theorem 4.1.3. For load balancing on related machines with stochastic jobs, there exist efficient
deterministic algorithms that compute an adaptive offline O(1)-approzimation and an adaptive on-
line O(loglog m)-approzimation when comparing to the optimal offline adaptive policy.

4.5 Clairvoyance Gap for Load Balancing on Related Machines

In this section, we prove the lower- and upper bounds of Theorem 4.1.4:

Theorem 4.1.4. For load balancing on related machines, there exists an efficient non-clairvoyant
online algorithm that O(\/m)-approzimates the optimal clairvoyant algorithm. Further, any non-
clairvoyant algorithm is at least Q(v/m)-approximate.

To show this result, we first give a lower bound on the clairvoyance gap and then complement it
by an upper bound achieved by a non-clairvoyant online list scheduling algorithm.

Lemma 4.5.1. The clairvoyance gap for scheduling on related machines is Q(y/m).

Proof. Consider an instance with m machines, one fast machine with speed 1 and m — 1 slow
machines with speed ﬁ There are m jobs, one big job with size 1 and m — 1 small jobs with

size ﬁ There is a schedule of makespan 1, which is achieved by assigning the big job to the fast
machine and one small job per slow machine.

We show that any non-clairvoyant algorithm has makespan Q(y/m) which implies the lemma. To
that end, we define the following adversarial strategy: the adversary reveals only small jobs (unless
it runs out of small jobs, in which case the final job is big) until the first time that the algorithm
decides to use a slow machine. Then the adversary makes this job big. If an algorithm only uses
the fast machine, then it has makespan 1+ (m —1)- —= = Q(y/m). Otherwise, the algorithm must

vm
use a slow machine, which receives the big job from the adversary, which also gives makespan /m.
Hence, any non-clairvoyant algorithm incurs a makespan Q(y/m). O

In the next lemma, we show an upper bound on the clairvoyance gap. We refer to list scheduling
as the algorithm that assigns the next job to the currently least-loaded machine. Here, the load of
a machine is the total processing time of jobs that have been assigned to the machine. We use list
scheduling only on a subset of machines that are “fast enough” and leave the remaining machines
idle. More precisely, we list schedule the jobs in the order of their arrival on the machines with

speeds within a factor —= of the fastest.

Jm
Lemma 4.5.2. The clairvoyance gap for related machine scheduling is O(y/m).
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Proof. For convenience, we re-scale the instance such that the speed of the fastest machine is 1.
Hence, our algorithm uses all machines ¢ with s; € [\/—%, 1]; we call such machines fast and the re-
maining ones slow. Clearly, list scheduling on the fast machines is both, online and non-clairvoyant.
It remains to bound the competitive ratio. To this end, we observe

> jes Pi maxjeJ Pj
Cmax < J + — g J s
Zi:sizl/\/ﬁ Si mlni:si21/\/77n S

where the first term bounds the starting time and the second term bounds the processing time of
any job. We bound both terms separately by comparing to the optimal solution Opt, where Opt
denotes the optimal schedule as well as its makespan. Clearly, max;csp; < Opt, which implies that
the second term is at most y/m - Opt.

For the first term, note that the total size of jobs that Opt schedules on fast machines is at
most m’ - Opt, where m/ is the number of fast machines. The total size of jobs that Opt schedules
on slow machines is at most m - \/—% -Opt = y/m-Opt as there are at most m slow machines. Further,

the total speed of the fast machines is at least 1 (because the fastest machine has speed 1) and also
at least m’——. Therefore,

vm

Sjespi _mOpt+ i Opt _( wl
Zi:sizl/\/ﬁsi_ max{1l,m’/y/m} — \m///m 1

concluding the proof. O

) -Opt = O(y/m) - Opt,

Conclusion

We considered the configuration balancing problem under uncertainty. In contrast to the (often
overly optimistic) clairvoyant settings and the (often overly pessimistic) non-clairvoyant settings,
we consider the stochastic setting where each request j presents a set of random vectors, and we
need to (adaptively) pick one of these vectors, to minimize the expected maximum load over the m
resources. We give logarithmic bounds for several general settings (which are existentially tight),
and a much better O(1) offline and O(loglogm) online bound for the related machines setting.

The main theme in this work is that the optimal adaptive policy may do unintuitive things: Without
seeing Example 4.1.7, it seems like the optimal adaptive policy cannot possible accrue large total
exceptional load — after all, as soon as a single configuration becomes exceptional, then Opt has
missed its expected makespan target. To overcome this, we argue that there exists a near-optimal
adaptive policy that is more well-behaved and thus more amenable to our classical toolkit from
deterministic combinatorial optimization: LP rounding and potential functions.

The main open problem is to improve on the O(logﬁ) ;"m)—approximation for offline stochastic load

balancing on unrelated machines using adaptivity beyond the related machines setting. One par-
ticularly simple open setting is stochastic edge orientation: We are given an undirected graph G
and probablility parameter p. The goal is to orient every edge of GG, — the random subraph where
every edge of G appears independently with probability p — to minimize the expected maximum
in-degree over every vertex of G. However, our algorithm does not observe G, directly; rather, our
algorithm adaptively queries edges of GG, upon which we learn if the edge is in G, or not. If it is,
then at this point we must irrevocably orient it. This problem is a special case of stochastic load
balancing by taking one job per edge in GG such that the resulting job can only be assigned to the
two endpoints (machines) of that edge. Note that this special case avoids the adaptivity gap lower
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bound of €(; Ogjig’m) due to [GKNS21], because in that lower bound, all jobs can be assigned to all

machines.

Another open question is closing the gap for online related-machines load balancing. It would be
particularly interesting to show a super-constant lower bound for any online algorithm for stochastic
load balancing on related machines, because this would separate the deterministic (where a O(1)-
competitive algorithm is known [BCKO00]) and stochastic settings.
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Chapter 5

Stochastic Completion Time
Minimization

5.1 Introduction

We consider the problem of scheduling n stochastic jobs on m identical machines to minimize the
expected total completion time of the jobs. Each job j is an independent random variable X; ~ D;
with known distribution D;. Now the completion time C; of job j is a random variable, which
depends on the random job sizes (and on any random decisions our algorithm may make). Our
goal is to minimize ), E[C}].

Our main result is the first algorithm for this problem that is both distribution-independent and
has an approximation ratio sublinear in m for the special case of Bernoulli jobs (X; ~ s; - Ber(p;)
for size s; > 0 and probability p; € [0,1]).

Theorem 5.1.1. There exists an efficient deterministic_algorithm for completion time minimiza-
tion for Bernoulli jobs that computes a list schedule that O(y/m)-approzimates the optimal adaptive
policy.

We remark that a consequence of our techniques is a simple O(m)—approximation for Bernoulli
jobs, matching (up to poly log n-factors) the result of [IMP15a] in this special case (see § 5.4.2 for
details.)

5.1.1 Technical Overview

Our algorithm design will be informed by a proxy objective function, which we call the weighted
free time. We first observe that to bound the completion time of a job, it suffices to bound its
starting time, S;. This is because on identical machines, we have C; = S; + X, where ) j Xjisa
lower-bound on the optimal total completion time. The key idea of our proxy objective is to relate
the per-job starting times to a more global quantity, which we call the free time.

Definition 5.1.2 (Free Time). Consider any fixed schedule. The ith free time of the schedule,
which we denote by F'(i) is the first time when 7 jobs have been started and at least one machine
is free to start the (i + 1)st job.

For schedules that do not idle machines, the ith free time is the load of the least-loaded machine
after starting i jobs. By definition of free time, there are ©(n/2*) jobs with starting times in
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[F(n—mn/2F1), F(n—n/2")] for all k = 1,...,logn (all logarithms are base 2 in this paper.) Thus
we have:

logn

D> 8;=>"©(n/2")F(n—n/2"). (5.1)
J k=1

We call this final expression, Z}Coiln n/2% . F(n —n/2F), the weighted free time of the schedule. We
can view this objective as defining log n work checkpoints for our algorithm. These checkpoints are
the time that we have n/2! jobs left to start (i.e. F(n—mn/2')), n/2? left to start (i.e. F(n—n/22)),
and so on. Roughly, the goal of our algorithm is to ensure that at each work checkpoint, our free

time is comparable with the optimal schedule’s free time at the same checkpoint.

We can now illustrate the reason for considering free times rather than the completion time directly.
Indeed, let C'(7) be the time that we complete ¢ jobs (and note the difference with C}, which is the
time at which we finish a specific job j). We analogously have . C; = ©(3_; n/2% . C(n —n/2F)).
However, one difficulty of stochastic jobs is we cannot easily control what are the first n—n /2" jobs
to complete. On the other hand, for free times, we have complete control over what n — n/2* jobs
we decide to start first, which then contribute to F'(n —n/2%). This suggests two natural informal
subproblems for our algorithm design:

e Subset Selection: Compute nested sets of jobs J; C Jy C ... such that for all k, Ji is
comparable to the first n—mn/2" jobs of the optimal adaptive policy (i.e. the jobs contributing
to F(n —n/2") for Opt.)

e Batch Free Time Minimization: Given nested sets of jobs Ji C Jo C ..., schedule the
Ji’s such that our free time after scheduling J; is comparable to F(n — n/2¥) for Opt. Our
schedule must satisfy the batch constraint that we schedule Ji (i.e. start every job in Ji)
before Ji11 \ Ji for all k.

The main technical challenge in both subproblems is the interaction between the free time and
the batch constraint. Since our final algorithm will be a list schedule, the Ji-sets are chosen non-
adaptively. However, the optimal policy chooses its first n —n/2* jobs adaptively, so it is not clear
that there even exist good sets Ji. Our first contribution is that we can indeed efficiently find good
Jj, sets non-adaptively by delaying slightly more jobs than Opt.

Theorem 5.1.3 (Subset Selection, Informal). Given Bernoulli jobs, we can efficiently find nested
sets of jobs Ji C -+ C Jiogn such that |Jx| =n — O(n/2%) and Ji, is a subset of the first n —n/2"
jobs of the optimal adaptive policy for all realizations.

Our subset selection algorithm is a simple greedy algorithm: to construct Jg, for each possibly
Bernoulli size parameter (which we may assume there are O(logn) of by standard discretization
techniques) we remove the n/ 2F jobs with largest probability parameters. Thus, for each size, we
keep the “smallest possible” jobs. The analysis relies on the following structural characterization
of the optimal adaptive policy for Bernoulli jobs.

Lemma 5.1.4. Consider a collection of Bernoulli jobs. Then for each possible size parameter, the
optimal adaptive completion time schedule for these jobs starts the jobs with this size parameter in
increasing order of their probabilities for all realizations of the job sizes.
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In light of Theorem 5.1.3, it remains to compute good list schedule of the J’s subject to the batch
constraint. Our free time minimization algorithm is also greedy: For each batch Ji \ Jx_1, we
list-schedule them in increasing order of size parameter.

Theorem 5.1.5 (Batch Free Time Minimization, Informal). Given the nested sets of Bernoulli
jobs J1 C -+ C Jiggn guaranteed by Theorem 5.1.5, list scheduling them in increasing order of size

parameter (subject to the batch constraint) is 6(\/m)—approximate for weighted free time.

Combining Theorems 5.1.3 and 5.1.5 gives our desired 6(\/m)—approximation for completion time
minimization for Bernoulli jobs. We now give an overview of our analysis.

For a moment, suppose that we could list-schedule the batches output by Theorem 5.1.3, J; C
... Jiogn, optimally subject to the batch constraint (i.e. for each Jj \ Jy—1, we compute an ordering
of the jobs and start the jobs in this order for all k = 1,...,logn) to minimize the weighted free
time. At first glance, it might seem like we are done, because Ji is always a subset of Opt’s
first n — n/2F jobs, so we are only scheduling fewer jobs than Opt at every work checkpoint.
However, this reasoning fails because of the batch constraint. Indeed, let us contrast the classic
makespan minimization problem (schedule deterministic jobs to minimize the load of the most-
loaded machine) with its free time analogue (schedule n deterministic jobs to minimize the nth free
time). While an arbitrary list schedule is O(1)-approximate for makespan, it is {(m)-approximate
for nth free time:

Lemma 5.1.6. For all m > 1, there exists a set of n jobs J and a list-schedule of J whose nth free
time Q(m)-approximates the optimal nth free time.

Proof. Consider m “small” jobs of size 1 and m — 1 “big” jobs of size m. The optimal free time
schedule is to first schedule one small job on each machine, and then one big job on m — 1 machines.
Thus the optimal nth free time is 1. Now consider the list-schedule of all big jobs before small jobs.
Then each big job is scheduled on a separate machine, and all m small jobs are scheduled on the
remaining machine. This gives nth free time m. O

The instances from the above lemma suggest that we should schedule small jobs before bigger ones
so that the big jobs do not clog up the machines and delay the starting times of the small jobs.
Implicitly, this is why previous work loses a m-factor: While Opt has m machines to schedule small
jobs before the machines are clogged by big ones, it can be the case that Alg first clogs all but one
machine with big jobs and then schedules all small jobs on a single machine. For our algorithm,
because of the batch constraint, it could be the case that Opt does some small jobs in Ji \ Ji_1
much earlier than our algorithm when fewer machines are clogged by big jobs. This is the main
technical challenge that we overcome to obtain our improvement.

Concretely, consider scheduling Jj subject to the batch constraint. For this subproblem, we say a
job is big if its realized size is larger than Opt’s (random) n—mn/2¥th free time. Scheduling such jobs
effectively turns off a machine for the remainder of the schedule. We call such machines clogged.
One should imagine that afterwards we are averaging the volume of the remaining small jobs over
one less machine. Our first insight is a stronger lower bound on the rate that Opt clogs machines
using Lemma 5.1.4. We let J}! be the adaptively-chosen set of the first n —n/ 2F jobs started by
Opt. Because Jy C Jj}, for every batch k" for every realization of job sizes, the number of big jobs
in J; is at most the number of big jobs in J};. This implies that our algorithm clogs machines at
a slower rate than Opt for every realization.
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Similarly, Lemma 5.1.4 also implies that the total size of small jobs in Jy is at most the total size
of small jobs in J}, for every k' < k. However, this does not guarantee that the total size of small
jobs in Jy \ Jp_1 is at most that in J}, \ JJ5_,, so although our algorithm has more unclogged
machines, we may also be trying to average more small jobs over these machines. Our second
insight is a delicate charging argument that characterizes how the free times of previous batches
affect the current one. Roughly, we argue that for our particular batches, while moving a small
job to an earlier batch allows us to average it over more unclogged machines, this also delays the
free time of all later batches. This ensures that there is not much benefit to moving small jobs to
earlier batches. To achieve this, we initiate a systematic study of the free time.

5.1.2 Comparison to prior work

Prior O(A)-approximations rely on bounding with respect to an LP solution, e.g. [MSU99, SSU16b].
These have an integrality gap of Q(A). On the other hand, our algorithm is combinatorial and
avoids this gap by comparing directly to the optimal adaptive policy.

The distribution-independent approximation of [IMP15a] also partitions jobs into batches (as in
our subset selection problem). Roughly, they guarantee that their batches are “better” than the
optimal solution’s jobs “in expectation.” However, we will show that our algorithm’s batches are
better than the optimal solution’s jobs for every realization (using our structural characterization
of the optimal policy Lemma 5.1.4.)

Further, their algorithm schedules jobs within batches in arbitrary order (i.e. they give a trivial
solution to the subproblem we call free time minimization). It seems likely that a loss of Q(m) is
necessary if one considers an arbitrary list schedule because of the lower bound in Lemma 5.1.6.
To overcome this, we choose a particular list schedule (i.e. in increasing order of size parameter),
which we show is O(y/m)-approximate. To summarize, using a deeper technical understanding, we
give more refined guarantees for both subset selection and free time minimization than [IMP15a].

The only other work is [EFMM19], which considers even more restricted instances: those with only
two types of jobs, identical deterministic and identical Bernoulli. Their algorithm is to schedule
either all deterministic jobs first or all Bernoullis first (depending on the relative number of each
type of jobs.) Our subset selection algorithm vastly generalizes this idea to arbitrary Bernoulli jobs
with varying size and probability parameters. Further, while our algorithm in Theorem 5.1.5 runs
an index policy within each Jj \ Jx_1-batch, we overcome the lower bound on index policies due
to [EFMM19] because our subset selection algorithm constructs the batches by taking into account
the relative number of different types of jobs—mnot only the distributions of individual jobs.

5.2 Subset Selection

The goal of this section is to solve the subset selection subproblem for Bernoulli jobs: we want to
find nested sets of jobs J; C --- C Jiogy such that Jy is comparable to the first n — n/2k jobs of
the optimal adaptive completion time schedule. Formally, let J; be the random set consisting of
the first n —n/2* jobs scheduled by the optimal completion time schedule. Our main theorem here
is the following:

Theorem 5.2.1 (Subset Selection). Let L be the number of distinct Bernoulli size parameters.
There is an algorithm CHOOSEJOBS that outputs sets Jy, satisfying:

(1) J1 C - C Jrogn CJ
(ii) |Jp| € [n — L -n/2F n —n/2¥]
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Figure 5.1: Original decision tree T and modified decision tree T’

(iii) Ji, C Ji; for all k and all realizations.

We show later how to use standard rescaling and discretization techniques to assume L = O(logn)
while losing only an extra constant factor in our final approximation ratio.

It is convenient to think of the n/2* jobs that the optimal schedule excludes from Ji rather than
the jobs it chooses to start. Similarly, we specify our algorithm’s set of jobs also by the exclusions.
The next lemma gives our structural characterization for the optimal adaptive completion time
schedule for Bernoulli jobs, which allows us to characterize which jobs the optimal schedule chooses
to exclude.

Because jobs are Bernoullis, upon scheduling a job j, the scheduler immediately learns the realized
size of X because it is either 0 or s;. Thus, the optimal schedule can be represented by a decision
tree, where each node is labeled by a job j, corresponding to the decision to schedule j on the
currently least loaded machine, and has a left- and right child, corresponding to the realized size
of j being 0 or s;, respectively. Every root-leaf path on this tree gives an ordering to schedule the
jobs for a particular realization of job sizes.

Lemma 5.1.4. Consider a collection of Bernoulli jobs. Then for each possible size parameter, the
optimal adaptive completion time schedule for these jobs starts the jobs with this size parameter in
increasing order of their probabilities for all realizations of the job sizes.

Proof Sketch. Our proof is an exchange argument. Consider the optimal decision tree (as described
above), and suppose there exists a root-leaf path that schedules job X}, ~ s - Ber(py) before X, ~
s - Ber(p,) with p, < pp. Then there exists a subtree T rooted at b such that a is scheduled on
every root-leaf path in this subtree.

We now show how to modify T to start a before b while not increasing the expected completion
time. Let 77, and Tr be the left- and right subtrees (corresponding to the root job b coming up
size 0 or s) of T, respectively. We define T7(a — b) to be Ty, with the job a replaced by job b and
T1,(—a) to be T, but at a’s node, we do not schedule anything and instead go to a’s left child. The
subtrees Tr(a — b) and Tr(—a) are defined analogously. See Figure 5.1 for the modified tree 7".

We choose the parameter ¢ so that the probability that 7" enters T (a — b) or T1(—a) is exactly pp.
This is our replacement for the event that 1" enters Ty,. A calculation now shows that the expected
completion time weakly decreases from T to T”. (See the proof in Appendix C.2 for details.) [
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By definition Opt can exclude only n/2* jobs from Ji. On the other hand, our algorithm will
exclude n/2F jobs of each Bernoulli size simultaneously. Lemma 5.1.4 suggests that we might as
well exclude the jobs with largest p;’s. In particular, our algorithm to choose sets of jobs that are
comparable to the J;’s is the following:

CHOOSEJOBS: For each k= 1,...,logn, let J; be the set of jobs constructed as follows:

i. Initialize Jp = J.
ii. For each Bernoulli size s, remove from Jj, the n/2* jobs of size s with largest pj’s.
iii. Output Jy.

Proof of Theorem 5.2.1. It is immediate that the sets Ji,. .., Jiogn are nested and have the desired
size. It remains to show that J, C J. Note that Opt excludes at most n/ 2% jobs of the largest
probabilities of each size by Lemma 5.1.4. This holds for all realizations. On the other hand, we
exclude n/2* jobs of largest probability of all sizes simultaneously. O

Morally, Theorem 5.2.1 states that we know the jobs that Opt starts to achieve F*(n — n/2F) for
all k& (up to a L-factor.) This suggests that we should first schedule J; to get free time comparable
to F*(n —n/2%), and then J5 \ Ji to get free time comparable to F*(n — n/2%), and so on.

The goal of the next section is to show how to schedule the J;’s subject to this batch constraint
(we must schedule all jobs in Jj_; before any in Ji \ Jx_1 for all k) such that our weighted free
time is comparable to that of Opt. Note that in general, even though J, C J; for all k, the
optimal completion time schedule may not satisfy the batch constraint—this is precisely is the
main technical challenge that we have to overcome in the next section.

5.3 Batch Free Time Minimization

We now turn to the batch free time minimization problem. Our starting point is the nested sets of
jobs Ji C -+ C Jiggn C J output by CHOOSEJOBS. Recall that J; is the random set of the first
n —n/2" jobs scheduled by the optimal completion time policy Opt.

5.3.1 Free Time Basics

To motivate our final algorithm, we explore some basic properties of the free time. We first recall
the lower bound instance from Lemma 5.1.6: there are m small jobs of size 1 and m — 1 big jobs
of size m. The optimal nth free time is 1 by first scheduling all small jobs and then all big jobs.
Observe that the final m — 1 big jobs do not contribute to the optimal nth free time. This gave the
intuition that we should schedule small jobs before big ones clog up the machines. This intuition
turns out to be correct, which we formalize in the next lemma.

Lemma 5.3.1. List-scheduling deterministic jobs in increasing order of size is a 4-approximation
for nth free time.

Proof. Let J be the set of input jobs and Opt the optimal nth free time. We partition J into
small and big jobs: a job is big if its size is strictly greater than Opt, and is small otherwise.
This definition means that Opt can schedule at most one big job per machine. Moreover, there
are strictly less than m big jobs, otherwise Opt would need to schedule at least one big job per
machine, which contradicts the optimal nth free time.
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On the other hand, our algorithm starts all small jobs before all big jobs. We claim that the nth
free time of our algorithm, which we denote by F(J), is at most the makespan of our algorithm
after only scheduling the small jobs, which we denote by M (S). To see this, consider the time right
before we start the first big job. All machines have loads within [M(S) — Opt, M (S)] (the lower
bound follows by noting that we list-scheduled only jobs of size at most Opt up until this point.)
Thus, we schedule the at most m — 1 remaining big jobs each on separate machines. All of the big
jobs are started by time M (S), and there exists a machine that schedules no big job, which is free
by M(S) as well. It follows, F'(J) < M(S).

Now, because every list-schedule is 2-approximate for makespan, we have M (S) < 2MOPt(S), where
MOP(S) is the makespan of the small jobs under Opt (i.e. when Opt finishes its final small job.) To
complete the proof, we relate MOP(S) with Opt. It suffices to show MOPt(S) < 20pt. To see this,
consider time Opt in the optimal schedule. At this time, all machines are either free or working on
their final job. In particular, any machine working on a small job completes by time Opt+ Opt. [J

While we do not apply Lemma 5.3.1 directly for our algorithm, the ideas in the analysis will be
crucial. In particular, a key concept in our analysis is to differentiate between small and big jobs.
Roughly, when we consider Ji, a job is small if its size is at most F*(n —n/2*) and big otherwise.
We are concerned about the volume (total size) of the small jobs and number of big jobs. However,
because of the batch constraint, we cannot ensure that all small jobs are scheduled before all big
jobs in general.

As we schedule batches Jy, Jo \ Ji,...,Ji \ Jr—1, more and more machines are getting clogged by
big jobs. For the purposes of scheduling Ji, these machines are effectively turned off. Thus, as
we proceed through the batches, we are averaging the volume of small jobs over fewer and fewer
machines. The goal of our algorithm will be to ensure that we do small jobs as early as possible
(subject to the batch constraint) so that we have the most unclogged machines available.

5.3.2 Final Algorithm

With the goal of § 5.3.1 in mind, we are ready to describe our final algorithm, which is the 6(\/5)—
approximation guaranteed by Theorem 5.1.1. Although we cannot ensure that within a batch, jobs
are scheduled in increasing order of realized size as in the analysis of Lemma 5.3.1, because our jobs
are Bernoullis, we can ensure that all jobs that come up heads (have realized size s;) are scheduled
in increasing order of realized size. Here, we crucially use the fact that our jobs are Bernoullis, so
if the come up tails (have size 0), they do not affect the free time. For the rest of the description,
we make the following assumption, which we justify in Appendix C.3.

Assumption 5.3.2. We assume that there are L = O(logn) distinct Bernoulli size parameters s;,
each at most nS.

By losing a constant factor in the final approximation ratio, we may assume Assumption 5.3.2 for
the rest of the analysis.

Lemma 5.3.3. Let m > 2. Suppose there exists an algorithm for completion time minimization for
Bernoulli jobs on m machines satisfying Assumption 5.3.2 that outputs a list schedule with expected
completion time at most a(EOpt—i— 0(1)). Then there exists a O(a)-approximate algorithm for the
same problem without the assumption. Further, the resulting algorithm is also a list schedule, and
it preserves efficiency and determinism.
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The proof uses standard rescaling and discretization ideas, but it is more involved because of the
stochastic jobs; we justify it in Appendix C.3. Our final algorithm is now the following:

STOCHFREE: Given input collection J of Bernoulli jobs:

i. Run CHOOSEJOBS to obtain nested sets of jobs J; C -+ C Jiggn C J

ii. List-schedule each batch Jj \ Ji—; in increasing order of Bernoulli size parameter s; for all
batches k =1,...,logn.

iii. List-schedule all remaining jobs J \ Jiogr, in arbitrary order.

It is clear that STOCHFREE outputs a list schedule in polynomial time and is deterministic. Our
main approximation guarantee for STOCHFREE is the following.

Theorem 5.3.4 (Batch Free Time Minimization). Given Bernoulli jobs, if m > 2 and Assump-
tion 5.5.2 holds, then STOCHFREE outputs a list schedule with expected completion time at most
O(yv/m) - (E[Opt] + O(1)), where Opt is the optimal adaptive policy.

Note that composing Theorem 5.3.4 with Lemma 5.3.3 gives the desired 6(\/5) without the as-
sumption for all m > 2. For the remaining case of m = 1, scheduling the jobs in increasing order
of their expected processing times is an optimal policy [Rot66]. This gives the desired O(y/m)-
approximation for all m, and completes the proof of Theorem 5.1.1. In the remainder of the paper,
we analyze STOCHFREE (Theorem 5.3.4.)

5.4 Analysis of the StochFree Algorithm

The goal of this section is to prove Theorem 5.3.4, given Assumption 5.3.2. Our proof has four
conceptual steps.

i. Bound the weighted free time of Alg by averaging the volume of small jobs within each batch
over the unclogged machines—those that have not yet scheduled a big job. (§ 5.4.1)

ii. Show that STOCHFREE is 5(m)—approximate for all m > 2. This serves as a warm-up to
the improved O(y/m)-approximation, and it allows us to focus on the remaining case where
m = (1) is sufficiently large. (§ 5.4.2)

iii. Control the rate that machines become clogged by a large job. We show that the rate that
machines become clogged for Alg is slow enough so that Opt cannot benefit much by putting
small volume in earlier batches than Alg. (§ 5.4.3)

iv. Finally, bound the contribution of the volume of small jobs to the free time. Here we handle
the main challenge, which is that Opt may schedule small volume “in the past” compared to
Alg. (§ 5.4.4-§ 5.4.6)
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5.4.1 Weighted free time

First, we pass from total completion time to our proxy objective of weighted free time. We let Opt
denote the optimal adaptive completion time policy as well as its completion time. Recall that J};
is the first n —n /2" jobs scheduled by this policy achieving free time F*(n — n/2¥). Analogously,
we let Alg denote the completion time of our algorithm, and F'(Jy) the free time of our algorithm
after scheduling Jg.

Lemma 5.4.1. We have Alg = O(logn)(>, n/2% - F(Ji) + Opt) and Opt = Q(>_, n/2% - F*(n —

Proof. We rewrite Alg = >, C; = >°,5; + >, X;. First, note that >, X; < Opt. It remains to
bound j S;. Recall that in STOCHFREE, first we list-schedule Jjg , subject to the batch constraint
and then J\ Jiog . We first handle the starting times of Jig,,. For all £, note that J, \ Jy—1 consists
of at most O(L) - n/2* jobs with starting times in [F(Jy_1), F(Jy)] by Theorem 5.2.1. Thus we
have ZjEJlogn S;=0(L)- (3. n/2k - F(Jg)) = O(logn) - (3, n/2% - F(J})) using Assumption 5.3.2.

For the jobs in J \ Jiggpn, by Theorem 5.2.1, there are at most O(L) = O(logn) such jobs. Each
of these jobs completes by the makespan of Alg’s schedule. Further, Alg is a list schedule, which is
2-approximate for makespan, so the makespan of Alg is at most twice the makespan of Opt. The
makespan of Opt is a lower bound on Opt (because some job must complete at this time.) We
conclude, ZjEJ\Jlogn S; = O(logn)Opt. Combining our bounds for Jipgy, and J \ Jiggn gives the
desired result for Alg.

The bound on Opt follows from (5.1). O]

We refer to >, n/2% - F(J;,) as Alg’s weighted free time and >, n/2% - F*(n —n/2¥) as Opt’s. The
remainder of the analysis will focus on bounding Alg’s weighted free time with respect to Opt’s.
Our main result is the following:

Theorem 5.4.2. If m = Q(1) is sufficiently large, then the weighted free time of Alg satisfies:

E[Z n/2k . F(Jk)] = O(v/m) - (E [Z n/2% . F*(n — n/z’“)} + E[Opt]) +0(1).

k k

Note that Theorem 5.4.2 along with Lemma 5.4.1 implies the desired guarantee in Theorem 5.3.4
for the case m = Q(1) sufficiently large.

We now introduce some notations. For all k, we call I = Ji \ Jiy_1 the kth batch of jobs. Recall
that the Ji’s are nested, so the batch constraint says we schedule in order Iy, ..., liog,. We define
I} = J¢\ J;_, analogously. For any set of jobs, J' and 7 > 0, we define J'(= 7) to be the random
subset consisting of all jobs in J' with realized size exactly 7. We define J'(> 7) and J' (< 7)
analogously. Further, for a set of jobs J', we let Vol(J') = >_,c 5 X; be the volume of J'. Finally,
we say job j is 7-big for 7 > 0 if X; > 7. Otherwise j is 7-small.

As in the analysis for minimizing the free time for a single batch of deterministic jobs (Lemma 5.3.1),
the key concept is to differentiate between small and big jobs. To this end, for all £ we define the
random threshold 7, = 2- max(EF*(n —n/2¥), F*(n —n/2%)). Morally, one should imagine that 7
is [*(n—n/2%), but there is an edge case where F*(n—n/2¥) < EF*(n—n/2F) and a multiplicative
factor for concentration. When bounding F'(J), we will take 75 to be our threshold between small-
and big jobs. This threshold has the following crucial property that Alg always has at least as many
unclogged machines as Opt. In particular, Alg always has at least one unclogged machine.
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Proposition 5.4.3. For all k, the following holds per-realization: |Ji(> )| < |J5(> )| < m.

Proof. The first inequality follows from Theorem 5.2.1, because J (> 71) C J; (> 7%) per-realization.
For the second inequality, note that 7, > F*(n —n/2%), so by definition of free time, Opt schedules
strictly less than m jobs bigger than 7, to achieve F*(n — n/2F). O

Using this threshold, we re-write F'(Jy) by averaging the volume of small jobs over the unclogged
machines (the ones with no big job.)

Lemma 5.4.4. For all k, the following holds per-realization:

VO](Ik(S Tk))
m — |J/€_1(> Tk)|

F(Jk) < F(Jk_l)-l- + 27.

Proof. First, we note by Proposition 5.4.3 that the denominator m — |Jx_1(> 7%)| > 1. Then
consider time F(Jx_1). There are at least m — |Jx_1(> 7)| machines that have not scheduled a
TE-big job in Jr_1. At this time, each machine is either free or working on its final job in Ji_1. In
particular, each machine that has not scheduled a 7,-big job in J,_; is free to start working on I
by time F'(Ji_1) + 7k, and there are at least m — |Jy_1(> 73)| such machines.

We need the following monotonicity property of list schedules.

Lemma 5.4.5. Consider a set of deterministic jobs and a fized list schedule of those jobs. Then
increasing the initial load or decreasing the number of machines weakly increase the free time of the
schedule.

Proof. Let J be the set of jobs. Consider initial load vectors £, ¢ € R™, where the ith entry of each
vector denotes the initial load on machine i. Now suppose ¢ < ¢/, entry-wise. It suffices to show
that F(J,£) < F(J,¢'), where F(J,£) is the free time achieved by our list-schedule with initial load
£. This suffices, because we can decrease the number of machines by making the initial loads of
some machines arbitrarily large so that they will never be used.

We prove F(J,£) < F(J,¢) by induction on the number of jobs, |J|. In the base case, |J| = 0, so
the claim is trivial because ¢ < ¢’. For |J| > 0, let j be the first job in the list, which is scheduled,
without loss of generality, on the first machine for both initial loads ¢ and ¢'. Then:

F(J,0) = F(J\{j}, L+ sjer) S F(J\{j}, €' + sjer) = F(J, 1),

where e; is the first standard basis vector, so we have ¢ + sje; < ¢/ + s;e;1 entry-wise. Then we
assumed inductively that F'(J\ {j},¢ + sje1) < F(J\ {j}, ¢ + sjer). O

By Lemma 5.4.5, we can upper-bound F'(Ji) by list-scheduling I}, with initial load F'(Jg_1)+ 7% on
m—|Ji—1(> 7% )| machines that have not scheduled a 7;-big job in J;_1. Recall that Alg list-schedules
I, in increasing order of size parameter, so - ignoring jobs that come up tails with realized size 0 -
we schedule all 7;-small jobs in I before any 7-big one. Further, [I(> )| < m — |Jr—1(> 7%)]
by Proposition 5.4.3, so there exists some machine that schedules only 7g-small jobs in Ir. This
machine is free by time F(J) < F(Jx_1) + 7% + Voltl(S7i)) 4 O

m—[Jg—1(>7y)l
Using Lemma 5.4.4 and the exponentially decreasing weights, we can re-write Alg’s weighted free

time as:
Zn/2k ' F(Jk) _ O(Zn/Qk ' VOI(Ik(S Tk)))’ + Zn/2k . Tk) (5'2)
k

. . m—]Jk,1(> Tk

By definition of 7, the second sum is O(E >°, n/2¥ - F*(n —n/2k)) in expectation, which is exactly
Opt’s weighted free time. It remains to bound the first sum.
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5.4.2 Warm up: 5(m)-appr0ximation

Before proceeding with the proof of Theorem 5.4.2, we observe that Equation (5.2) along with our
basic weighted free time properties is enough to give a O(m)-approximation. Interestingly, this
gives a simple proof that nearly matches the previously best-known guarantees for Bernoulli jobs.

Lemma 5.4.6. Given Bernoulli jobs, if m > 2 and Assumption 5.3.2 holds, then STOCHFREE
outputs a list schedule whose expected completion time O(m)-approzimates the optimal adaptive
policy.

Proof. Starting from (5.2):

Zn/zk F(v]k) _ O(Zn/Qk ] Vol(I1,(< Tk)))‘ "‘Zn/Qk'Tk)v
k

3 3 m—\Jk,1(> Tk

we note that I, C J; by Theorem 5.2.1 and m — |Jy_1(> 7;)| > 1 by Proposition 5.4.3. Thus, we
can bound:

Vol(Ix(< 1))
m — |Je—1(> 71|

< Vol(Ji (< 7).

We claim that Vol(J; (< 7)) = O(m) - 7. To see this, observe that by averaging the volume
of Ji(< 1) over the m machines, after scheduling J;, each machine in Opt has load at least
w — 7. This gives F*(n — n/2F) > w — 74 Noting that 7, > F*(n — n/2F)
completes the proof that Vol(J; (< 7)) = O(m) - 7.

Vol(I(<7k))

Applying this to our above expression gives T )] = O(m) - 1, so Alg’s weighted free time

satisfies:
> n/2F F(Jp) = 0(m) - (O n/2F 7).
k k
Taking expectations and applying Lemma 5.4.1 completes the proof. O

The loss of m in the above proof was because Alg averages the small volume over at least 1 unclogged
machine, but Opt may average the same volume over at most m machines. Intuitively, this reasoning
is why previous work loses a m-factor as well.

Further, this is the main technical challenge that we will overcome to get our improvement. Indeed,
even though J, C JJ for all k, it is not true that I, C Iy+. This means that while we are averaging
Vol(Ix(< %)) over m — |Jx—1(> )| machines (which is at least as many machines as Opt has
for batch k), it can be the case that Opt actually did jobs in I} in much earlier batches. In the
remainder of our analysis, we do a more fine-grained analysis of the rate that Alg and Opt clog
machines, and when they choose to do the same small volume. This allows us to break through
the linear dependence in m.

5.4.3 Bounding the unclogged machines

In this section, we are interested in controlling the quantity m — |Jx—1(> 7%)|, which is the number
of machines we have left to schedule I; (the unclogged machines.) Note that there are two sources
of randomness: the realizations of jobs in J,_; and the threshold 7.

Our strategy is to control m — E|Jx_1(> 7)| for a fixed threshold 7. Then because |Jx_1(> 7)| is
a sum of independent {0, 1}-valued random variables, a Chernoff-union bound argument allows us
to control m — |Ji_1(> 7)| as well.
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However, we will see that concentration alone is not enough; this is because there is an unbounded
difference between |Ji;_1(> 7)| = m and |Jx_1(> 7)| < m — 1. In the former case, all machines
are clogged by big jobs, whose size we cannot upper bound. Thus, we cannot make any progress
towards reaching time F'(Jy) (by starting more jobs.) In the latter, we have at least one machine, so
we can still make some progress towards F'(Ji). The situation to keep in mind is when E|J;_1(> 7)]
is close to m, so concentration around the mean will fail to preserve this hard constraint that we
need at least one unclogged machine. To remedy this, we will combine concentration arguments
with the per-realization properties of STOCHFREE.

We begin with the concentration arguments, so we wish to understand m — E|J;_1 (> 7)|. We first
use the properties of CHOOSEJOBS to bound E|J,_; (> 7)|:

Proposition 5.4.7. For all fized thresholds T and batches k, we have E|I;;(> 7)| > 3E7|Ij_1(> 7)|.

Proof. By summing over the relevant sizes, it suffices to prove E|Ij(= s)| > 3E|I;_i(= s)| for any
Bernoulli size parameter s. We may assume E|I;_;(= s)| > 0 or else the proposition is trivial.

Then when CHOOSEJOBS constructs Ji_1, it includes at least one job with size parameter s. It
follows, there exist n/2*~! remaining jobs in J \ Jz_; with size parameter s. When constructing
Jy, CHOOSEJOBS will include n/2* of these remaining jobs. In conclusion, I,_; has at most n,/2F~1
jobs with size parameter s, while I, has at least n/2¥. The result follows because CHOOSEJOBS
includes jobs in increasing order of p;. O

Proposition 5.4.7 allows us to relate the expected number of machines left (with respect to fixed
threshold 7) at batch k with the number of machines left at k" < k:

Lemma 5.4.8. For all fized thresholds T and batches k' < k, we have m' — E|Jy_1(> 7)| >
2~ k=K+1) (! —E|Jp_1(> 7)|), where m’ > E|Jp(> 7).

Proof. We may assume E|I(> 7)| > 0 or else the lemma is trivial, because by definition of CHOOSE-
Joss, if ]E|Ik(> T)| = 0, then E’Jk,1(> T)‘ =0 and E|Jk1_1(> T)| =0.
In particular, we may assume m’ — E|J,_1(> 7)| > E|I(> 7)| > 0. Then we compute:

m' =By 1> Elw GOl A Bl G Bl )| 4 4 Elfia (> 7))
m/ — E[Jg-1(> 7)| m' —E[Jg-1(> 7)| - E|Ik(> 7)|

Repeatedly applying Proposition 5.4.7 to the numerator gives:

E’Ik/(> 7')‘ + - +Euk,1(> T)’

S 1_|_ 2k‘—k‘/+”‘+21 §2k‘—]€,+1‘
EILG 7)) ( )

1+

O]

To see the utility of Lemma 5.4.8, suppose E|Ji(> 7)] = m. Then roughly the lemma says in
expectation, we lose at most half of our remaining machines between each batch. However, in the
weighted free time the coefficient n/2* (corresponding to the number of jobs delayed by the current
batch) also halves between each batch. Thus, although we are losing half of our machines, only
half as many jobs are affected by this loss.

First, we bound the expectation of |Jix(> 7)| when 7 is sufficiently large (i.e. for all possible
realizations of 7%.) The proof uses a Chernoff bound along with the definition of big jobs; see
Appendix C.4 for proof.
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Lemma 5.4.9. Let m = Q(1) be sufficiently large. Then there exists a constant ¢ > 0 such that
for all batches k and thresholds T > 2EF*(n — n/2%), we have E|Ji(> 7)| < m + cy/m.

Now, because E|Ji,(> 7)| = O(m), we can bound the deviation of |J,(> 7)| by O(y/m) with high
probability.
We define the notation |Ji(> 7)| = E|Jx(> 7)| to denote the event
[ Je(> 7)) = ElJk(> 7)[ | < A
The proof of the next lemma is a Chernoff-union argument; see Appendix C.4 for proof.

Lemma 5.4.10. Let A = O(y/mlogn) and m = Q(1) be sufficiently large. Then with probability

at least 1 — m, the following events hold:

{|J(> 7)| = E|Jy(> 7)| V batches k and thresholds T > 2EF*(n — n/2%)}. (5.3)

Combining Lemma 5.4.8 and Lemma 5.4.10, we can show the number of remaining machines is
concentrated as well. Here we also need to bring in the per-realization properties of STOCHFREE
to handle the case where concentration is not enough to ensure that we have at least one remaining
machine. This is the main result of this section. Recall that we defined 7, = 2max(EF*(n —
n/2F), F*(n —n/2F)), so in particular 75, > 2EF*(n — n/2F).

Lemma 5.4.11. Suppose Event (5.3) holds. Then for all pairs of batches k' < k, we have m —
| Je1(> )| > (3A) 2= *=F 4D (1 — | J 1 (> 7)]), where A = O(y/mlogn).

Proof. Consider fixed batches k' < k, and let py, = E|Ji(> 71)| and pg = E|J,(> 73)|. Note that

/ +A +A
Tk > 2EF*(n —n/2F) > 2EF*(n —n/2""), so Event (5.3) gives |Ji(> 71)| = up and |Jp (> 73)| =~
pg. Further, we may choose A = O(y/mlogn) large enough so that ur < m + A. Using these
approximations with Lemma 5.4.8 gives:

m — ’Jk(> Tk)‘ =m+A— ‘Jk(> Tkﬂ - A
>m+ A — up —2A
> 27K 4D 4 A — ) — 2A
> 27Kt (m — | (> 7)|) — 24
Finally, by Proposition 5.4.3, m — |Ji(> 7%)| > 1, so rearranging gives:
SA(m — ’Jk(> Tk)‘) >m — ’Jk(> Tk)’ +2A > 2_(k_k/+1)(m + |Jk(> Tk)’)
O

To summarize, we showed that up to a multiplicative (f)v(\/m)—factor, the number of unclogged
machines with respect to threshold 7, at worst halves in each batch up to k.
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5.4.4 Bounding small-in-the-past jobs

Recall that our goal is to bound 3, n/2% - %

I, C J} = U<k} (by Theorem 5.2.1), we can write:

To this end, consider fixed k. Because

VO](Ik(S Tk)) B Z VOl(IkﬁI*,(S Tk/)) Z VOI(IkﬂI*,(> Tk/,STk))

m—|Je_1(> )| m — [J—1(> 7x)| m — [J—1(> 7k)|

K<k K<k

Thus, we split I depending on which batch Opt decided to schedule that job in. Further, we split
I N I} (i.e. the jobs our algorithm does in batch k that Opt did in the past batch &’ < k) into the
jobs that are small-in-the-past (size at most 73/) and big-in-the-past (size greater than 7 and at
most 7%.)

The goal of this section is to bound the small-in-the-past jobs. This formalizes the idea that the
rate at which we lose machines, guaranteed by Lemma 5.4.11, is offset by the number of jobs Opt is
delaying, captured by the exponentially decreasing weights n/2*. More precisely, if Opt decides to
do a small job from I} in an earlier batch, say I}, then Opt is averaging this small volume over at
most a 5(\/5) - 2k=F_factor more unclogged machines. However, the weight of this term in Opt’s
weighted free time increased by a 2k _tactor as well, corresponding to the number of jobs delayed
by batch k. Thus, up to a O(y/m)-factor, there is no benefit to doing the small-in-the-past jobs
any earlier. We show the following.

Lemma 5.4.12. Suppose Event (5.3) holds. Then the small-in-the-past jobs satisfy:

Zn/Zk- Z Vol(I, N I, (< 7)) _ O(y/m) - Zn/Qk -

: iz e (> ) p

Proof. Because there are O(logn) batches, it suffices to show for fixed k and k' < k that we have

VO](Ik N I*/(S Tk/))
m — ’Jk_1(> Tk)‘

= O(A) . 2kik/7'k/,

where A = O(y/mlogn). Summing over all k and k&’ < k would give the desired result.
We upper bound the numerator using I}, N I}, C I}, and apply Lemma 5.4.11 to the denominator.
This gives:

VOI(I]COI*/(S Tk"))
m — |Jk_1(> Tk)’

m — ‘Jk1_1(> Tk)‘

=0(A) -2 k :
) m_|Jk/_1(> Tk/)|

=0(4)

In the final step, we used Jyy—1 C J}j_; (by Theorem 5.2.1) and 73, > 7.

Finally, we show
Vol(I5; (< 7))

m — |JE_ (> )]

= O(my).

Recall that 7y > F*(n—n/2*"), so Opt schedules at most one 73/-big job per machine in J . Further,
Opt schedules I}, (< 73/) only on the m — |J}_,(> 7x)| machines that have not yet scheduled a
Tp-big job yet. By averaging, after scheduling I}, (< 74/), every such machine in Opt has load at
least
Vol(15 (< 7w))
m —[Jj_y (> 7w

— Tk
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One of these machines must achieve the free time F*(n — n/2¥), because every other machine has
already scheduled a 73/-big job. This implies

Vol (I} (< 1))
m — ‘Jg,71(> Tkl)|

F*(n—n/2") >

- Tk/.

Rearranging and using 7y > F*(n — n/2%) give the desired result. O

Thus, the contribution of the small-in-the-past jobs to Alg’s weighted free time is comparable to
Opt’s weighted free time, up to a O(y/m)-factor.

5.4.5 Bounding big-in-the-past jobs

The goal of this section is to bound the big-in-the-past jobs, that is:

Vol(Ip NI} (> 1, < T
S 02k 3 (L J( WS Th))
k K<k - ‘ k‘—l(> Tk‘)|
For convenience, we define Iy = I[N}, (> 71, < 7). Note that we cannot apply volume arguments
as in § 5.4.4, because the big-in-the-past jobs are 7/-big. Instead, we will use the fact that Opt
schedules at most one Ix/-job per machine.

There are two types of jobs in j € Ip: We say j is blocked if Opt later schedules a 7;-big job
in Ji_1 on the same machine as j (recall that Jy_; C J;_; by Theorem 5.2.1.) Otherwise, j is
unblocked. Further, a machine is blocked /unblocked if the Ij;-job scheduled on that machine is
blocked /unblocked. Thus we can partition Ixi = Byr U Uk into blocked and unblocked jobs,
respectively.

By splitting the volume of jobs into unblocked and blocked, we can rewrite:

Zn/ Z Vol Ik NI (> e, < 1)) _ Zn/?kz Vol(Ugr) +Z /Qk Vol(Byx)

= = [Je-1(> )] s e 11 (> ) = [Jea (> )l

Intuitively, the unblocked jobs are not problematic because there can be at most m — |Jx_1(> 7%)]
such jobs.

Lemma 5.4.13. The unblocked jobs satisfy n/2k-zk,§k % < O(logn)->,n/2k 7.

Proof. Because there are O(logn) batches, it suffices to show for fixed k and k¥’ < k that

VOI(Ukk/)
= Tk
— [ Je—1(> 7))
We recall that every job in Ugys is 7i-small, so:
VolU) . Uk |
|k > m)l T m—= e (> 7))

We note that every job in Uy is Ti-big, and Opt schedules these jobs in batch [7,. Thus, there is at
most one Ugp-job per unblocked machine. Further, there are at most m — |Jx_1(> 7%)| unblocked
machines, because each 7g-big job in Ji_; must be scheduled on a separate machine of Opt (because

Jy—1 C Jj; by Theorem 5.2.1.) We conclude Ui |

I )l < 1, as required. O
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It remains to handle the blocked jobs. Again, the central issue is that Opt does blocked jobs in an
earlier batch before some machines get clogged. On the other hand, CHOOSEJOBS puts these jobs
in a later batch when we have fewer machines.

Unlike our previous arguments, for the blocked jobs we will charge the volume of these jobs to the
completion time of Opt directly. Because these jobs are blocked, Opt must schedule a 7;-big job
later on the same machine. In particular, Opt must have kept scheduling Bernoulli jobs with size
parameter at least 75 until one comes up heads. We will charge By to the completion time of all
of these coin flips.

As before, we consider a fixed threshold 7 and later union bound over all relevant thresholds. In
this section, for any batch k and threshold 7, we define pg, € [0,1] to be the largest probability
parameter across all jobs j in J;_; with s; > 7 (if no such job exists, then we follow the convention
prr = 0.) Note that pg, is deterministic for fixed 7. We first relate the number of remaining
machines with the expected number of heads in the kth batch.

Proposition 5.4.14. Consider any batches k, k' < k and threshold T > 2EF*(n — n/2k) Suppose
Event (5.3) holds. Then we have m — |Jy_1(> 7)| > prr - n/28 — O(A), where A = O(y/mlogn).

Proof. First, if pgr = 0, then |Jx_1(> 7)| = 0, so the proposition is trivial. Thus, we may assume
Prr > 0. In particular, CHOOSEJOBS included at least one job j € Ji_; with s; > 7 and p; = pg.
It follows, CHOOSEJOBS will include n/2F further jobs in Ij with size parameter larger than 7y,
and probability parameter at least py,. Thus, we have E|I,(> 7)| > pir - n/2F. Rewriting E|I;(>
7)| = E|Ji(> 7)| — E|Jg—1(> 7)| and applying Lemma 5.4.9 and Event (5.3) to the first and second
expectations, respectively gives:

Pir - 1/2% SE[Iy(> )| = E[Jo(> 7)| = ElJe-1(> 7)| < (m + O(Vm)) = (|J-1(> 7)| = O(A)).
Rearranging gives the desired result. O

To see the utility of Proposition 5.4.14, we assume for a moment that 7; is deterministic and
Vol(Byy) <

. o . . o . . k
ignore the additive O(A) term in the proposition. Then we could rewrite n/2" - TR G S

i - Vol(B).

To relate this expression with Opt, we note that Opt schedules a 73-big job on top of each job in
By, In particular, Opt must schedule enough Bernoulli jobs j with s; > 7 until at one comes up
heads on each such machine. Each such job also satisfies p; < pjr, , so - roughly - in Opt we expect
each blocked job to delay at least i jobs in order for that machine to become blocked. This would

give ﬁ - Vol(Bgy) < Opt, as required.
Tk

5.4.6 Coin Game

It remains to formalize this idea using a martingale argument. We begin by defining an (artificial)
game, which will model the process of a machine becoming blocked.

Definition 5.4.15 (Coin Game). The game is played with n coins and m machines by a single
player. The coins are independent such that coin j comes up heads with probability p;. Initially,
all machines are available. At each turn, the player can either choose to flip a previously unflipped
coin on an available machine or to end the game. In the former case, if the coin comes up heads,
then the machine becomes unavailable. The game ends when the player chooses to, or if we run
out of unflipped coins or available machines.
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Now we are ready to interpret Opt as implicitly playing a coin game to block machines.

Definition 5.4.16 (Induced Coin Game). Consider pairs of batches k' < k and thresholds 7/ < 7.
Then the (k',k, 7', 7)-induced coin game (with respect to policy Opt) is a distribution over coin
games defined as follows:

e The machines are the ones of Opt whose final job in J}; has size exactly 7’.
e For every job in j € Jy_1 \ JJy with s; > 7, we have a coin with the same probability
parameter.

The player of the coin game simulates Opt as follows. Starting from after Opt schedules .J;,, if Opt
subsequently schedules a job on a machine that is still available (in the coin game), then the player
flips the corresponding coin (if such a coin exists) on the same machine. The player decides to stop
when it runs of out coins or all machines are unavailable.

One should imagine that the machines in the induced coin game are exactly those that can become
blocked. Thus, a machine becoming unavailable in the coin game corresponds to it becoming
blocked in Opt, and the total number of flipped coins records how many jobs were delayed by 7’.

Using a martingale argument, we relate the number of machines that become unavailable with the

number of flipped coins. The next lemma formalizes the idea that to block a machine, we expect

Opt to flip 1% coins per blocked machine. Recall that for any batch k& and threshold 7, we define
Tk

Prr to be the largest probability parameter across all jobs j in Jj_; with s; > 7.

Lemma 5.4.17. With probability 1 — m, the following event holds:

{# (unavailable machines) < py.-#(flipped coins)+A ¥ (K',k,7’,7)- induced coin games}, (5.4)
where A = O(y/mlogn).

Proof. Because there are O(log n) batches and L = O(logn) relevant thresholds, by union-bounding
over all pairs of batches and thresholds, it suffices to show that a fixed (k’,k, 7', 7)-induced coin
game satisfies:
1
poly(n)’

We will define a martingale to count the number of unavailable machines. For all ¢ > 0, let
A; be the (adaptively chosen) set of the first ¢ coins flipped by the player. If the player stops
before flipping ¢ coins, then we define A; = A;_1. Now consider the sequence of random variables
My =3 icn, Cj—2 jen, pj forallt > 0, where Cj ~ Ber(p;) is the distribution of coin j. Note that
> e, C; is exactly the number of heads in the first ¢ coin flips, which is the number of unavaiable
machines.

P(#(unavailable machines) < py, - #(flipped coins) + A) =1

We claim that M; is a martingale. Consider any ¢ > 0. There are two cases. If A; = A;_1, then
M; = M;_y, so trivially E[M; | My_1,...,My] = M;_;. Otherwise, 4, = A;—1 U {j} for some
adaptively chosen coin j. It suffices to show the martingale property conditioned on the next coin
being j for any fixed coin j:

E[M; | My—1,..., Mo, At = A1 U{j}] =E[My—1 +Cj —pj | My—1,..., Mo, Ay = A1 U{j}]
=M1 +pj —pj = M1,
as required.

To bound the deviation of M;, we apply Freedman’s inequality [Fre75] to the martingale difference
sequence of M;.
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Proposition 5.4.18 (Freedman’s inequality). Consider a real-valued martingale sequence {X¢}+>0
such that Xo = 0 and | X;| < M almost surely for allt. Let Y; = Y\ _(E[X2 | X4_1,..., Xo] denote
the quadratic variation process of {X;}i. Then for any £ > 0,02 > 0 and stopping time T, we have:

a 02/2
Z 2
IP)(‘t:oXﬂ ztandY, < 07) < 2~exp<— 02+M€/3).

We let X; denote the martingale difference sequence of M;, which is defined as Xg = 0 and
Xy = My — M;_4 for all t > 0. Because M; is a martingale, X; is as well. Furthermore, we have
| X:| <1 almost surely for all t. For any ¢t > 0, we let j; be the (adaptively chosen) tth coin flip.
Then we can bound the quadratic variation process by:

t
Y, =) E[XZ| X, 1,...,Xg ZIE —pi)? | Xe1,- .., Xo)
s=0
t

<) E[C} | Xs1, ..., X0
s=0

Note that the Cj, +...Cj, < m almost surely, because the induced coin game has at most m
machines, and any adaptive policy can flip at most one heads per machine. Thus, we have Y; <m
for all ¢.

Now let T' be the stopping time when the induced coin game ends, so T is exactly the number of
flipped coins. Then Freedman’s inequality gives:

T
|ZXt\ > A) |ZXt] > A and Y <m) <2-exp(—
t=0

A2/2
+A/3)'

Taking A = O(y/mlogn) gives P(\Zt 0 Xt > A) < W()

Finally, we observe that #(unavailable machines) = 3 JEAr C;. Further, we have py.-#(flipped coins) >
ZjeAT pj, because every coin j corresponds to a job in Ji_; with s; > 7, so p; < py, for all coins.
Thus, we conclude:

T

1
P(#(unavailable machines) > py, - #(flipped coins) + A) < P(| E Xi| > A) < poly ()’
Yy
=0

Combining Proposition 5.4.14 and Lemma 5.4.17, we can bound the blocked jobs:

Lemma 5.4.19. Suppose Events (5.3) and (5.4) hold. Then the blocked jobs satisfy:

m—|Jk_1(> Tk)’ .
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Proof. Because there are O(logn) batches k, it suffices to show for fixed k, k" < k that n/2F -

% = O(Alogn)(n/2¥ - 7 + Opt) for A = O(y/mlogn). We consider two cases.

First, on the event that py,, = 0, we have m — |Ji_1(> 7%)| = m. Recall that every job in By is
Tr-big and in I}, so there is at most one such job per machine in Opt. Then we can bound:

VO](Bkk/)
m — |Jk_1(> Tk)’

n/2" . §n/2k-7k@:n/2k-7k.
m

Otherwise, we have py,, > 0. Here we related the blocked jobs to the induced coin games:

Vol(Byy) = Z - {j € B | Xj =7}
7' <7k
= Z 7 - #(unavailable machines in (k', k, 7/, 7)-induced coin game)
7' <7k
< Z 7" (pir, - #(flipped coins in (K, k, 7/, 7 )-induced coin game) + A)
7' <7p

< O(logn) - pir, - Opt + O(Alogn) - 7.

where the first inequality follows from Event (5.4). The second follows because there are O(logn)
relevant thresholds 7/ < 74, and every flipped coin in the (K, k, 7/, 7%)-induced coin game corre-
sponds to Opt scheduling a job on a machine that already scheduled some job with size 7/, so every
such job has completion time at least 7/. It follows:

VOI(Bkk/) k Pkr k Tk
n/2k . <n/2%.0(logn k -Opt+n/2"-O(Alogn) ——.
2 TG ) =2 Oleen) o P e Opt 4 /27 O(Alogn) 7 —
By Proposition 5.4.14, we can bound the first term by:
Dir m — |Jg—1(> 1) + O(A)
n/2F . O(logn k -Opt = O(logn - Opt
/ (log )m_Uk:—l(> Wl (logn) m — | Jg—1(> )] P
= O(Alogn) - Opt.
We can bound the second term by:
Tk k
n/2% . O(Alogn =0O(Alogn)-n/2% - 7.
/ (Alog )m—le_1(>Tk)\ (Alogn) - n/2% -7
Combining both bounds completes the proof. ]

We summarize our bounds for the unblocked and blocked jobs by the next lemma, which follows
immediately from Lemma 5.4.13 and Lemma 5.4.19.

Lemma 5.4.20. Suppose Events (5.3) and (5.4) hold. Then the big-in-the-past jobs satisfy:

Zn/?k ' Z Vol(Zy, N I (> 7, < 1)) _ 5(\/73) ) <Zn/2k T+ Opt).

. iz e e (> )l -
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5.4.7 Putting it all together
We are ready to prove Theorem 5.3.4 and Theorem 5.4.2, which we restate here for convenience.

Theorem 5.3.4 (Batch Free Time Minimization). Given Bernoulli jobs, if m > 2 and Assump-
tion 5.3.2 holds, then STOCHFREE outputs a list schedule with expected completion time at most
O(y/m) - (E[Opt] + O(1)), where Opt is the optimal adaptive policy.

Theorem 5.4.2. If m = Q(1) is sufficiently large, then the weighted free time of Alg satisfies:

E[Z n/2k. F(Jk)] = O(v/m) - <E [Z n/2% . F*(n — n/2k)} + E[Opt]) +0(1).

k k

Theorem 5.4.2 follows from partitioning Alg’s weighted free time into the contribution due to small-
in-the-past and big-in-the-past jobs (which we further partitioned into unblocked and blocked jobs.)

Proof of Theorem 5.4.2. We assume m = (1) is sufficiently large. Then we complete the proof
of Theorem 5.4.2 by combining our bounds for the small-in-the-past- and big-in-the-past jobs. We
bound Alg’s weighted free time by Lemma 5.4.4:

Zn/Zk- Z /2k Vol(Ix(< 1)) +Zn/2k

. |Jk_ >7'k

We recall 7, = 2 - max(EF*(n — n/2%), F*(n — n/2%)), so Ery = O(EF*(n — n/2%)). Thus, in
expectation, the second sum is at most:

EY n/2" -7, =O0E> n/2"- F*(n—n/2")).
k k

It remains to bound the first sum, which we split into the contribution due to small-in-the-past
and big-in-the-past jobs:

VOI Ik <Tk k VOI(IkﬂI/ <Tk’ k Vol(fkﬂl*,(> Tk’aSTk))
2’f k. k. .
Z n/ Z n/2ty Z nf2hy  ——

— | Jk=1(> 1) = — | Jp=1(> )| = — [Jk—1(> )|

On Events (5.3) and (5.4), we can apply Lemma 5.4.12 to the first term and Lemma 5.4.20 to the
second to obtain:

W VOURI= 7)) 63 (/m) (3 /2" 7+ Op).

— [Jk—1(> 1) -

Again, in expectation, this contributes O(y/m)(E S pn/28F - F*(n—n/2%)+EOpt) to Alg’s expected
weighted free time.

Finally, we consider the event that Event (5.3) or Event (5.4) does not hold Recall that by
Lemma 5.4.10 and Lemma 5.4.17, this happens with probability at most because m = (1)

Vol(I(<7k))  _
m—[Jg_1(>7%)|
poly(n), because there are n jobs each with size at most poly(n) almost surely. Thus, the contri-

bution of this event to the overall expectation is O(1). We conclude, Alg’s expected weighted free
time is at most O(y/m)(E>, n/2% - F*(n —n/2%) + EOpt) + O(1). O

poly( )
is sufficiently large. Further, on this event, we can trivially upper bound >, n/ 2k .
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To complete the proof of Theorem 5.4.2, we relate the weighted free time to the completion time.
We also use our warm-up O(m)-approximation when m is too small to apply Theorem 5.3.4.

Proof of Theorem 5.3.4. First, suppose m = (1) is sufficiently large. Then by Theorem 5.4.2,
Alg’s weighted free time satisfies:

E[ank : F(Jk)] = O(v/m) - <E > n/2F - Fr(n— n/2k)} + E[Opt]) +0(1).

k -k
Applying Lemma 5.4.1 to relate weighted free time to completion time gives:

E[Alg] = O(1) .E[Zn/zk F(J)| + OE(Op) = O(vim) - (E[Opt] + 0(1)>.

k .

This gives the desired guarantee if m = Q(1).
Otherwise, if m = O(1), Lemma 5.4.6 immediately gives that STOCHFREE is O(m) = O(1)-

approximate, so E[Alg] = O(E[Opt]). O
This completes the analysis of STOCHFREE. Since the proof had several conceptual parts, let us a
give a quick summary.

Summary

Recall that our analysis began by passing from completion time to our new proxy objective:
weighted free time in § 5.4.1. As we mentioned earlier, a key benefit of working with free times
rather than completion times was that we could completely control what jobs we started to achieve
the ith free time, whereas we have far less control over the first ¢ jobs to finish. This allowed us
to make the contribution of each job to the weighted free time more modular: either the job con-
tributed to the small volume in a batch, or it contributed to the clogged machines—see (5.2). We
then controlled the rate at which Alg and Opt clog up machines in § 5.4.3. Then in § 5.4.4-§ 5.4.6
we compared the times at which Alg and Opt chose to do the same volume of small jobs. Since
these were the only two ways in which a job affected the weighted free time, we could combine
these two ideas in § 5.4.7 to complete our analysis.

5.5 Conclusion

We gave an improved approximation for stochastic completion times, which does not depend on
the job size variances, and has a sublinear dependence on the number of machines m.

Similar to Chapter 4, the key idea enabling our algorithm is a deeper technical understanding of
adaptive policies. However, unlike in the case of load balancing, we cannot rely on tried-and-true
techniques such as index policies and LP rounding due to known lower bounds for this problem.
Instead, we introduce a variety of new ideas such as batched free times and the techniques to
analyze them.

The most compelling open question is extending our techniques to more general job size distribu-
tions than Bernoulli jobs. Observe that the weighted free time is a valid proxy objective for any
job size distributions, not just Bernoulli jobs, so extending our result to general stochastic jobs
requires us to solve subset selection and batch free time minimization for these settings.

Second, we also do not have a good grasp on the complexity of this problem: is the stochastic
problem provably hard to solve/approximate? Typically, for stochastic combinatorial optimization
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problems such as load balancing and knapsack, we do not have a toolkit to show hardness other than
stating that they generalize their deterministic counterparts, which are already hard. This approach
does not tell us anything for minimizing completion times, however, because the deterministic
version can be solved optimally in polynomial time.
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Chapter 6

Conclusion

In this dissertation, we studied four fundamental problems combinatorial optimization. In the first
two chapters, Chapter 2 and Chapter 3, we refined two classical approaches: iterative LP rounding
and amortization arguments, leading to improved approximations for k-median-type problems and
online throughput maximization. In the final two chapters, Chapter 4 and Chapter 5, we moved
our focus to stochastic combinatorial optimization. These problems are not as well understood as
their deterministic counterparts, and the respective technical toolkit is less developed. In Chap-
ter 4, with some work, we were able to connect stochastic load balancing with classical LP rounding
and potential function approaches by defining an appropriate deterministic proxy for the stochas-
tic problem. However, in Chapter 5, the classical tools provably do not work when considering
stochastic completion time minimization. Thus, we had to develop a variety of new ideas such as a
new proxy objective and novel probabilistic arguments combining per-realization and concentration
guarantees to break through previous barriers.

We already covered concrete open problems regarding each problem in the conclusions of their
respective chapters. Instead I want to look ahead to the more speculative directions that inspire
my future work. The main question that I am interested in is:

How much information do we really need to solve a particular optimization problem?

We already saw some examples of this question: in online scheduling, how much do we lose by
learning about the jobs incrementally over time rather than having access to all of the information
up front (competitive analysis)? In stochastic scheduling, how much do we lose by only using the
initial distributional information to guide our algorithm rather than adaptively responding to the
realized job sizes (adaptivity gaps)? Some other aspects of this question that I am interested in
are the following;:

e In our stochastic algorithms, we assumed we had oracle access to the given distributions.
In particular, our load balancing algorithms required truncated means (due to a guess-and-
double argument) for a wide range of truncation values. This effectively means our algorithm
needs arbitrary CDF access (or a prohibitively large number of samples to estimate very
unlikely truncation values). Algorithms for other stochastic problems often need similarly rich
information about the distributions including upper tails and exponential moments [KRT00,
IMP15b, Mol19, GKNS21]. How well can algorithms perform with, say very limited sample
access to the distributions, or limited statistics about the distributions (means, low degree
moments, etc.)?
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e We have focused on improved upper bounds for stochastic scheduling, but what about lower
bounds? Can we give any evidence that, say stochastic load balancing, is any harder than
its deterministic counterpart? Perhaps the ideal result would be a hardness of approximation
result of the form “Unless (some complexity assumption), stochastic load balancing is hard
to approximate within a factor (some factor larger than % )17, However, this goal seems far
away given our current understanding of these problems.

Note that many adaptivity gap lower bounds and hard examples for stochastic optimization
problems rely on very simple discrete distributions (usually Bernoulli or two-point distribu-
tions). For such distributions, we can often represent an adaptive policy as a decision tree,
where each node corresponds to a decision of the policy and the child edges correspond to the
possible realizations of that decision. With this observation, can we show a lower bound on
the size of any decision tree representing a (near) optimal adaptive policy? Could we show
this indirectly by arguing that such a decision tree must compute some hard-to-compute func-
tion? This is just one very speculative approach, but I think the general question is exciting
and completely open.

e Another idea that we briefly touched on is non-clairvoyant algorithms. For example, we
considered load balancing on related machines, where we do not even know the job sizes at all
until they have been scheduled. It seems that nothing should be possible in this setting, but
surprisingly we can give non-trivial performance guarantees. I am curious how far we can push
this idea of algorithms with very limited information or feedback about the problem. Can
we study other combinatorial optimization problems where we remove seemingly necessary
information about the problem, and still give non-trivial algorithms?

More generally, I'm interested in simple (elegant?) optimization problems with restricted informa-
tion.

This concludes my dissertation. I hope my more technically-inclined readers learned something
interesting and my less technically-inclined readers have a better sense of what I do all day.

I This is because %

[LST90]

is the known hardness for deterministic load balancing on unrelated machines unless P = NP
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Appendix A

Appendix for Generalized £-Median
Problems

A.1 Missing Proofs from § 2.2: Construction of LFP,,

Proof of Proposition 2.2.1. Let T be the given instance of GKM and («*, y*) be an optimal solution
to LP;.

Observe that if z7; € {0,y;} for all i € F,j € C, then we can define F; = {i € I | j; > 0} for all
j € C. It is easy to verify in this case that y* is feasible for L P, and achieves the same objective
value in LP, as (z*,y*) achieves in LP;, which completes the proof.

Thus our goal is to duplicate facilities in £’ and re-allocate the x- and y-values appropriately until
xfj € {0,y!} for all i € F,j € C. To prevent confusion, let F' denote the original set of facilities,
and let F” denote the modified set of facilities, where make n = |C| copies of each facility in F, so
for each ¢ € F', we have copies i1,...,i, € F’.

Now we define 2/ € [0, 1]F/XC and y' € 0, 1]F/ with the desired properties. For each ¢ € F, we

assume without loss of generality that 0 < x;1 < x40 < - <z, < ;. We define xgll, el x;nn and

Yi sy, recursively:

Let yj, = a1 and o} ; = a5 for all j € [n],

i1

0 ,j<k .
Now for k > 1, let y; = x — x;4—1) and z} ; = { J L for all j € [n].

N TR
It is easy to verify that (2',y’) is feasible for LP; (after duplicating facilities) and z}; € {0,y;} for
allt € F',j € C, as required. Further, it is clear that this algorithm is polynomial time. O

Proof of Proposition 2.2.2. If d(p,q) = 0, then the claim is trivial. Suppose d(p,q) > 1. We can
rewrite d(p,q) = 77/ for some ¢ € N, f € [0,1). Also, for convenience we define 3 = log, a.
Because log, « is uniformly distributed in [0,log, 7), it follows that f is uniformly distributed in
[0,1).

It follows, d(p, q) is rounded to ar? = 778 exactly when 8 > f, and otherwise d(p, ¢) is rounded
to 71841 when 8 < f. Thus we compute:
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A.2 Missing Proofs from § 2.6

Proof of Lemma 2.6.5. We let i* € S be the closest facility to ¢ in S. We show that the cost of
connecting C’ to i* is at most O(§)U. To do so, we partition C’ into two sets of clients: those that
are far from ¢ relative to d(7,:*), and those that are close to i. In particular, let v > 0 be a constant

that we choose later. Then we partition C’ into C’far and C’, .., where:

Chor = {4 € C" | d(j, i) > vd(i, i)},
and
élose = {.] € c’ | d(]a l) > ’}/d(l,l*)}
First we bound the connection cost of C}m, to ¢* using the fact that ¢ ¢ Sp, so Extra Invariant (2)

says that > d(i,j) < 2pU. Thus we compute:
j|iEFj

> dGi) S (+2) Y d(i) < bow

J€C%,. ]€C|16F

Now suppose C?, .. # 0. Fix any j* € C! Then for all j € C!, .., we have d(j,j*) < d(j,7) +
d(j*,i) < 2vd(i,7*). It follows that C/, .. C Bc(j*,2vd(i,3*)). Our strategy is to use Extra
Invariant (4) |Bc(5%,07)[r < pU, for all r < Rj». Thus we want 2vd(i,i*) < 6Rj«. To lower
bound Rj- with respect to d(i,i*), we use our assumption that there exists some 7 € S such that

d(j*,i) < aL(;+), where L({;+) < TRj« by Extra Invariant (4). Thus we have:

close*

d(j*,i) < atRj
Further, using the triangle inequality and the fact that ¢* is the closest facility to ¢ in S, we have:
d(5*,1) 2 d(i,i) — d(4,5%) > d(i,i") — d(i, j*) = (1 —~)d(3, ).
Combining these two inequalities gives the lower bound R;« > %d(i, i*).

Now we are ready to choose . Recall that we want 2vd(i,7*) < 0R;+, so it suffices to choose v such
that: 2vd(i,i*) < 61;—:d(i, i*). Routine calculations show that we can take v = ©(9) to satisfy this
inequality. Now with this choice of v, we can bound:

Z d ]a 1 + 7)| lose‘d(iﬂi*) < (1 +7)‘BC(J*76RJ*)‘d(’L7Z*)
jec’

close

fzz d(i,i")

IN

<(1+47)

To conclude the proof, the connection cost of C%,, is at most (1 + %)O(p)U = O(5)U and the

connection cost of C/, is at most O(p)U. Summing these costs gives the desired result. O

close
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Proof of Lemma 2.6.13. We let i* € S be the closest facility to ¢ in .S. We show that the cost of
connecting C’ to i* is at most O(§)U. To do so, we partition C’ into two sets of clients: those that
are far from ¢ relative to d(7,:*), and those that are close to i. In particular, let v > 0 be a constant

that we choose later. Then we partition C’ into Cfar and C/, ., where:

Cfar - {.7 € C/ ‘ d(]7 ) > PYd(Z i )} and Célose {.7 € C/ ’ d<]7 ) > Vd(l i )}

First we bound the connection cost of C%,,. to i* using the fact that i ¢ So, so Extra Invariant (2)
says that ¢ is cheap. Thus we compute:

>odGi) S (+2) Y d(i) < ixxmv

J€C%,. ]€C|z€F

Now suppose C"
C/

close

! ose 7 0. Importantly, all of these clients are within distance yd(i,4*) of 7, so we have
C Be(i,7vd(i,4*)). Our strategy to bound the connection cost of C’, is to leverage Extra

Invariant (4), so in particular we want to use the fact |{j € BC(', 4+35) |R; >t} <2 FZ’%@ U for

any t > 0. We want to choose 7,t > 0 such that vd(i,7*) < and R; > ¢ for all j € C/

close

To

4+3+(5 close®

see why this is useful, for such v and ¢, we have C’, .. C {j € Bc(i ,m) | R; > t}. Then we can
bound:
Yo A< Y L+ dii) = (14 1) Clipeeld(i, i)
]ecclose ]ecclose
. . ot . p(L+36/4)U., . .
< (1 B —) | R; > t}|d ) < (1 ————)d *
< (14 )4 € Boli, pgs) | Ry > M%) < (14 ) (A )

Now we go back and specify our choice of v and ¢, which will allow us to complete the bound of
the connection costs. First we lower bound R; in terms of d(¢,:*) for any j € C?, ... We recall that
by assumption there exists some ¢ € S such that d(j,7) < aL({;), where L({;) < TR; by Extra
Invariant (4). Thus we have: d(j,4) < arR;. Further, using the triangle inequality and the fact that
i* is the closest facility to 7 in S, we have: d(], 1) > d(i,1)—d(i,j) > d(i,i*)—d(i,j) > (1—7)d(i,*).

Combining this inequality with the upper bound on d(j,i) gives that R; > 17“’d(7j,i*) for all
jecc Then we define t = t—:d(z,z*) This gives us R; > ¢ for all j e, .. Now we can
choose v > 0 satisfying: vd(i,i*) < ﬁ =5 < ﬁ;&;t—:. Taking v = 12M = ©(9) suffices.

Using these choices of v and ¢, we can bound > d(j,i*) = O(5)U, and 3 d(j,i*) < (1 +
i€Cq, jec!

close®

close
7)(’)(14:72%4)U)(%) = O(p)U. Summing these two costs gives the desired result. O
Proof of Theorem 2.1.3. Let € > 0. We will later choose ¢ with respect to the given € to obtain the
desired approximation ratio and runtime. First, we choose parameters p,d € (0,1/2) and U > 0 for
our pre-processing algorithm guaranteed by Theorem 2.6.3. We take p = ¢ Zand § = ¢. We require
that U is an upper bound on Opt(Z). Using a standard binary search idea, we can guess Opt(Z) up to

a multiplicative (1+¢)-factor in time n©(/¢)| so we guess U such that Opt(Z) < U < (1+¢)Opt(Z).

With these choices of parameters, we run the algorithm guaranteed by Theorem 2.6.11 to ob-
tain n°1/¢) many sub-instances such that one such sub-instance is of the form 7' = (F,C" C
C,d,k,m' = m — |C*\ C'|), where LPy,, for 7' satisfies all Basic- and Extra Invariants, and we
have:
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Then for each sub-instance output by the pre-processing, we run the algorithm guaranteed by
Theorem 2.6.14 to obtain a solution to each sub-instance. Finally, out of these solutions, we output
the one that is feasible for the whole instance with smallest cost. This completes the description
of our approximation algorithm for k-median with outliers. The runtime is n(/€) so it remains
to bound the cost of the output solution and to choose the parameters ¢ and 7 and c.

It suffices to consider the solution output on the instance Z’' where L Pj., satisfies all Basic- and
Extra Invariants and (A.1). By running the algorithm guaranteed by Theorem 2.6.14 on this L Pje,,
we obtain a feasible solution S C F' to I’ such that Sy C S, and the cost of connecting m’ clients
from C’ to S is at most (2+a)Opt(LPer)+O(e')U, where a = max(3427¢, 14 20— Tdifi“).
To extend this solution on the sub-instance to a solution on the whole instance Z, we must connect
m—m' = |C*\ | clients from C'\ C’ to S. Because Sy C S, applying (2.1) allows us to upper bound

the expected cost of connecting m clients to S by: (24+a)E[Opt(LPer)]+O(NU+ > d(j,50) <
jeC\c

2+ a)=L g 4 o)U.

log, 7 1—¢

4 T3+272+1)) T—1
T 73-1 log, T

277¢ terms), we obtain 7 = 1.2074 and o = 6.947. We can choose ¢ > 1 sufficiently large with

respect to 7 such that 27¢ is sufficiently small to guarantee (2 + «) lgg_lT <6.947 + €

Thus the expected cost of this solution is at most (6.947 4 €') (L) 1 + O(€)U, where U < (1 +

1—¢
€)Opt(Z). Finally, by routine calculations, we can choose ¢ = 0(¢) so that expected cost is at most

(6.947 4 €)Opt(Z), as required. Note that the runtime of our algorithm is n@(1/¢) = pO1/9), O

Now choosing 7 > 1 to minimize o/ = (2 4+ max(3,1 + (note that we ignore the

A.3 Missing Proofs from Analysis of OutliersPostProcess

Proof of Lemma 2.7.2. Without loss of generality, we may assume that no facilities in Sy are co-
located with each other, so {F} | j € Cp} is a disjoint family. This implies that {Fj | j € C%,} is
also a disjoint family. Now we construct a basis for ¢. For every integral facility ¢ € F_1, we add
the constraint y; < 1 to our basis. To complete the basis, we need to add |F<;| further linearly
independent tight constraints.

We recall that upon termination of PSEUDOAPPROXIMATION, 10 Cpgri-, Cpyyi-, Or non-negativity
constraint is tight for gy, so the only constraints we can choose are the C*-constraints, the k-
constraint, or the coverage constraint. We claim that we cannot add any CZ*,-constraint to our
basis, because such a constraint is supported only on integral facilities, whose constraints we already
added to the basis. However, we can add every CZ-constraint to our basis, because their supports
are disjoint and they contain no integral facilities. Thus, our partial basis consists of all tight
integrality constraints and all C'Z-constraints.

Now we consider adding the k-constraint to our basis. Importantly, the k-constraint is linearly
independent with the current partial basis only if there exists at least one fractional facility not
supported on any F-ball for clients in C%,. Further, we may assume the k-constraint is tight (oth-
erwise we cannot add it anyways), so there must be at least two fractional facilities not supported
on any [F-ball for clients in C%,
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However, we note that each F-ball for clients in CZ; contains at least two fractional facilities.
Because these F-balls are disjoint, we have |F<i| > 2|C%,|. If we cannot add the k-constraint to
our basis, then we are done. This is because the coverage constraint is the only further constraint we
can add the the basis, so we can bound |F<1| < |C%,[41. This implies implies [Fcq| < 3|Feq|+1 =
|F<1| < 2 using the previous inequality.

Otherwise, we add the k-constraint to our basis, which implies |F<1| > 2|C%,| + 2 because of
the two fractional facilities outside F(C%;) and [Fq| < |C%;| + 2 because the k-constraint and
coverage constraint contribute are the only further constraints we can add. Again combining these
two inequalities gives |Fq| < 2. O

Proof of Lemma 2.7.3. Let S = F—; be the set of open facilities. It is immediate that |S| <
k. Further, LPj., satisfies all Extra Invariants, so Cy C C*. Because ¥ is integral, it is clear

that we open Sp. Thus it remains to show that the connecting m clients to S has cost at most
(2 + a)Opt(LPjer).

It suffices to show that connecting Cp,y and C* to S is enough clients and achieves the desired

cost. Because ¥ is integral and by definition of PSEUDOAPPROXIMATION, we have that no Cpgpri-,

C'funi-, or non-negativity constraint is tight for g. It follows, F; = () for all j € Cpgy and Bj =0

for all j € Cruy.

Then the coverage constraint of L Py, implies: Y §(F;) > m—|Cry UC*| = |CrUC*| > m,
jecpa'rt

so this solution connects enough clients.

To bound the cost, we compare the cost of each client with its contribution to the objective of L P

For all j € C* we have y(F;) =1, so d(j,S) < > d'(j,1)y;, which is exactly j’s contribution to

’iEFj

LPiter-

For all j € Cyyy, we note that g(B;) = 0, so j’s contribution to LPj., is exactly L({;). We can

apply Theorem 2.5.2 with 8 = 1 and set of facilities S to show that d(j,5) < (2 + ) L(¢;) for all

J € Cuy. To conclude, the connection cost of each client is at most (2 + «) times its contribution

to LPjter, a required. ]

Proof of Lemma 2.7.4. Let S = F—1U{a} be the output solution. First, note that |S| < k because
Ja+Up = 1, and those are the only two fractional variables. Second, because a ¢ Sp, it must be the
case that b ¢ Sp, because a, b are the only fractional facilities, and by Extra Invariant (1), there is
one unit of open facility co-located at each ¢ € Sy. Note that this implies that Sy C F=; C S.

Now there are two cases, either a,b € F; for some j € C*, or a,b ¢ F(C*). Note that in either
case, we close b and open a, so we still maintain the property that y(F};) =1 for all j € C*. Thus,
can apply Theorem 2.5.2 with 3 = 1 and set of facilities S to show that d(j,5) < (2 + «)L(¢;) for
all j € Cfull U C*.

We consider connecting the clients Cpari(a) U Cryy U C* to S. First, we show that this is at least
m clients. We observe that a and b are the only fractional facilities in %, and no Cjg,¢-constraint is
tight. It follows that for all j € Cpere, we have F; = {a}, {b}, or (), so we can rewrite the coverage
constraint as:

’Cpart(a)’ga + ’Cpart<b)|gb Z m— |Cfull U C*‘

Then because go + yp = 1 and |Cpgri(a)| > |Cpart(b)| by assumption, we conclude that |Cpgre(a)| >
m — |Cpuu U C*|, as required.
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Now it remains to show that the cost of connecting Cp,r¢(a) to a plus the cost of connecting
CrauUC* to S is at most aOpt(LPje,) +O(5)U. First we handle Cpar¢(a). By assumption, a ¢ S,
so by Extra Invariant (2), we can bound: Y>> d(j,a) < > d(j,a) = O(p)U
J€Cpart(a) JEClacF;

For the clients in C'f,y U C* that are not supported on b, closing b does not affect their connection
cost; in particular, each such client either has an integral facility in its F-ball to connect to (because
we open a and all other facilities are integral), or its F-ball is empty, and there exists an integral
facility within (2 4+ «)L(¢;) to connect to. In both cases, each client’s connection cost is at most
(2 + «) times its contribution to the objective of L Pje,.

The only remaining cost to bound is the clients in C'f,; U C* that are supported on b. Let C' =
{7 € Cpun U C* | b € F;} be these clients. We show that the cost of connecting all of C’ to S is
at most O(§)U using Lemma 2.6.13. Because every client in j € Cy,y U C* has an open facility
in S within distance (2 + a)L(¢;), Lemma 2.6.13 is applicable to C’ with set of facilities S and
i=b¢ SUS.

To summarize, the connection costs of Cpqrt(a) and C” are at most O(%§)U, and the connection cost
of all remaining clients in C't,;; U C* that are not supported on b is at most (2 + a))Opt(LPiter), so
the total connection cost, which is the sum of these terms, it at most the desired bound. ]

A.4 Proofof Theorem 2.6.11: k-Median with Outliers Pre-Processing

The goal of this section is to prove Theorem 2.6.11 using theorems from [KLS18]. Note that we
follow exactly the same pre-processing steps; the only difference is that we summarize the results
of their pre-processing in a single theorem.

The knapsack pre-processing in Theorem 2.6.3 follows from the pre-processing steps in [KLS18] as
well.

A.4.1 Preliminaries

We define the notions of extended instances and sparse extended instances for k-median with out-
liers. These definitions are useful to capture the properties of our pre-processing.

Extended instances are used to handle the fact that in our pre-processing, we will guess some
facilities to pre-open. Then Sy is the set of guessed facilities.

Definition A.4.1 (Extended Instance for k-Median with Outliers). An extended instance for k-
median with outliers is of the form Z = (F,C,d, k,m, Sp), where F, C, d, k, and m are defined as
in a standard k-median with outliers instance (see Definition 2.6.9), and Sy C F.

As in k-median with outliers, the goal is to choose a set of at most k open facilities S C F' and at
least m clients C" C C to serve to minimize the connection costs of the served clients to the open

facilities, so > d(j,5). However, we add the additional constraint that the set of open facilities
jec’
must include Sy.

Further, sparse extended instances give our properties for what it means for the facilities and clients
to be “cheap” (see the second and third properties in the next definition, respectively.)

Definition A.4.2 (Sparse Extended Instance for k-Median with Outliers). Let Z = (F, C’,d, k,m’, Sp)
be an extended k-median with outliers instance and p,d € (0, %), U > 0 be parameters. We say
that 7' is (p, §, U)-sparse with respect to solution (S*, C*') if the following three properties hold:
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1. the cost of the solution (S*,C*') to Z’ is at most U

2. for all i € S*\ Sy, we have > d(y,1) < pU
JEC*'|d(4,5%)=d(j,i)

3. for all p e FUC’, we have | B¢ (p, dd(p, S*))|d(p, S*) < pU

A.4.2 Sparsification

In this section, we pass from the input k-median with outliers instance to a sparse extended sub-
instance by guessing the expensive parts of the input instance. Then on this sparse extended
sub-instance, we can strengthen LP;. The following theorems are directly from [KLS18], so we
omit the proofs in this paper. The first theorem states that we can efficiently compute a sparse
extended sub-instance at the cost of a small increase in approximation ratio.

Theorem A.4.3. Let T = (F,C,d,m,k) be an instance of k-median with outliers with optimal
solution (S*,C*) and p,d € (0,1/2) be parameters. Then there exists a n®/P)-time algorithm
that given T, p, 6, and an upper bound U on the cost of the optimal solution (S*,C*)', outputs
nP1/P) _many extended k-median with outliers instances of the form T' = (F,C",d,m/, k, Sy) such
that C' € C, m' = |C* N C'|, and So C S. Further, one such instance I' is (p,d,U)-sparse with
respect to the solution (S*,C* N C") and satisfies:

1-9 . .
m.z dG:So)+ > d(,S) U (A.2)
JjeC*\C" jecnc’

Once we have our sparse extended sub-instance, say Z’, we use these sparsity properties to compute
the R-vector, which is needed for our Extra Invariants.

Theorem A.4.4. Let T’ = (F,C',d,m', k,Sy) be an extended k-median with outliers instance and
p,6 €(0,1/2) and U > 0. Suppose I' is (p,d,U)-sparse instance with respect to solution (S*,C*")
to I' such that (S*,C*') has cost U' on I'. Then there exists a polynomial time algorithm that
takes as input Z', p, 6, and U and outputs R € Rgl satisfying:

1. For everyt >0 and p € FUC', we have: |{j € Bcf(p,%) | Rj > t}| < p(}fig%f)%

2. There exists a solution to I' of cost at most (14 6/2)U’ such that if client j is connected to
facility i, then d(j,i) < R; and for any facility i ¢ Sy, the total cost of clients connected to i
in this solution is at most p(1+6/2)U

A.4.3 Putting it all Together: Proving Theorem 2.6.11

Combining the algorithms guaranteed by these above two theorems, we show how to construct
L P;. with the desired properties.

Suppose we are given a k-median with outliers instance Z = (F, C, d, m, k), parameters p, 6 € (0, %),
and an upper bound U of Opt(Z). First we run the algorithm guaranteed by Theorem A.4.3 to
obtain n®1/P)-many extended k-median with outliers instances. Then for each instance, we run

the algorithm guaranteed by Theorem A.4.4 to obtain a vector R for each such instance.

!Note that we are given U, but not the solution (S*,C*)
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By Theorem A.4.3,1let 7' = (F,C’" C C,d,m' = m — |C*\ C’|, k, Sp) be the instance output by the
first algorithm such that 7’ is (p, d, U)-sparse with respect to the solution (S*, C*NC") and satisfies
(A.2). This sub-instance will be the one that is guaranteed by Theorem 2.6.11, so from here we
need to compute the R-vector, and construct LP;:., with the desired properties.

Note that the cost of solution (S*,C* N C’) to Z' is exactly U' = Y d(j,S*). It follows, on
jec=nc’
this instance Z’, the algorithm guaranteed by Theorem A.4.4 outputs a vector R € ]Rgl such that

for every t > 0 and p € F U C’, we have: |{j € Be(p, ﬁ%) | Rj > t}| < ’)(ifig’ff‘)% , and there

exists a solution, say (S, C) to I’ of cost at most (1 +6/2)U’ such that if j is connected to facility
i, then d(j,7) < R; and for any facility ¢ € S\ Sp, the total cost of clients connected to ¢ in this
solution is at most p(1+ 6/2)U.

It remains to construct LPj.,. To do so, first we construct a strengthened LP for the instance 7’
such that (S, C) is feasible for the strengthened LP, which we call LP;:

min -} d(i gy (LF)
ieFjeC’
st. zy; <y VieF,jel yi=1 Vie Sy
<1 viecd z;; =0 Vi€ F,jeC st d(i,j) > R;
i€EF
doui<k > dli j)wij < p(1+06/2)Uy; Vi ¢ S
1EF jec’
Y oap=m zi; =0 Vig¢ Sy, j€C st di,j)>p(l+5/2)U
jeC 1€F
0<z,y<1

The left column of constraints are the same as LP; and the right column of constraints are extra
constraints that are valid for the solution (S, C') to our sub-instance Z’. Because these constraints
are valid for the solution (S, ('), the following proposition is immediate.

Proposition A.4.5. Opt(LP]) < (1+46/2)U".
We want to give a similar construction as in § 2.2, where we construct L Py, satisfying all Basic
Invariants from LP;. We note that the main difference in our procedure here when compared to

§ 2.2 is how we eliminate the z-variables. To compute the F-balls for LP], we must carefully
duplicate facilities to capture the constraints: ) d(i,7)zi; < p(14+6/2)Uy; Vi ¢ Sp. We pass
jec’

from LP| to LP, with the next lemma.

Lemma A.4.6. There exists a polynomial time algorithm that takes as input LP], duplicates
facilities in F, and outputs a vector g € [0,1]F and sets F; C Bp(j, Rj) for all j € C" such that:

1. y(Fj) <1 foralljeC’

2. y(F) <k
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8. > y(Fj) =m
jec’

4. > > d(i,§)7i < Opt(LPy)
JEC iEF;

5. For alli € Sy, there is one unit of open facility co-located with i in y

6. For every facility i not co-located with a facility in Sy, we have >, d(i,j) < 2p(1+d/2)U
jECTiEF;

Applying the algorithm guaranteed by the above lemma to LPj, we can obtain the Fj-sets. Using
these F-balls, we proceed similarly as in § 2.2. Thus, next we randomly discretize the distances to
powers of 7 > 1 (up to a random offset) to obtain d'(p, q) for all p,q € FFUC. Again, the possible
discretized distances are L(—2) = —1,L(—1) = 0,...,L({) = a7’ for all £ € N, and d’ satisfies
Proposition 2.2.2.

Then we define the radius levels and inner balls in the exact same way, so: ¢; = zH>1in1 {¢]d(j,1) <
L(¢) Vie Fj}and Bj = {i € F; | d'(j,i) < L(¢; — 1)} -

To complete the data of LPy., for 7, we need to define the sets Cpart, Ctuu, and C*. Here we
must slightly modify the construction of § 2.2 to accommodate the set of pre-opened facilities, Sp.
To satisfy Extra Invariant (1), we create a set Cy of dummy clients such that for each ¢ € Sp, there
exists a dummy client j(i) € Cj that is co-located with i such that F;(;) has radius level —1 and
consists of all co-located copies of i. Thus, we define Cpqy = C’, Cpyy =0, and C* = O,

This completes the description of LP;,, for sub-instance Z’. To complete our algorithm, we output
each 7' along with LPj.,, So, and R.

To summarize, our algorithm is to first run the algorithm guaranteed by Theorem A.4.3 to obtain
nP1/P)_many sub-instances. For each sub-instance, we compute R using Theorem A.4.4, construct
LP{, construct the F-balls using Lemma A.4.6, and define the rest of the data of LP;., as in § 2.2.
The runtime of our algorithm is immediate, so it suffices to show that one of the outputs has the
desired properties.

In particular, we consider the sub-instance Z' = (F,C’ C C,d,m' = m — |C* \ C'|, k, Sp) output
by the algorithm guaranteed by Theorem A.4.3 such that Z’ is (p, d, U)-sparse with respect to the
solution (S*,C* N ") and satisfies (A.2). For the remainder of this section, we consider the LPjte,
constructed for this specific sub-instance. To complete the proof, we verify that LP;., satisfies the
two desired properties.

Proposition A.4.7. LP;., satisfies all Basic and Extra Invariants.

Proof. 1t is easy to verify that LPj., satisfies all Basic Invariants by construction. For the Extra
Invariants, we handle them one-by-one.

Extra Invariant (1) holds by construction of LPj,. To show Extra Invariant (2), we again apply
Lemma A.4.6, which states that the F-balls have the desired property.

To show Extra Invariant (3), we note that in Lemma A.4.6, the F-balls are constructed such that
F; € Br(j,Rj), for all j € C'. Thus, for all j € C" and ¢ € Fj;, we have d(i,j) < Rj. Then
by definition of the radius levels, we have L(¢;) < TRj, as required. Finally, Extra Invariant (4)
follows from the guarantee of Theorem A.4.4. O

ape log, T . 1-6 ;
Proposition A.4.8. (T,l)%wE[Opt(LPzter)] + mjecz*:\C’ d(j, So) <U
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Proof. We first show that E[Opt(LPje,)] < 1;;elTOpt(LPl’). We have Cpgpy = C', Cpuy = 0, and
C* = Cy. Note that the dummy clients in C* contribute zero to the objective of L Py, because
they are co-located with one unit of open facility in their F-balls. Thus Lemma A.4.6 implies that
there exists a feasible solution § to LPje, of cost at most Opt(LP]) up to the discretization of the
distances. The cost of discretization is bounded by Proposition 2.2.2, and immediately gives the
extra lgg_elT—factor. The factor of lgg_elT is due to the cost of discretization, which is bounded by

Proposition 2.2.2.

Now we relate Opt(LP]) to U' = > d(j,S*), which satisfies (A.2) by the guarantees of Theo-
jeC N

rem A.4.3. Combining (A.2) with Proposition A.4.5, we can obtain our final bound:

log, 7
(r—1)(1+46/2)

1-96 1 1-6
3 -7 . < - / .
E[OPt(LPuer)] + 15 D d0:50) < 75 ZOPULP) + 05 > d(5,5)
JeCH\C' jecx\c’

sy L0 ,
JjeCc*nc” jeC*\C"
<U
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Appendix B

Appendix for Stochastic Load
Balancing

B.1 Maximal Inequalities

In this section, we state some useful probabilistic inequalities. Further, we give the proofs of
Lemmas 4.2.2, 4.2.5, and 4.4.2.

Lemma B.1.1 (Bernstein’s inequality). Let the random variables X1, ..., X, be independent with
Xi —E[X;] <b foreach 1 <j<n. Let S =377 | X; and let 0% = >0 0]2 be the variance of S.
Then, for any t > 0,

2
P[S > E[S]+1t] < exp< ~ 2521 —ibt/3a2))'

Lemma B.1.2 (Bennett’s inequality [Ben62]). Let X1,..., X, be independent random variables
with zero mean such that X;j < a for all j. Let S =}, X; and o? = > E[XJQ] Then, for allt > 0,

—o? t ¢ ¢
P(S >1t) <exp (;((14—;) log <1+Z2> —;)).

Lemma B.1.3 (Chernoff-Hoeffding type inequality; Theorem 1.1 in [DP09]). Let S = 377, X;
where X;, 1 < j <n, are independently distributed in [0,1]. If t > 2eE[S], then

P[S >t <27

Having these inequalities at hand, we are now ready to prove Lemmas 4.2.2, 4.2.5, and 4.4.2, that
bound the expected maximum of sums of independent variables.

Lemma 4.2.2. Let Sy,...,S,, be sums of independent random variables, that are bounded in [0, 7]
for some T > 0, such that E[S;] < T for all 1 <i < m. Then, E[max; S;] = O(log’ig‘m)r
Proof. By re-scaling, it suffices to prove the lemma for 7 = 1. Consider one such sum, say

S = >_;X;, where the X;s are independent and bounded in [0,1]. We use Bennett’s inequal-
ity (Lemma B.1.2) to bound the upper tail of S. Applying Bennett’s inequality to S — E[S] with
a=1and 0® =Y E[(X; — E[X;])?] <Y, E[X?] <>, E[X;] <1 gives for any ¢ > 0:

P[S > 1+t] <P[S > E[S] + {]
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gexp<—(02+t)log <1+;2> +t>

t

e
< —tlog(l +t t) = —
< exp (—tlog(l+1) +1) = -~
where we use 0 < 02 < 1 in the third inequality. In particular, for £ = O(log)lgcgm) large enough,

we have for any ¢ > 0:

PlS ' ef-i—t ef et O 1 .
[S> 1+ S e S @ g <m) e

This tail bound holds for all Sy, ...,S,,. Union-bounding over all m sums gives:
E [ max S;] :/ P[maxS; > t] - dt
(2 0 7
< (140) + / PlmaxS; > 1+ £ +¢] - dt

(1+¢) +Z/ P[S; > 1+ +1] - dt

—0+@+m«)1/ etodt = 0() = o 1B™ Y
m/ Jo loglogm

O

Lemma 4.2.5. Let S1,...,S, be sums of independent random variables bounded in [0,7] such
that E[S;] < O(logm)T for all 1 <1i < m. Then, E[max; S;] < O(logm)t.

Proof. Let C' > 0 be a constant such that E[S;] < Ctlogm for all 1 <i < m and fix t > 2eC'T log m,
where e is the Euler constant. Fixing i € [m], we know that the random variables constituting S;
are independent and bounded by 7. Hence, using the Chernoff-Hoeffding bound in Lemma B.1.3,
we have P[S; > t] < 27, Therefore,

E[ max SZ} :/OOOP[ max S >t}dt

1<i<m 1<i<m

oo
< O(logm)t +/ IP’[ max S; > t] dt
2eC'tlogm 1<i<m
long—i—Z/ S>t}d
eCtlogm
< O(logm)T +m 27t dt
2eCTlogm
= O(logm)T,
where the third line uses a union bound over all i € [m]. O
Lemma 4.4.2. Let cq,...,¢y € N>y be constants such that ¢; > %Ci_H forall 1 < i < m. Let
Si,...,Sm be sums of independent random variables bounded in [0,7] such that E[S;] < ¢ for

all 1 <i <m. Then, E[ max; ci] < O(7).
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Proof. By re-scaling, we can assume 7 = 1. Fix one sum, say S = > ;X5 The Xs are independent
with X;/c < 1 and X;/c — E[X;/c] < 1. Therefore,

ol

i

Var[S/c] = ZVar[Xj/c] < /CZE[Xj/c] <

where we used the independence of the X; and the fact that >, E[X;] < c. We fix some ¢ > 1.
Bernstein’s inequality (Lemma B.1.1) guarantees

]P’S>2+t <e £ <e t2 <e Ct
- xp | — ———= xp | —c0——= xp | — =
c = =P\ T gjcray3) =P 2+2t/3) =P\ 73" )

where we used that ¢ > 1. Using a union bound, we obtain

IP’{ max S;/c; > 2+t} < iexp<_cit>

1<i<m i1 3
“ t
< _ 3 2 m—1 '
<3 e (3727 eng)
< zm:exp - (3/2)’”_’E
B =1 3
< f: 2 mize*t/3
a =1 3
< 373,

where we used ¢; > %Ci.i.l in the second inequality and ¢, > 1 in the third inequality. For the

fourth inequality, we fix ¢ > 3 and use that, for s > 1 and x > 0, we have exp (— s(%)x) < (%)xe_s.

Hence, we conclude the proof with

E[ max S;/¢;| < (2+6)+/ P[ max S;/c; > 2+t]dt§8+3/ e odt =8 +15/e = O(1).

1<i<m 5 1< 5

O]

B.2 Machine smoothing analysis

Lemma 4.4.1. Given an instance I of load balancing with m related machines and stochastic jobs,
Algorithm 12 efficiently computes an instance Zs of smoothed machines with the same set of jobs
satisfying Properties (i) to (iii).

Proof. 1t is clear that the algorithm is efficient and outputs Zs satisfying (i) and (ii). It remains to
show (iii). To do so, we show that each step increases Opt by only a constant factor.

Recall that Opt is an adaptive policy, so when Opt decides to schedule job j on machine i, it
immediately learns the realized value of X;;, or equivalently X; = s; - Xj; on related machines.
Hence, we may assume that the next scheduling decision of Opt is completely determined by the
previously realized Xjs. In particular, if Opt decides to schedule j on machine ¢, then we can
modify Opt by scheduling j on some other machine i’ and leaving the subsequent decisions (which
in general depend on X;) unchanged. Similarly, if we modify the speed of machine ¢, then this does
not affect subsequent scheduling decisions.
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(12.6)

(12.9)

(12.15)

Let Opt = Opt(Z) denote the initial optimal policy. Consider the following adaptive policy
for the instance after step 12.6: If Opt schedules j on 4 such that ¢ is not deleted, then we
also schedule j on i. Otherwise, Opt schedules j on ¢ such that i is deleted for being too slow.
Then we schedule 7 on the fastest machine.

For every realization of job sizes, the modified policy only increases the load of the fastest
machine. We delete at most m — 1 machines each having speed at most % Thus, we schedule
all jobs assigned to these machines on a machine that is at least m times faster. The increase
in load on the fastest machine is thus at most (m — 1) - % < Opt.

After deleting all slow machines, all machine speeds are in (%, 1}.

We decrease the speed of each machine by at most a factor 2, so the makespan of the optimal
policy increases by at most a factor 2.

Further, after rounding down the machine speeds, there are at most [logm| distinct speeds
and thus groups.

First, we note that we keep at least one group, namely the fastest one. Consider any group k
that is deleted, and let &’ > k be the fastest subsequent group that is kept. Because we delete

k' —k

all groups between k and &/, we have m;, < (%) - mys. Further, because all groups have

distinct speeds that differ by at least a factor 2, we also have s > 28 % . 5.

Let Opt be the optimal policy after step 12.9. We re-assign the jobs that Opt schedules
/ 3 k'/—k! .

on group k to group k' as follows. Because my < (5) - myr, we fix a mapping from

the machines in group k to those of k' such that each machine in k¥’ is mapped to by at

most (%)k ~* machines in k. T hen, when Opt schedules a job on a machine in group k, we
instead schedule it on the machine it maps to in group k’. This completes the description of
our modified policy.

To bound the makespan, consider any machine i in a kept group k’. We upper-bound the
increase in load on ¢ due to re-assignments from slower deleted groups. For any deleted
group k < k', at most (%)k ~* machines from group k map to ¢. Each such machine in group &

under policy Opt has load at most Opt. However, recall that i is at least a 25 ~*-factor faster
than any machine in group k, so the increase in load on machine 7 due to deleted machines from

group k < k' is at most (%)kl_k .2=(K'=F) . Opt = (%)k/_k - Opt. Summing over all k < &/, the
total increase in load on a machine in group &’ is at most >, ./ (%)k/_k -Opt =0O(Opt). O
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Appendix C

Appendix for Stochastic Completion
Time Minimization

C.1 Sensitivity of number of machines

For a fixed collection of jobs, and any number of machines m, we let Opt(m) be the optimal
completion time for these jobs on m machines.

Lemma C.1.1. For any number of machines m sufficiently large, there exists a collection of
identical Bernoulli jobs with EOpt(%) = em) . EOpt(m).

Proof. We fix a number of machines m. Define L = e“" for a constant ¢ > 0. Then consider
the collection of %mL Bernoulli jobs distributed as Ber(%). Note that because jobs are identically
distributed, we may assume Opt list schedules jobs in arbitrary order.

We first claim that EOpt(m) = O(m). To see this, let H ~ Binom(gmL, 1) be the number of
jobs that come up heads. On the event H < m, each machine schedules some number of jobs

with realized size zero and then at most one job with realized size 1. Thus, on this event we have
Opt(m) < H. Further, by Chernoff (Proposition C.4.1), we have:

P(H >m) <P(H > E[H] + %) _ O

We conclude, the contribution of the event H < m to EOpt(m) is at most EH = %m, and the
contribution of the event H < m is at most poly(mL) - P(H > m) = poly(me™) - e~®(m = O(1)
for ¢ sufficiently small. This gives EOpt(m) < Zm + O(1) = O(m).
On the other hand, we have EOpt(%) = Q(mL). Let H' ~ Binom(2mL, 1) be the number of heads
among the first %mL jobs. Analogously by Chernoff we have P(H' < %) < e~©0m) Thus, on the
event H' > " (which happens with probability (1 —o(1)), after scheduling the first 3mL jobs, each
of the % machines has a job of realized size 1. It follows, the remaining (mL) unscheduled jobs
all have completion times at least 1. Thus, we can lower bound EOpt(%) = Q(mL) - (1 — o(1)).
Taking m sufficiently large gives the desired gap. O
<

Lemma C.1.2. For any collection of deterministic jobs and any m > 2, we have Opt(g)
3 - Opt(m).
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Proof. Consider the schedule achieving Opt(m), and let C7" be the completion time of job j in this
schedule. We construct a schedule on % machines with completion time at most 3 - Opt(m). Our

algorithm is to list schedule the jobs on 3 machines in increasing order of C']m.

Let Cj be the completion time of job j in this schedule. We claim that Cj < 3C7" for all jobs j,
which gives the desired result. Assume for contradiction that this is not the case, so let j be the first
job with Cj > 3C7". It must be the case that up until time 2C7", all 5 machines are busy running
jobs j" with CJT < CJ’-". The total size of such j’ jobs is strictly larger than % - QCJ’-” =m- C]m.
However, Opt(m) must complete all such j' jobs by time C7". This is a contradiction. O

C.2 Exchange Argument

Lemma 5.1.4. Consider a collection of Bernoulli jobs. Then for each possible size parameter, the
optimal adaptive completion time schedule for these jobs starts the jobs with this size parameter in
increasing order of their probabilities for all realizations of the job sizes.

Proof. We suppose there exist jobs a, b such that X, ~ s-Ber(p,) and X, ~ s-Ber(py) with p, < pp
such that the optimal completion time policy schedules b before a in some realization. Consider the
decision tree corresponding to this policy (described in § 5.2.) Thus, we assume this tree schedules
b before a is some realization (i.e. some root-leaf path.) It follows, there exists a subtree rooted
at b such that a is scheduled on each root-leaf path of this subtree. We denote this subtree by T
Entering this subtree, the machines have some fixed initial loads and T schedules a fixed set of jobs

J.

We will modify the subtree T' so that we start a before b on each root-leaf path. Further, this
will not increase the expected completion time of the overall schedule. We construct the modified
subtree T" as follows. Let the left- and right subtrees (corresponding to the root job b coming up
size 0 or s) of T be Ty, and Tg, respectively. T” is rooted at job a. In T”, the right subtree of a is
TR, but with job a replaced by job b. We denote this modifed subtree by Tr(a — b). On the left
subtree of a, first, independently of all jobs, we flip a coin that comes up heads with probability q.
We will choose ¢ later. If the coin is tails, then we schedule subtree T7, with job a replaced by job
b, so Tr,(a — b). Otherwise, if the coin is heads, then we schedule b. The left- and right subtrees
of b are Ty, and Ty, except the job a is replaced by a dummy job that is always zero. In particular,
this job does not contribute to the completion time, but upon reaching this node we will always
follows the left subtree. We denote these subtrees by Tr(—a), Tr(—a), respectively. This completes
the description of T”. See Figure C.1 for the modified tree T".

Note that T schedules the same jobs as T' and always starts a before b. It remains to choose ¢ such
that the expected completion time of T” is the same as T. We choose ¢ such that the probability
of entering Tr(a — b) or Tr(—a) is exactly p,. We conflate the name of a subtree (e.g. Tr(a — b))
with the event that we enter the subtree. Thus, we want P(Tr(a — b) VTr(—a)) = pp. The former
probability is exactly p, + Paqpp, where we define p = 1 —p for a probability p. This gives g = %.
Thus, we have chosen ¢ such that P(Tr(a — b) V Tgr(—a)) = pp and P(Tr(a — b) V Tr(—a)) = pp.
One should imagine that these two events are our replacements for the original tree 1" entering T

and T7,.

In both subtrees Ty, (a — b) and T(—a), we replace the original job a from T}, with b and a zero
job, respectively. Let X, denote the size of the the replacement job, which is supported on {0, s}.
We compute the distribution of Xj:

P(E = 5| Tula - DV TL(-0)) = g on s D = Py, o,
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Tr

Figure C.1: Original and modified decision trees

It follows, conditioned on T7,(a — b) V T1(—a), our replacement job for a has the same distribution
as a. An analogous computation for the right subtree gives:
S P(Tr(a — b)) Da

P(Xo = 5| Tr(a — b) V Tr(—a)) = P{Trla = b)v Ty (—a)™ = pt* = Po

so the distribution of our replacement job conditioned on Tr(a — b) V Tgr(—a) has the same
distribution as a as well.

To summarize, we have constructed a tree T that starts a before b. T” enters T (a — b) or T1(—a)
with probability p,: exactly the same as the probability that T enters T;. Further, 7" enters
Tr(a — b) or Tr(—a) with the same initial loads as T entering T7,, because both correspond to all
previous jobs in the subtree having size 0. Finally, upon entering 77, (a — b) or T (—a), the job we
replace a with has the same distribution as a. The analogous properties hold for the right subtree
as well. We conclude, for any job j € J\ {a, b}, the expected completion time of j in 7" is the same
as in T (subject to the same initial loads.)

It remains to show that the expected completion time of a and b weakly decreases from T to T".
We define ¢’ ~ T7, to be the load of the least-loaded machine upon reaching the node a in subtree
Ty, (we define ¢/ ~ Tk analogously.) This is well-defined, because a is scheduled on every root-leaf
path in T7,. Note that ¢ does not depend on the job scheduled at node a. It follows, the expected
completion time of a and b in 7" are:

IET’ Ca ={+ SPa

Er Cy = IP)(TL(CL — b))(EE/NTLfl—l-spb)—I—P(TL(—G)M—FP(TR(—G))(E—I-S)—HP)(TR((L — b))(E@/NTRE,—i-Spb).

Now we simplify the completion time of b. First, we consider the terms corresponding to the left
subtree. We have P(TL(a — b)) = ppbe, P(T(a — b)) + P(TL(—a)) = py, and ¢' > £ for ¢ ~ T,
Combining these three observations:

P(Tr(a = b)) (Epr, V' + spp) + P(TL(—a))l = P(T(a — b))Epq, V' + ppspa + P(Tr(—a))l
< pp(Bpr U + spa).

Now we consider the right subtree. Analogously, we have P(Tgr(a — b)) = pa, P(Tgr(a — b)) +
P(Tgr(—a)) = py, and ¢’ > ¢ for £’ ~ Tr. We compute:

P(Tr(—a))(l+ s) + P(Tr(a = b)) (Eprnl' + spp) = (0o — pa)( + 8) + paBo ot l' + SPb + PasSP
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< po(Epryl + pas) + (Pb — Pa)s.

Combining our expressions for the left- and right-subtrees gives our final bound on the completion
time of a and b:

Err Co + Epr Cy < £+ spy + po(Epr, O + spa) + 0o(Bpryl + pas) = Ep Cy + Eq C,,.

C.3 Justification for Assumption 5.3.2

Lemma 5.3.3. Let m > 2. Suppose there exists an algorithm for completion time minimization for
Bernoulli jobs on m machines satisfying Assumption 5.3.2 that outputs a list schedule with expected
completion time at most o(EOpt+ O(1)). Then there exists a O(c)-approzimate algorithm for the
same problem without the assumption. Further, the resulting algorithm is also a list schedule, and
it preserves efficiency and determinism.

Proof. Let A be the algorithm assumed by the lemma. We will run A on a subinstance of jobs
satisfying Assumption 5.3.2. Suppose we have a collection J of Bernoulli jobs of the form X; ~
sj - Ber(pj) for arbitrary size parameters s;.

First, we round up all size parameters to the nearest power of 2. This at most doubles Opt. Then,
we rescale all s;’s uniformly so that >, EX; = 1. Note that now we have EOpt > 3, EX; = Q(1).
Finally, we partition J = S U M U L into small, medium, and large jobs, respectively such that S
consists of the jobs j with s; < 7712’ M the jobs j with % <s; < n8, and L the jobs j with 55 > nd.
Thus, M is a collection of Bernoulli jobs satisfying Assumption 5.3.2.

Our algorithm to schedule J is the following:

i. List-schedule all large jobs L in arbitrary order.
ii. List-schedule all small jobs S in arbitrary order.
iii. Run A to schedule the medium jobs M.

It is clear that this algorithm is efficient, deterministic, and outputs a list schedule as long as A
does as well. It remains to bound the total completion time of this schedule, which we denote by
Alg. We let B be the event that some large job comes up heads (i.e. has realized size at least n®.)

On the event B, every large job comes up tails, so they contribute 0 to Alg. Then we list-schedule
the small jobs with initial load 0 on every machine. The total completion time of all jobs in S can
be crudely upper-bounded by the max load after S times the number of jobs, which is at most
1. n=0O(EOpt).

After this, we schedule the medium jobs using A. After scheduling S, all machines are free by time
%. Let A be the total completion time of running A on jobs M starting at time 0. We need the
following monotonicity property of list schedules, which is analogous to Lemma 5.4.5

Lemma C.3.1. Consider a set of deterministic jobs and a fized list schedule of those jobs. Then
increasing the initial load or decreasing the number of machines weakly increase the total completion
time of the schedule.

Proof. Let J be the set of jobs. Consider initial load vectors £, € R™, where the ith entry of each
vector denotes the initial load on machine i. Now suppose £ < ¢, entry-wise. It suffices to show
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that C(J,¢) < C(J,¢'), where C(J,¢) is the total completion time achieved by our list-schedule
with initial load ¢. This suffices, because we can decrease the number of machines by making the
initial loads of some machines arbitrarily large so that they will never be used.

We prove C(J,£) < C(J,¢') by induction on the number of jobs, |J|. In the base case, |J| = 0, so
the claim is trivial because C(J,£) = 0 and C(J,¢') = 0. For [J| > 0, let j be the first job in the
list, which is scheduled, without loss of generality, on the first machine for both initial loads ¢ and
¢'. Then:

C(J0) = (b1 +s5) + C(I\ {5}, L+ sjer) < (0 +55) + C(T\{j}, 0 + sjer) = C(J, 1),

where e; is the first standard basis vector, so we have ¢ + sje; < ¢/ 4 s;e;1 entry-wise. Then we
assumed inductively that C(J \ {j}, ¢+ sje1) < C(J\ {j}, ¢ + sjer). O

By the above lemma, we can upper-bound the total completion time of A on jobs M by starting
once all machines are free after scheduling S, so at time % This increases the completion time of
each job by 1. To summarize, on the event that every large job comes up tails, we have:

1 1
EAlg- 15 < o + L + EA = O(EOpt) + o(EOpt + O(1)) = O(«) - EOpt,
where we used the guarantee of A and EOpt = Q(1).

It remains to consider the event where some large job comes up heads. In this case, we will not
use the guarantee of A. Instead, we will upper bound Alg by the cost of an arbitrary list schedule.
We define S1 = maxjc; X; and Sy to be the size of the second-largest job in J. On the event
Bn{S: < #Sl}, we note that no job is scheduled after the largest job with size S; on the same
machine (using m > 2.) Noting all other jobs have size at most #Sl, we can upper bound Alg by:

1
Alg < S1+n- =51 <25 <20pt,
n

so we have EAlg - ﬂB,Szén%Sl = O(EOpt).

Finally, we bound EAlg - BB,SQ>%51' We partition B = U By, where B, = {max;c; X; €

[2Fn®, 2871n®)}. On the event By, N {S2 > 2351}, there are at least two jobs of size at least 2¥n°.
Recall that Zje 7EX; =1, so in particular EX; < 1 for all j € J. Thus by Markov’s inequality,

P(X; > 2kn®) < 27%p=6 for all j € J. By union-bounding over all pairs of jobs in J:
1
P(Bg, Sz > —S1) < P(3 two jobs in J with size at least 2kn8) < O(n?)(27Fn=6)2.
n

Further, on the event By N {B, Sy > #Sl}, every job has size at most 2¥t1n8, so we have Alg <
n - n2kHn8 = 2k+1p10 Thus, for each k, we have:

1
k+1_10
EAlg - 11Bk752>%231 < 28IV P(By, Sy > ﬁsl)
— 2k+1n10 . O(nQ)(szTLfG)Z — O(ka)

To complete the proof, we partition B = U72 By to bound EAlg - ILB’SD%QSI:

oo o0
EAlg 15,5 15, = > EAlg- U, 5555 = 0> 27%) = O(EOpt).
k=0 k=0
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C.4 Concentration arguments

We need the following standard Chernoff bound.

Proposition C.4.1 (Chernoff bound). Let X = X;+...X,, be a sum of independent, {0,1}-valued
random variables and = EX. Then we have:

. IP’(XS(l—(S),u)gexp(—‘S%”) for all0 < 4§ < 1.

. IP)(XZ(1+5),u)§eXp(f§2T‘g) for all 0 <.

Lemma 5.4.9. Let m = Q(1) be sufficiently large. Then there exists a constant ¢ > 0 such that
for all batches k and thresholds T > 2EF*(n — n/2¥), we have E|Jy(> 7)| < m + cy/m.

Proof. Fix ¢ > 0 which we will choose sufficiently large later. Then assume for contradiction that
there exists a batch k and threshold 7 > 2EF*(n — n/2¥) such that E|J,(> 7)| > m + cy/m.

To reach a contradiction, it suffices to show that P(|Ji(> 7)| < m) < . This is because on the
complement event |Ji(> 7)| > m (which we assume happens with probability strictly larger than
1), we also have |J(> 7)| > m by Theorem 5.2.1. This implies F*(n—n/2%) > 7 > 2EF*(n—n/2k).
This would contradict the definition of EF*(n — n/2F).

For convenience, let © = E|Ji(> 7)|. By Chernoff, we have:

©w—m

—m)?
(1 ))

P(|Ji(> 7)| < m) = P(|Je(> 7)| < p(1 — 2%

) <exp(—

There are two cases to consider. Recall that by assumption, we have p > m + ¢y/m. If p > 2m,
then P(|Jx(> 7)| < m) < exp(—%) < exp(—2) < 3 for m = Q(1) sufficiently large. Otherwise,

m+cy/m < p < 2m. Then P(|Ji(> 7)| < m) < exp (—‘3227’;‘) < 3 for ¢ = O(1) sufficiently large. [

Lemma 5.4.10. Let A = O(y/mlogn) and m = Q(1) be sufficiently large. Then with probability

L the following events hold:

at least 1 — %
poly(n

{|Je(> 7)| = E|Jy(>7)| V batches k and thresholds T > 2EF*(n —n/2%)}. (5.3)

Proof. Note that there are O(logn) choices for k and L = O(logn) relevant choices for 7. Thus,
by a standard union bound argument it suffices to show that for fixed k and 7 > 2EF*(n — n/2F),

we have:
1

poly(n)’

Pl Jx(> 7)| = E[Ji(> 7)| > A) =

Now we may assume m is large enough so that E|Ji(> 7)| < m + ¢y/m < (¢ + 1)m for sufficiently
large constant ¢ > 0 (guaranteed by Lemma 5.4.9.) Then we can bound the deviation of |Ji(> 7)]
again with a Chernoff bound. Let u = E|J;(> 7)|. We take A = O(,/fzlogn) = O(y/mlogn).

There are two cases to consider. If u < A, then the lower tail is trivial:
P(|Jp(> 7)| < p—A) <P(|Jx(> 7)| < 0) =0.
For the upper tail we use Chernoff:
A ) < exp(—A:) -
2+ A 3A poly(n)

B(Jk(> )] > i+ A) = B(lJe(> )| > (1 + ﬁm < exp (—
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Otherwise, 11 > A, so in particular 2 < 1. Then we use Chernoff for both the lower- and upper

. M -
tails:

2
P(|Ji(> 1) < p+ D) = P(lJ(> 1) < (1 + ﬁm < oxp “iﬂ B pol}lf(n)'
A A? A !
PTG 7l 2 p4 A) = P(I(> 1)l 2 1+ 2w) S exp (= = 0) s exv (=5 0) = S
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