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Abstract

In this paper, we propose a general framework for online scheduling problems
in which each machine has multiple states that lead to different processing times.
For these problems, in addition to deciding how to assign jobs to machines, we also
need to set the states of the machines each time they are assigned jobs. For a wide
range of machine environments, job processing characteristics and constraints, and
cost functions, we develop a 5.14-competitive deterministic online algorithm and a
3.65-competitive randomized online algorithm.

The online weighted traveling repairman problem belongs to this general frame-
work, and both our deterministic and randomized online algorithms lead to lower
competitive ratios than the current existing ones in the literature. In addition, we
include a complete proof that the online algorithm ReOpt (re-optimizing the route
of the repairman whenever a new request is released) is almost surely asymptotically
optimal for a probabilistic version of this problem.

Keywords: online algorithms; competitive analysis; machine scheduling; multi-
state; traveling repairman; deterministic and randomized algorithms

1 Introduction

In an online scheduling problem, jobs are released over time and an online algorithm,
knowing only the jobs released so far, is to assign jobs to machines in an online fashion
to minimize a given cost function of all job completion times. Competitive analysis is
a standard performance metric for evaluating an online algorithm, and is based on the
concept of competitive ratio, which, in our context, is defined as the supremum of the
ratio (among all problem instances) between the overall cost of the online algorithm and
that of the optimal offline algorithm which has the full knowledge ahead of time about
all jobs to be released. A lower competitive ratio implies a better online algorithm.
One limitation in the majority of the scheduling literature (in particular when deal-
ing with the online version of the problems) is the assumption that the processing time
of a job depends only on its assigned machine. This assumption is not realistic in
applications where each machine has multiple states that lead to different processing
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times. This is the case for many manufacturing problems such as producing paper bags,
semiconductors, and automobiles [2, 28, 42, 46]. For example, Pinedo [42] describes an
application in a paper bag factory, where a machine has different states, each corre-
sponding to the size of bags and the combination of colors the machine can produce.
Problems involving multiple machine states are typically studied in the offline (but not
the online) setting and under the simplification that each job can only be processed
in the minimal-processing-time state. However, this simplification fails to consider the
state-transition time, which may also be important in an overall time-objective. In this
paper, we study the more general set-up where we remove the above-mentioned sim-
plification, and where we consider an online setting. In particular, as we will see, our
algorithms will need to balance the tradeoff between minimizing the processing time
and the state-transition time.

1.1 Owur Contributions

First, we formulate a new class of online scheduling problems. In this setting, each
machine has a state that can be controlled over time and the processing time of jobs de-
pends on the machine state. In addition, we introduce a family of generic cost functions
for these problems that can describe several practical objectives such as minimizing the
total weighted completion time and the quota-collecting makespan. The offline version
of this new online scheduling problem is NP-hard, because it includes the Weighted
Traveling Repairman Problem (WTRP) as a special case. Therefore, solving the offline
version efficiently is challenging per se. We restrict our attention to quantifying the
competitive ratio and do not consider the computational complexity aspect of an online
algorithm.

Second, for this new generic class of scheduling problems, we derive deterministic
and randomized online algorithms (PAC and RPACY) using a plan-and-commit ap-
proach, where algorithms plan the schedule of jobs and the control of machine states at
predefined geometric time steps, and commit to the plan (regardless of newly released
jobs between these time steps). The analyses of the specific plan-and-commit-based
online algorithms in the classical online scheduling and online WTRP literature use
a summation-transformation proof technique. However, this proof technique cannot
be applied to our versions of algorithms, which makes it difficult to obtain a provable
low competitive ratio. We address this challenge by using a factor-revealing-linear-
program-based proof technique, and obtain a low-competitive-ratio online algorithm for
all problems in the general framework. Our competitive ratios (5.14 for PAC and 3.65
for RPACY) are smaller than the existing ones for the online WTRP (a special case in
the general framework) in both deterministic and randomized settings (where the best
existing results are 5.83 and 3.87, respectively).

Third, for a probabilistic version of the online WTRP, we provide a complete proof
that the algorithm ReOpt (re-optimizing the route of the server whenever a new request
is revealed in a greedy fashion) is almost surely asymptotically optimal as the number
of requests approaches infinity.



1.2 Related Work

There has been extensive research on problems related to ours. Here we give a review
of relevant work, organized around three main categories, as follows.

Scheduling Problems: The area of scheduling has a rich literature. The central ques-
tion in a scheduling problem is to determine at what time and to which machine each job
is assigned to minimize a given cost function. Different machine environments (single
machine, parallel (identical) machines, or unrelated machines, etc.), processing charac-
teristics and constraints (preemption/preemption-repeat/non-preemption, release date
constraints, precedence constraints, etc.), and cost functions (makespan, total comple-
tion time, etc.) result in many different versions of scheduling problems. We adopt the
conventional three-fold notation a|g|y first introduced in [19] for describing some of the
classical scheduling problems. The « field represents the machine environment, the 3
field represents the processing characteristics and constraints, and the ~y field represents
the cost function. For example 1|r;| >  w;c; refers to the problem of minimizing the
total weighted completion time on one machine subject to release-date constraints, and
Plr;j| > wjc; is the corresponding problem when there are m identical parallel machines.
The reader is referred to [19] and [42] for comprehensive reviews.

The predominant models in the scheduling literature assume the processing time of
a job to be a function of the machine-job pair assignment. There are two models that
do not require this assumption, and they are mostly studied in the offline case. The
first such model corresponds to scheduling problems with controllable processing time
(for surveys, see [40, 43]). In this model, the processing time of a job depends on the
resource allocated to the machine, and costs for allocating resources are imposed. The
second such model corresponds to scheduling problems with sequence-dependent set-up
time (for surveys, see [1, 2]). In this model, the overall processing time of a job depends
on the job processed by the machine right before it. Kim and Bobrowski [29] and Vinod
and Sridharan [45] study this last model in a dynamic setting, when jobs arrive over
time and obtain simulation-based results. However, to the best of our knowledge, no
previous work along these two directions has considered a competitive analysis for online
algorithms when the processing time of a job is not a function of the machine-job pair,
except for the special cases of online Vehicle Routing Problems VRPs (discussed later).
We study general online scheduling problems whose offline setting goes beyond the
sequence-dependent processing time model, and design online algorithms with provable
competitive ratios.

Online scheduling has been studied extensively for the basic model where the pro-
cessing time of a job is a function of the machine-job pair. Among these problems,
most relevant to our work are the ones with the cost function being the total (weighted)
completion time of all jobs [3, 12, 13, 16, 18, 21, 33, 37, 38, 41, 44]. The goal in this
line of research is to derive online algorithms with the smallest competitive ratios. Re-
cently, Glinther et al. [20] develop an algorithmic approach that can approximate the
best-possible competitive ratios for many versions of these problems. We note that the
solution techniques described in most of the papers cited above cannot be adapted to fit
our problems because the effect of the machine states on the processing time is not taken
into account. The only possible exception is [21] whose ideas can be used to design algo-
rithms for our problems (see the discussion below in the solution techniques). However,
our approach involves other design ideas which allow us to get improved competitive



ratios.

Online Vehicle Routing Problems: In the online VRPs, a server with a unit speed
limit is to visit requests that are located in a metric space and released over time. The
server is originally located at a prescribed depot. Different characteristics of requests
(weights, precedence constraints, capacity constraints, etc.), cost functions (the quota-
collecting makespan, total weighted completion time, etc.), and underlying metric spaces
(the non-negative real line, the real line, general continuous metric spaces, discrete
metric spaces, etc.) result in different problems. The reader is referred to [24] for a
survey.

The online VRPs are special cases of our new class of scheduling problems when
we view the servers as the machines and the location of a server as the state of the
corresponding machine. The online VRPs are more restrictive because when a machine
(a server) finishes processing a job (a request), the machine state (the server location)
always corresponds to the location of that job and thus cannot be selected by the
algorithm. The specific class of cost functions we study here covers classical online
VRPs such as the online WTRP (discussed more later), the nomadic version of the
online quota traveling salesman problem [5, 6, 22], and the latency online dial-a-ride
problem (with infinite capacity) [11, 14, 32] (see Remark 2.3 for detail). Therefore, our
general online algorithms can be applied to the above online VRPs. Our algorithms
and competitive analyses can also be applied to the latency online dial-a-ride problem
with capacity constraints. Moreover, both our deterministic and randomized online
algorithms achieve better competitive ratios than the existing ones for the online WTRP
and the latency online dial-a-ride problem (with or without capacity constraints).

The online WTRP is a version of the online VRP in which the objective is to min-
imize the total weighted completion time. We provide here a more detailed literature
review about the online WTRP because the technical aspect of this problem is relevant
to ours. Feuerstein and Stougie [14] propose a deterministic 9-competitive online algo-
rithm and show that no deterministic online algorithm has a competitive ratio lower
than 2.41 when the metric space is the non-negative real line. With some minor modi-
fications, the 9-competitive online algorithm becomes 3.5-competitive when the metric
space is the non-negative real line [32]. Krumke et al. [31] prove that 2 and 2.33 are
lower bounds on the competitive ratios of any randomized online algorithm for the real
line and for general metric spaces respectively. Jaillet and Wagner [23] and Krumke et
al. [31] propose two different deterministic online algorithms with a competitive ratio of
5.83 for general metric spaces. The randomized versions of these two online algorithms
both have a competitive ratio of 3.87.

The latency online dial-a-ride problem is a variant of the WTRP. In this problem,
a request contains a source location and a destination location, and the server needs
to transport the request from the source to the destination. The 5.83-competitive de-
terministic and 3.87-competitive randomized online algorithms for the online WTRP
can also be applied to the latency online dial-a-ride problems (with or without capacity
constraints) [23, 31]. For the online latency online dial-a-ride problem with capacity 1,
Feuerstein and Stougie [14] prove that any deterministic online algorithm has a com-
petitive ratio of at least 3 when the metric space contains the real line.

An interesting algorithm for the online WTRP is ReOpt, which re-optimizes and
follows the route that minimizes the total weighted completion time of requests that
have not been served whenever a new request is released. The algorithm ReOpt belongs



to the class of zealous algorithms, defined by Blom et al. [9], in which the server always
travels with the maximum speed when there are requests that have not been served and
may change directions only when either it arrives at a request location or a new request
is released. To the best of our knowledge, the only zealous algorithm for which a com-
petitive analysis has been applied is a 6.04-competitive deterministic online algorithm
proposed by Ausiello et al. [7] for the real line. Therefore, it is unknown whether the
competitive ratio of ReOpt is finite or not, even for the real line.

Jaillet and Wagner [25] give the only known performance guarantee for ReOpt. They
show that, under some stochastic assumptions, ReOpt is almost surely asymptotically
optimal, i.e., it has a competitive ratio of 1 almost surely when the number of requests
goes to infinity. However, the proof of this result relies on the validity of a statement
(Lemma 5 in [25]) whose proof is problematic and cannot easily be fixed. Instead, we
propose in this paper an alternative complete proof.

Solution Techniques: The core idea in the design of our algorithms is to divide
time into geometric steps, and control the machine states and assign jobs to machines
at each time step via solving a specific auxiliary (offline) problem. Jaillet and Wag-
ner [23] and Krumke et al. [31] apply this idea with an auxiliary problem consisting
of maximizing the total weight of the requests to be completed by the next time step,
and derive a 5.83-competitive deterministic algorithm and a 3.87-competitive random-
ized algorithm for the online WTRP. When applied to the classical online scheduling
problems 1|r;| > wjc; and P|rj| Y  wjc;, the idea of using such an auxiliary problem
leads to a 4-competitive deterministic algorithm and a 2.89-competitive randomized
algorithm [21]. The competitive ratios of these algorithms are obtained based on a
summation-transformation proof approach, which compares the cost of the online algo-
rithm and that of the optimal offline algorithm using the following transformation of
summation: Y wjc; = [° 3 jieyza Wi dz. This transformation provides an expression
suitable for comparing the costs between the online and the optimal offline algorithms
because at each time step, the total weight of requests not completed by a deadline
(proportional to the time step itself) of the solution to the auxiliary offline problem
is at most that of the optimal offline algorithm. This particular auxiliary problem
and the summation-transformation proof technique have also been applied to derive
polynomial-time approximation algorithms for the (offline) TRP [10, 17].

Instead of the actual completion time, the above auxiliary problem only considers
whether a request is served by a deadline, which is a major drawback due to its “low
resolution”. Ideally, in addition to maximizing the total weight that can be completed by
the next time step, we want the auxiliary offline problem to simultaneously minimize the
total weighted completion time of requests that are completed by the next time step. For
the classical online scheduling problem 1|r;| Y~ w;C}, Hall et al. [21] address this issue by
using a two-stage optimization approach: finding the optimal order for serving those jobs
so as to minimize the total weighted completion time after solving the original auxiliary
problem. The modified schedule is feasible for 1|r;| Y w;C; because the total processing
time does not depend on the order in which the jobs are scheduled. With this two-stage
optimization approach, Hall et al. [21] obtain a 3-competitive deterministic algorithm for
1|rj| > w;C;. However, this approach does not have an analogy for the online WTRP
because the completion time of the last request depends on the order in which the
requests are served and thus the order that minimizes the total weighted completion
time can be infeasible with respect to the deadline constraint. Here we attempt to



solve two optimization problems simultaneously by setting the objective functions to
be the summation of the two original ones. At a conceptual level, Koutsoupias and
Papadimitriou [30] use this idea in the design of the well-known (2k—1)-competitive
Work Function Algorithm (WFA) for the online k-server problem, but their approach
bears no similarity to ours on a technical level.

The summation-transformation proof technique described earlier does not provide
useful competitive ratios for our algorithms. Therefore, we derive a competitive analy-
sis using factor-revealing Linear Programs (LPs), i.e., LPs whose objective values corre-
spond to the quantity of interest (in our case, an upper bound on the competitive ratio).
Although the factor-revealing-LP approach has been used to calculate the approximation
ratio or competitive ratio of algorithms in many problems [4, 15, 26, 27, 34, 35, 36, 39],
its application to our problems remains challenging because of the particular choice
of suitable variables, objectives, and constraints for factor-revealing LPs strategies to
become successful.

1.3 Organization

In Section 2, we formulate a new class of online scheduling problems where each machine
has multiple states, and the processing time of jobs depends on the states of the ma-
chines. In addition, we define a new family of cost functions including several classical
ones such as the total weighted completion time. Finally, we show that the online VRPs
are special cases of the newly defined online scheduling problems.

In Section 3, we consider the online WTRP because the solution to this special case
provides intuition on how to approach the general case. We define a new family of
parameterized online algorithms, analyze the algorithms, and find the parameters that
give the lowest provable competitive ratios. By doing so, we obtain a 5.14-competitive
deterministic online algorithm and a 3.65-competitive randomized online algorithm. We
cannot prove that the analysis is tight as the best lower bounds we have obtained on
the competitive ratios of the above two algorithms are 4 and 2.82 respectively. Finally,
we consider a probabilistic formulation of the online WTRP and provide an alternative
complete proof that ReOpt is almost surely asymptotically optimal as the number of
requests approaches infinity.

In Section 4, we consider general online scheduling problems with multi-state ma-
chines when the cost belongs to our new family of cost functions (following some minor
technical assumptions, as discussed in Appendix A). The analysis for the parameterized
online algorithms designed for the online WTRP as in [23, 31| cannot easily be applied
to the general setting, because the cost functions are not necessarily linear in the com-
pletion times of jobs. Therefore, we construct online algorithms for the general problems
based on the parameters that lead to the best provable competitive ratios for the on-
line WTRP, and analyze only the resulting online algorithms. By doing so, we obtain
5.14-competitive deterministic and 3.65-competitive randomized online algorithms.

Finally, in Section 5, we summarize our results and conclude with four open prob-
lems.



2 Problem Formulation

In Section 2.1, we formally describe the online scheduling problem with multi-state ma-
chines. In addition, we introduce a generic class of cost functions, which we call the
total costs of active projects. In Section 2.2, we formally describe the online WTRP and
show that the online WTRP is a special case of the new class of scheduling problems.

2.1 Online Scheduling with Multi-State Machines

Machines: We assume that we have m machines, indexed by i € [m] £ {1,2,...,m},
where each machine ¢ can process at most one job at a time. Each machine ¢ has an
internal state s; that can be controlled over time ¢ € R>g. The state of machine ¢ is
assumed to take values in a metric space (M, d;), with the initial state being a prescribed
origin O; € M;. The distance d;(s}, s?), si,s? € My, is defined to be the minimum time
required for the state of machine i to change from s} to s?. When being directed to go
from state s} to s?, machine i commits itself to a time duration of d;(s}, s?) and cannot
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process any job during that period.

Problem Instances and Jobs: A problem instance I is composed of a finite set of n
jobs, indexed by j € [n], where the size n is different across problem instances. Each job
J is characterized by a release date r; € R>, a function p;; : M; — R>( of processing
time for each machine i € [m], and some other characteristics p; belonging to a set P
(to be defined later):

e The release date r; is the earliest time at which any machine can start processing
job j. Without loss of generality, we assume 0 <71y <719 < --- <1y

e The function p;;, i € [m], is defined such that for any state s; € M, p;;(s;) is
the required time for machine i to process job j when in state s;. In the basic
setting, we do not allow preemption, meaning that once machine 7 in state s;
starts processing job j at time ¢, ¢ € R>g, both the machine 7 and the job j
commit themselves for the duration p;;(s;): the machine ¢ cannot process any
other job and the job j cannot be processed by any other machine during that
period. Also, we assume we cannot control the machine state when it is processing
any jobs, and processing a job does not change the machine state. As a result,
the completion time of job j, denoted by c;, will be ¢; 2 ¢ + pij(si).

e The other characteristics p; are used to define the cost, which we will discuss next.

e In the offline version of the problem, the number of jobs n and the characteristics
of all the jobs are known ahead of time. In the online version, the number of jobs
n is not known ahead of time and the characteristics of job j are revealed to the
online algorithms at its release date r;.

Cost Functions: We introduce a generic class of cost functions, which we call the
total costs of active projects. Before describing its mathematical formulation, we first
introduce the intuition behind it and illustrate the idea with two examples.

In our setting, the overall cost is the summation of the costs contributed by projects.
The list of projects is given in advance irrespective of the problem instance. Each



project corresponds to completing a set of jobs whose characteristics collectively satisfy
some conditions; the project is said to be active when the jobs released so far include
a subset of jobs whose characteristics collectively satisfy those conditions. Only active
projects are counted in the overall cost. The cost of an active project is a function of the
completion time of that project (i.e., the earliest time when all jobs in one of the sets
defining the project are completed). For simplicity, we call the above completion-time-
to-cost function the cost function of that project. A project’s cost function is realized
when it becomes active, using the characteristics of jobs released so far. Note that the
characteristics of the jobs determine both the “activeness” and the cost function of each
project. Therefore, we need to define P and p; € P, j € I, accordingly (recall that
p;j € P gives the characteristics of job j other than r; and {p;;}i*,).

This class of cost functions covers many classical ones, including the following two
examples:

1. The total weighted completion time (3 wjc;).

2. The quota-collecting makespan, i.e., the earliest time when the total value (v; €
R-g) of completed jobs achieves a prescribed quota @ € R~g. This corresponds

to ming Y jes v;>Q MAXjes €.

In the first example, a (possibly countably infinite) number of projects, which can be
labeled as N, are involved, where project 7 € N corresponds to completing a particular
job j. Project j is active if and only if job j is in the problem instance. Following
the definition, the completion time of an active project j is the same as the completion
time of the job j. At the time when project j becomes active, w; is revealed to online
algorithms, and the cost function is defined to be hj(x) = wjz,z € Rx>o. Because
we need w; to calculate the cost function of project j, w; is included as one of the
characteristic of job j, setting P = R and p; = w;.

In the second example, there is only one project, which consists of completing a
set of jobs whose total value achieves/exceeds a given quota ). The project is active
if there exists a subset of jobs in the instance whose total value achieves/exceeds the
quota. We need the value v; of each job j to determine whether the project is active.
Therefore, we include v; in the characteristics of a job by setting P = R+ and p; = v;.
If the project is active, then the cost function is simply the identity function. Now
let us formally describe the definition behind the total costs of active projects. In this
setting, a (finite or infinite) collection of projects K is given a priori, independent of
the problem instance. Each project &k € K is defined by a satisfying set indicator 1,
which defines whether a particular set of jobs’ characteristics collectively satisfy the
conditions specified by project k; and a cost function hy, which relates the completion
time of project k to the amount it contributes to the overall cost:

e The satisfying set indicator 1; of a project k € K is a binary function that maps
a subset S of jobs with corresponding characteristics (pj|j € S) to whether the
characteristics of jobs in S collectively satisfy the conditions specified by project
k or not. Note that in a problem instance, there might be zero, one, or multiple
sets S such that 15(S, (pj|j € S)) = 1. For each problem instance I, the notation
K (I) denotes the set of all active projects, or mathematically,

K(I) £ {klk € K,3S C I such that 1;(S, (p;|j € 9)) = 1}.



The completion time of an active project k € K(I), denoted by xg, is defined to
be the earliest time at which all jobs in one of the satisfying sets are completed,
or mathematically,
— min max c;.
SCI,1,(S,(pjlieS))=1 jES

e The cost function hy of a project k € K(I) relates the completion time zj to

the cost contributed by project k. As discussed earlier, the cost function h; can

depend on the following characteristics of jobs:

piljel,r; < min max 7
Gl T T S 14(S,(pyli€S))=1 j'€S )

where the quantity given by the MinMax operator is the time when project k
becomes active (recall that r; is the release date of job j).

The cost defined by the total costs of active projects is then

cost(I) £ Z hi (zg) .
)

keK (I

In Table 1, we describe how the following three classical cost functions can be described
using our framework: the total weighted completion time (> ;W5 ¢;), the quota-collecting
makespan (mins‘zjesijQ maxjeg ¢j), and the discounted total weighted completion

time (3_; w;(1—e™"9)).

Table 1: Three classical cost functions formulated as the total costs of active projects

Cost K P Lo [5G0 € 8) =1 @)

> Wicy N | Ry | wj | S={k} KT
minS|Zj€Svj2QmanESCj {1} | Rso | v Zjespsz x

Sy —e ) N | Foo [w; [ 5= (8 =)

For our results to hold, we need to impose the following assumption on the cost
functions:

Assumption 2.1. For any k € K(I), hy is non-decreasing and concave, and hy(0) = 0.

We assume that h; is non-decreasing because a greater completion time for a project
does not decrease its cost for most practical applications. We assume hy(0) = 0 because
a project completed at the start should not contribute any cost. Concavity captures
many practical cost functions, including the three in Table 1. This assumption is appli-
cable to problems where the unit-time cost for a project k until completion is decreasing
in time, that is, when hg(t + 0) — hg(t) is decreasing in ¢ for any § > 0. For discussion
on the necessity of imposing such an assumption, see Appendix B.

Algorithms: In this paper, an algorithm determines the states of the machines and the
schedule of jobs over time ¢t € R>( subject to the constraints regarding machines and jobs
described earlier. Based on the available information of the problem instances at time ¢,
we classify the algorithms into offline algorithms that know the entire problem instance I
from the start, and online algorithms that know only jobs with release dates up to time ¢,



e, It 2 {(rj, {pij}"1, pj)|r; < t}. The goal is to design online algorithms with strong
performance in term of competitive analysis without consideration of computational
complexity.

Online algorithms can be further classified as deterministic or randomized online
algorithms. A deterministic online algorithm determines the machines states and the
assignment of jobs at time ¢ as a function of I;. A randomized online algorithm ran-
domizes over a collection of deterministic online algorithms.

For notational convenience, for a deterministic (online or offline) algorithm called
ALG, we denote by cj‘LG the corresponding completion time of job j7 € I and :EﬁLG the
corresponding completion time of project k € K(I). In addition, we denote the cost of
the problem instance I under the deterministic algorithm ALG as

ALG(I) & Y7 by (279).
keK(I)

For a randomized online algorithm called ALG, defined by a collection of determin-
istic algorithms {ALG(w)} where w is drawn from a probability distribution A, we
denote ALG(I) as the expected cost under the problem instance I, i.e., ALG(I) =
Eyoa(ALG(w)(I)). We drop I and w when it is clear from context.

For each problem instance I, we define OPT(I) as the infimum of the costs among
all algorithms, i.e.,

OPT(I) £ inf ALG(I).
ALG

When the infimum is attainable, OPT(I) corresponds to the cost of an optimal offline
algorithm. Here we use the infimum rather than the minimum in the expression of
OPT(I) because we use its value as a baseline for evaluating the online algorithms,
but are not concerned about whether this value can be achieved by any specific offline
algorithm and how this value can be computed.

However, we can show that the infimum is achievable under some technical assump-
tions (see Appendix A) using an argument similar to that of Lemma A.3.

In this paper, we wish to design online algorithms with costs “close” to OPT([).
This performance metric can be formalized as the competitive ratio, as described below:

Definition 2.2 (Competitive Analysis). An online algorithm ALG is c-competitive,
¢ € R>q, if for any problem instance I,

ALG(I) < cOPT(I).

The competitive ratio of ALG is the infimum of ¢ such that ALG is c-competitive.

2.2 Online Weighted Traveling Repairman Problem

In this section we show how the online Weighted Traveling Repairman Problem (WTRP)
can be seen as a special case of the general framework described in Section 2.1.

Let us first describe the online WTRP in precise terms. In this problem, a single
server (the repairman), initially located at a depot D € M travels in a metric space
(M, d) with a unit speed limit in order to visit requests located in the metric space. A
problem instance consists of a finite list of n requests, indexed as 1,2, ...,n, where n is
instance-specific. Each request j € [n] has a release date 7‘; € R>o, a location [; € M,
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and a weight w;- € Ryg. The completion time of request j is the earliest time greater
than or equal to 7’3- at which the server arrives at [; (the on-site service time is zero).
The objective is to minimize the total weighted completion time.

Let us now show how we can formulate the online WTRP as a scheduling problem
within our general framework. In this formulation, there is only one machine, i.e.,
m = 1. The machine state represents the server location, i.e., (Mj,d;) = (M,d) and
01 = D. Each request corresponds to a job with the same release date. The location of
a request is included in the definition of the processing time of the corresponding job:
when the state of the machine is at the location of the request, the processing time is

0; otherwise, the processing time is infinity, i.e.,

0 ifl’:lj,
P1;() = {oo if o # 1.

The characteristics of jobs and the projects are defined so that the cost is the total
weighted completion time, as described in Table 1.

Remark 2.3. The release date and the processing time in the above formulation are
applicable to many variants of the VRPs. For example, when the cost function is the
quota-collecting makespan as described in Table 1, the problem becomes the nomadic
version of the online quota traveling salesman problem [5, 6, 22]. If we allow precedence
constraints in the problem formulation, our general framework can cover the latency
online dial-a-ride problems (with infinite capacity) [11, 14, 32]. In any of these two
problems, a request j is characterized by (77, u;,v;, w}), where 7% and w’; are the release
date and the weights, and u; and v; are the source and destination locations of the
request, and the request has to be delivered from w; to vj. Our general framework can
describe this request by setting two jobs, labeled as 2j—1 and 25, where roj_; = r9; =1/,

,7’
0 if x = uy, 0 if 2 = vj,
Pl {oo if @ # uj, Pt {C’O it # vy

woj—1 = 0 and woj = w;-, and imposing the precedence constraint that we cannot start
job 27 until we have completed job 25 —1. We can describe the latency online dial-a-ride
problems by setting the cost function to be the total weighted completion time.

3 The Online Weighted Traveling Repairman Problem

In this section, we study the online WTRP as formulated in Section 2.2. More precisely,
in Section 3.1, we propose and analyze a family of deterministic online algorithms. In
Section 3.2, we consider the randomized versions of these algorithms. In Section 3.3,
we study a probabilistic version of the online WTRP, and provide a proof that ReOpt
is almost surely asymptotically optimal.

3.1 («,p)-Plan-and-Commit

In Section 3.1.1, we propose a family of algorithms, parameterized by a pair of numbers
(o, B) satisfying a € (0,1] and S € [a,00). In Section 3.1.2, we analyze the proposed
algorithms and provide upper and lower bounds on the competitive ratios, and determine
the parameters («, ) that lead to the smallest provable competitive ratio.
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3.1.1 The Algorithms

For each pair of real numbers («, 8) such that a € (0,1] and 8 € [a, 00), we define a
deterministic online algorithm (c, f)-Plan-and-Commit (PAC, g) as follows:

Algorithm 1 (a, 5)-Plan-and-Commit Algorithms (PAC, g) for the online WTRP

1. Initialization

The server stays at the depot D during the entire initialization phase.

(a) At time t = 0, set 7 « min{d(D,l;)|j € Ip,l; # D}. By convention, if
{j € In,l; # D} is an empty set, then set 7+ oco.

(b) At time ¢t € (0,7), if a request is revealed, then set ¢; < ¢ and end the
initialization phase.

(¢) At time t = 7, set t; < 7 and end the initialization phase. (If both
{j € In,l; # D} and I\ Iy are empty sets, then 7 remains co and there will
be no end to the initialization phase.)

At the time when the initialization phase ends: For all positive integer [, set
t; < t1 x (1 +2a)""!. Define R; £ Iy, .

2. Repeat for [ =1,2,...,

(a) Plan: At time ¢t = ¢;, calculate what an offline algorithm, ALG;, would have
done between time 0 and at; to minimize ) w;fa g(cj, ).
JER;
Denote by A; the set of requests in R; completed by ALG; before time at;.
(b) Commit:
e During time t € [t;, (1 + a)t;], follow a delayed version of the route of
ALG (delayed by t;).
e During time t € [(1+ «a)t;, (1+ 2a)t;], return to the depot D by traveling
through the reverse of the route of ALG;.

(c) At time #;41, define Ripq £ (R \ A)) U (I, \ 1)

The algorithm PAC, g has two major phases: initialization and iterations.

Initialization Phase: The server stays at the depot D during the entire duration of
this phase. The phase begins at time 0 and, assuming it ends, transitions to the second
phase at a time t1, which is a time variable computed by the algorithm PAC, g. Let us
explain how our algorithms compute ¢;. For reasons that will be clear when we analyze
the algorithms, the value t; must satisfy the following two conditions:

1. The time ¢; needs to be non-zero to ensure the geometric series {t; = t1(1 4+
2a)!71}2°, is unbounded (recall that we have assumed o > 0 so 1+ 2a > 1).

2. No request j can be completed before time t1/(1 4+ 2«) by any online or offline
algorithm (including OPT') except for the simple case where r; =0 and I; = D.

12



The online algorithms calculate t; as follows. Let 7 be a time variable updated by
PAC, g that will end up being ¢; when the initialization ends. At time ¢t =0, PAC, g
sets 7 to be either the distance between the depot and the nearest (but not at the depot)
request with release date 0, or oo if there are no requests with release date 0 which are
away from the depot. Note that because the server has a unit speed limit, we can set
the value of the time variable 7 to be a distance. After time 0, if no request is released
before 7, then PAC,, g sets t; = 7. Otherwise, PAC,, g sets t1 to be the earliest release
date of such requests. Note that in the case where all the requests are at the depot and
are with release dates 0, the initialization phase will never end. However, in this case,
the completion time of all requests will be 0 for all online and offline algorithms, and
hence the cost will be 0 for both the optimal offline algorithm and PAC, g. Therefore,
such problem instances have no impact on the competitive ratio of the algorithm and
we can ignore them when analyzing the competitive ratio.

Clearly, Condition 1 is satisfied from the way we have defined ¢;. To see that
Condition 2 is also satisfied, we note that the server has a unit speed limit. Therefore,
request j cannot be visited before time d(l;, D). Furthermore, request j cannot be
visited before its release date r;. Thus, for any online or offline algorithm ALG, C?LG >
max (r5,d(l;, D)). On the other hand, the variable ¢; determined by PAC,, g is at most
min; max (rj, d(lj, D)). Therefore, for any online or offline algorithm ALG, t;/(14+2ca) <
tl S C}ALG.

Before starting the first iteration of the second phase at time t;, we define Ry to
be the set of all requests with release date at most ¢, i.e., Ry = I;,, and we define
ty =1t x (1 +2a)~! forall I > 1.

Iterations Phase: For any [ > 1, the [ iteration begins at time ¢; and ends at time
tii1, i.e., [t;, t;o1]. The algorithm is called Plan-and-Commit because it plans the route
at time t; and is committed to follow that route until time #;, 1, regardless of the requests
released between time ¢; and ¢4 1.

At time t;, we define an auxiliary offline problem as follows:

minimize Z wj fa.p(cj, 1)
JER

where

x ifx <ay

fa,ﬁ(x7y) = {

By ifz>ay

and the set R; is defined either in the initialization phase (if [ = 1) or in the previous
iteration (if [ > 2). It is clear that an optimal solution exists for this auxiliary problem
whose objective value can be attained by an algorithm. This is because the number
of permutations of jobs in R; is finite, and for each permutation (giving the order the
requests are served) the best way to serve them is to travel between them along shortest
paths, and if necessary, wait at the location of a request until it is released before
traveling to the next one. Call the optimal algorithm ALG;, and let C?LGZ, 7 € Ry,
be the corresponding optimal completion times. Note that ALG; is an algorithm that
starts at time 0. Also, even though all optimal completion times are well defined by
ALG, for any job j for which C?LGI > at;, the completion time is replaced by a penalty
term (t; in the objective value of the auxiliary problem.

13



In other words, one can think of at; as a deadline for the auxiliary problem. For
each job in R; whose completion will exceed at;, and so will be part of the set Ry in
the auxiliary offline problem associated with the next iteration (remember that t;; =
(1 4+ 2a)t;), then its contribution to the objective function at iteration [ is instead
associated with the term St;.

In the extreme case when § — oo, the auxiliary offline problem puts an emphasis
on requests that can be completed before the next time step. The other parameter «
represents a tradeoff between using more information in the auxiliary offline problem
and having a smaller ratio between successive time steps. To see this, we note that the
route of the optimal solution in the auxiliary offline problem is only related to requests
revealed up to time at;. Therefore, when « is larger, we use more information for the
design of ALG;. However, when « is larger, the deadline at; is also larger, and the
online algorithm needs to spend more time to visit the requests served by ALG; up to
time at;.

The online server follows a delayed version of the route of ALG; (delayed by t;) for
a duration of at; starting at time ¢;. The server then travels through the reverse of the
route of ALG; and returns to the depot D at time (1 + 2a)t; = £141.

We denote by A; those requests in R; that have a completion time no greater than
at; under the offline algorithm ALG;. Following the definition of A;, for all j in A;, the

. . . PAC, .
completion time of our algorithm, ¢ # | satisfies

PAC
c. ¢

ALG
i l’ (]‘)

T <t +c
At time t;, 1, we finish the I* iteration by defining R;1 to be R; minus A; plus the
requests with release dates in the time interval (t;, t;11], i.e., Rip1 £ (R\\A)U(Iy,,  \Iy,),!
which is guaranteed to be a superset of all released and not visited requests at time ;1.
We close the description of the algorithm by discussing three possible alternative
options one could imagine for the design of ALG}, and their impacts on the results we
have obtained on competitive analysis, as described in Section 3.1.2.

1. Approximating the auxiliary problem: If ALG; is an approximate solution to
the auxiliary offline problem, then, in general, the analysis in Section 3.1.2 fails
because Lemma 3.9 requires ALG) to be an exact optimal solution.

2. Replacing the release dates of requests in R; by 0: Since the online algorithm fol-
lows a delayed version of ALG|, it may appear that the release dates of requests in
R; are not relevant and could be replaced with 0 when solving the auxiliary offline
problem. However, doing so will break our analysis, in particular, Lemma 3.12.
One intuition for why it is important to keep the release dates of requests in R;
when designing ALG; goes as follows. The release date of a request is a lower
bound on the completion time of the request in any online or offline algorithm,
so the optimal offline algorithm has a “tendency” to serve requests with smaller
release dates earlier. By keeping the release dates of requests in R;, ALG; and
PAC, g would also have a “tendency” to serve requests with smaller release dates
earlier, and thus become more like the optimal offline algorithm, which is useful for
achieving a lower competitive ratio. Removing the release dates while designing
ALG; would eliminate this useful feature.

'The sets Lgl+1 and I, are derived from the definitions of I, t;41, and ¢;.
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3. Re-optimizing after computing A;: At each iteration [, if we replace ALG; by
an alternative algorithm ALG) that minimizes the total completion time of re-
quests in A; subject to the constraints that all requests in A; are completed and
the server returns to the depot D at time ¢, then the upper bounds on the
competitive ratios are still valid because the total cost of the online algorithm

corresponding to {ALG}}{2, is at most Y 7% Y. 4 w; (tl + c LGy ) which is at

ALG
most Y 72) D e 4, W <tl +¢ l)

3.1.2 Competitive Analysis

We first describe our results. The detailed proofs regarding the upper bounds and lower
bounds appear in Subsections 3.1.2.1 and 3.1.2.2, respectively.

Upper Bounds: For general pairs of («, ) satisfying a € (0,1] and 8 > «, the low-
est upper bounds that we prove are related to the following linear program, which is
parameterized by a positive integer V:

For 8 =«
maximize Cn +Tp (LP%L(N))
(C1,C2,..0N T0,T1,..., T —1)ERZY ’
subject to
Cit1 — C’>N(T Tit1) fori=0,...,N—1
(2a)
+ 1
Ci+1—CiSW(Ti—Ti+1) fori=0,...,.N -1
(2b)
o
1> — — T 2
> 26CN + g Lo (2¢)
6 B N 6 2N . N
T < T i T [ f — PN -
O+ Tgq 10 = Gt AT Cpacany g T for =000 |5
(2d)
where Cy and T are defined to be 0.
For 8 > «
maximize Cn + Ty (LP2L(N))
(C1,C2,..0N 0, Th,.., T —1) ERZY ’
subject to
(2a), (2b), (2c), (2d)
202 —a(l+2
1> < Oy 4+ QB =l £20)) hir g oy (2e)

(1+2a)(8 — )

where Cy and Ty are defined to be 0.

(1+2a)(8 — )

The main result can be stated as follows:
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Theorem 3.1. Let (o, B) be a pair of real numbers satisfying o € (0,1] and B > «.
For any positive integer N, the objective value of L aetB(N) 1s an upper bound on the
competitive ratio of PAC, g.

Theorem 3.1 allows us to select parameters a and S such that the upper bound
on the competitive ratio is minimized. We numerically calculate the optimal objective
value for all pairs of «a, 8 when they are both multiples of 0.01 by using the software
package Gurobi. As an example, Figure 1 illustrates the optimal objective values of
Lngtg(N) with N = 10000 and a =1 for different values of 5.

Figure 1: Optimal objective values of LPfll‘:;; (N) with N = 10000 and « = 1 for different
values of 8

6.5

5.5

0 1 2 3 4 5 B

Our observation of all our numerical results indicates that the lowest upper bound
on the competitive ratio among different o and 8 occurs when (o, 8) = (1,1). As a
result, we believe that (o, 8) = (1,1) is the parameter that minimizes the upper bound
provided by Theorem 3.1. For PAC 1, we have the following corollary:

Corollary 3.2. The competitive ratio of PACY 1 is at most 5.14.

Proof. According to Gurobi, the objective value of LPffg(N ) with N = 10000 and
a = =1 is slightly below 5.135, and the maximum possible numerical error is smaller

than 0.005. Therefore, using Theorem 3.1, we conclude that the competitive ratio of
PAC; is at most 5.14. O

The next corollary (Corollary 3.3) is weaker than Corollary 3.2 but still shows that
the competitive ratio of PAC| ; is lower than the smallest competitive ratio in the liter-
ature (5.83). We include Corollary 3.3 because we can analytically prove this corollary
(proved in Appendix C).

Corollary 3.3. The competitive ratio of PAC 1 is at most 39/7 ~ 5.57.

In addition to the case of @« = [ = 1, our observation of the numerical results
indicates that as N — oo, when we fix a € (0,1], for all 8 > 2a? + 3«, the optimal
objective values of LPlefg (N) are the same. For example, in Figure 1, for all 5 > 5, the
optimal objective values are the same. In fact, for any a € (0,1], when 8 > 202 + 3a,
our best provable upper bounds on the competitive ratios have a closed-form expression,
as formalized in the following proposition:

Proposition 3.4. For any o € (0,1], when B > 2a® + 3a, the competitive ratio of
PAC, 3 is at most (1+20)(1+a)

«

Lower Bounds: For lower bounds, we have the following main result:
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Theorem 3.5. For the case where the metric space Ml contains the real line, for any
€ (0,1] and B € [a,00), the competitive ratio of PAC, g is at least 3 + é; and as
f — 00, the competitive ratio of PAC, g is at least w
The second statement of Theorem 3.5 together with Proposition 3.4 show that the
analysis is tight when 8 — oo. Furthermore, for the algorithm that achieves the best
provable upper bound on the competitive ratio, PAC 1, we have the following corollary
for its lower bound:

Corollary 3.6. The competitive ratio of PACY 1 is at least 4.

Proof. Theorem 3.5 with o« = 1 proves this corollary. O

3.1.2.1 Upper Bounds on the Competitive Ratios

We first note that, for the sake of determining the upper bounds on the competitive
ratios, we can assume that no request j has both r; = 0 and [; = D. The reason is
the following. If there is a request j such that r; = 0 and I; = D, then for any feasible
algorithm, ¢; = 0. Therefore, removing this request does not change the cost of any
(online or offline) algorithm. Hence, without loss of generality, we assume no request j
has both r; = 0 and [; = D. We first prove Theorem 3.1 and then Proposition 3.4.

For proving Theorem 3.1, we need to introduce a series of lemmas. First, we show
that {4;};2, forms a partition of all requests I:

Lemma 3.7. The sequence of subsets {A;};2, is a partition of I, i.e., |J;2; Ay =1 and
for any i #j, A;NA; =0.

Proof. Tt is clear from the definition that for all i # j, A; N A; = 0, so it is sufficient to
show that I = J;2; 4.
It is clear that I D (J;2; 4;. Therefore, it is sufficient to prove that I C (U2 4,

which is equivalent to the existence of an integer [ such that I = ngl A;. Consider a
number [ large enough such that

ti_(n—1) > Tn and tr— (n—1) > max{d(D,;)|j € I}.

At each iteration [ such that [ > (I — (n — 1)), either A; contains at least one request
or all requests in I must have been completed. Since there are a total of n requests, all
requests must have been completed by the [*!" iteration. As a result, I C U2, Ai, which
completes the proof. O

Because of Lemma 3.7 and (1), for any problem instance I, PAC, g(I) has the
following upper bound:

PAC, 4(I) < Z > wiett Z > wity = Cla)(I) + T(0)(1), (3)

= 1]€Al = 1]€Al

where for all r € [0, o],

Z Z wjc fLG’ and  T(r)(I) £ Z Z wjt.

]EA[, G <rt;
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As a result, sup; gng)(( 1)) + 0537)1((11)) is an upper bound on the competitive ratio of PAC, g.

In order to find a small upper bound on sup; OJ(D%((I)) + gg)%((ll)), we find inequalities

between {T'(r)(I)}rc(0,a, {C(r)(I)}re0,0) and OPT(I) that are valid for all problem
instances I. For notational convenience, we drop the parameter I when it is clear from
context.

The first sets of inequalities are a direct result of the definition of {7'(r)},¢[0,o) and
{C(r)}refo,0] and are independent of the online algorithm:

Lemma 3.8. For 0 <r <r' < a,

r(T(r) = T(r) < C(r') = C(r) <r'(T(r) = T(r")).

Proof. Clearly, for any j € A; such that rt; < chG’ < r't;, we have cALG’ < r't.
Therefore,
ALG
DD S E ) VI SRR DD DR
jEAl,rtl<c lgr’tl jEAl,rtl<c l<r’t jEAl,rtl<c lgr’tl
which gives C(r') — C(r) < r(T(r) — T(r")). Similarly, for any j € A; such that
Tt < ¢ LG < 't;, we have ¢ !> rt;. Therefore,
ALG
Z 2w >Z 2wt —TZ 2wt
jGAl,rtl<c lSr’tl jGAl,rtl<c l<r’t jGAl,rtl<c lgr’tl
which gives C(r') — C(r) > r(T(r) = T(r")). O

The rest of the inequalities are based on the fact that for all positive integers I,
ALG; is an optimal solution to the auxiliary offline problem. In addition, the following
lemma shows that ALG; is also optimal if the summation of the cost in the auxiliary
offline problem was taken over any set of requests satisfying some properties:

Lemma 3.9. For any set S satisfying Ay C S C |U;2, Ai, ALG is the offline algorithm

that minimizes the cost:
> wifas(cit).
jeSs

Proof. Let ALG be any offline algorithm. Any request j in S but not R; is released after
t;, and thus cALG >rj >t and fop ( ALG tl) = Pt;. Therefore, we can decompose the
cost into two terms as follows:

Zwifa,ﬁ (CfLG,tl)Z Z wj fas (c LG ,t) Z w; Bt (4)

jeSs JESNR, JES\R;

The second term is independent of the algorithm, so this lemma is equivalent to ALG,
being optimal when the cost consists of the first term only.
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Any request in R; but not in S is not in A;, and thus is not completed by ALG,
before time at;. For those requests j, we have f, g (chG’,tl> = pBt;. Therefore, suppose

to the contrary that algorithm ALG] obtains a lower value for the first term on the right
hand side of Equation (4) than ALG,;. Then

ALG
> wjfap (Cj ’,tl>

JER
ALG
= Z wjfa,g (Cj l,tz) + Z wjﬁtl
JESNR, jGRl\S
ALG] ALG]
> Z wjfa,ﬁ (Cj l,tz) + Z wjfa,ﬁ (Cj l,tl>
JESNR, jGRl\S
ALG!
= Z wjfa,ﬁ (Cj l7tl> )
JER
which contradicts the definition of ALG;. O

Comparing the costs given by OPT and ALG| for each integer [ by using Lemma 3.9
with S = J;2, Ai, we obtain the following lemma:

Lemma 3.10. When 8 > «,

202 a(f —a(l+2a))

OPT 2 (1+2a)(8— a)C(O‘) * (142a)(B — )

7(0). (5)

Proof. Consider Lemma 3.9 with S = (J;2, A;. Since ALG achieves the lowest cost
value, we have

ALG
Z W) fap (T, 1) > Z W fa,p (Cj ’,tz) : (6)
JEUZ, Ai JeUiZ, Ai

For further discussion, we define A} to be the set of requests that are completed in
the time interval (at;_1, at;] by OPT, that is, for all positive integers [,

Al*é{j]jef,atl_l<chPT§atl} (7)

t
14+2a

where tg £
inequalities:

for simplicity. We define {Aj},°, this way in order to use the following

0 for c.OPT < aty.
OPT B l
OFT 1) < at) + ¢

fa,ﬁ ( J ) {(/@ —a)t; for CjOPT > aty.

Using these inequalities, we have the following upper bound on the left hand side of

(6):
Z w; fa,8 (C?PT,tl) < Z aw;t; + Z (B — a)wjt.

ez, A JeUZ, As Fe(Us; Ai)n (U240 AF)

Because J;2, AF is a superset of (U2, A;) N (U2, AF), the inequality above still
holds even if we replace the second term on the right hand side with the summation
over the set (J;Z;,, A7, which is what we will do.
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On the other hand, we have the following equation for the right hand side of (6):
Z wjfap|c ( ALGy tl) = Z chfLGl + Z Bw;t;.
JjeU2, A JEA JEURZ 141 Ai

Summing the above inequalities and equations over all positive integers [, we obtain

Z Z aw;t; + Z (B—a)wit; | > Z Z ch?LGl + Z Bw;t

I=1 \jeU2, A; JEUZ 141 Af I=1 \jeA, JeUZ 1 Ai

Using Lemma 3.7, the above inequality is equivalent to

i ZZawjtl—l—Z Z — a)wjty >Z ij ALGL+Z Zﬁwgtl

=1 i=l jJEA; i=l+1j€A7 =1 \j€EA, i=l+1j€A;

Interchanging the order of the summations on both sides gives

Z Z > awity +Z > (Bt | > Z > wiett +§ > Bujty

i=1 \ I=1 jeA, I=1 jEA? i=1 \jeA; =1 jEA;

. . i— - i tig1—t . ..

Using equations ZL% tp = 58 and Yt = “2—1, the above inequality is
equivalent to

[e.e]

S S g ] o3 (5 w3

i=1 \j€EeA; JEA} =1 \j€EA; JEA;
Note that D272 > ic 4, Wi = Doier Wi = D721 > icar Wy, S0 the total coefficient of ¢

on the left hand side can be expressed as > ;c; w; (5 + (B— ) 542) = Y ies W) (;—5),
which is exactly the coefficient of ¢ on the right hand side. Therefore, the terms related
to t1 are cancelled. Using ¢;11 = (1 + 2a)t;, the above inequality is equivalent to

3 ij(1+22a)ti+z(/8_awj2i >3 [ 30wyt 4 ]2 7

i=1 \j€EA,; JEA} i=1 \jEA; JEA;

or equivalently,

> Y G- 2> Y w3 Y wn (- 1)),

1=1 jeA?} i=1 jEA; i=1 jEA;

Multiplying both sides by % and using the definition of C(a)(I) and T'(0)(1),
the above inequality is equivalent to the following inequality:

202 a(Bf—a(l+2a))

C I T(0)(1). 8
2 T O T T E e O O
=1 jcA?
By (6), for all j € A, ?3_1201[ = at;_1 < PP 5o the left hand side of (8) is at most
OPT(I), and thus (5) holds. O
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Similarly, comparing the costs given by OPT and ALG for each integer [ by using
Lemma 3.9 with S = A; U A;11, we obtain the following lemma:

Lemma 3.11.

o
2+ 4o

OPT > —~C(a )+

% 7(0). (9)

Proof. Using Lemma 3.9 with S = A; U 4;,1, we obtain

Z w; fas (§FT 1) > Z w]faﬁ( ALGy t) = Z ijfLGl + Z w; B

JEAUA 11 JEAUA 11 JEA; JEAI 41
(10)
The following inequality holds for any z,y > 0:
p > 11
0> fap (@), (1)

Combining (10) and (11), we obtain

B OPT ALG,
o Z Wic; >Zwﬂj +Zwﬁ5tl
JEAIUA 1 JEA JEAI1
Summing over all positive integers [,
B [ee)
PT ALG,
a2 2w S NITLED S SR
=1 jEALUAL+1 =1 jeA; =1 jeAl+1

Using Lemma 3.7,

gi ij T+ Z ijjOPT Ziijc?LG’—l—i Z wift.  (12)

=1 \je4, jEAI41 =1 jeA, I=1 jeA 1
Note that
S Y T =0PT, Y Y w T = 0PT - Y e,
=1 jeA; I=1j€A; 11 JEA
3 Y w0 = Cla), and
= 1j€Al
o0 o0 o0
DI RIS 3 DTS 35 PEEES SPIE
I=1 jeAr 1 1=2 jeA, =1 jeA, jEA
D D
- - ’
Py ]A12o¢—|—1 20 +1 jeA12a+1
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where t( is defined to be 14?2 = (12) is
equivalent to
28 OPT 5 wjty
—OPT——Zw]J > Cla) + 75 TO) =B ) 52
JEAL JEAL
Condition 2 of t; described in Section 3.1.1 gives for all j € Ay, COP 7> ST +1 Therefore,

B OPT OPT wjty
azchj 252“’]’%’ 252 2Qa+1

jEAL JEAL JjeEAL

Summing the two inequalities above and multiplying all terms by %, we obtain the
lemma. ]

In the previous two lemmas, for each positive integer [, we compare ALG; with
OPT by using Lemma 3.9 to obtain inequalities between C(«), T'(0), and OPT. In
order to obtain more inequalities, we compare ALG; with a family of uncountably
many algorithms. Since comparing ALG; with an algorithm gives an inequality between
{C(r)}reo,0] and {T'(7) }re[0,q), the following lemma gives uncountably many inequalities
(of which a finite number will be used to obtain (2d)):

Lemma 3.12. For any v € [0,%],

B — 2y o — 2y B — 2y o — 2y
Cle) + 1+2aT(O)SC(’YHBT(’YHC(Hm)+ 1+2aT<1+2a>‘

o

Proof. For each v € [0, 5] and each positive integer I, we define the offline algorithm
ALG 141(7) (Figure 2) as the following combination of algorithms ALG; and ALGq:

Figure 2: Illustration of ALGy;41(7)
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1. At time 0 < t < ~i;, the server follows the route of ALG|.
2. At time ~t; <t < 2+t;, the server travels reversely to arrive at D by time 2vt;.

3. Starting at time 2vt;, the server follows a delayed version (delayed by 2vt;) of
ALGy;.
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Comparing ALG}41(7y) with ALG; in Lemma 3.9 with S = A; U A;41, we obtain the
following inequality:

ALG ALG
> wjfap (CjL l,t1> < D Wifap <Cj “Hm,tz)- (13)
JEAUA 11 JEAUA
The left hand side of (13) equals
> wig N+ Y wit
JEA JEAI+1
The part of the summation over A; on the right hand side of (13) is at most

Z ch;&LGl + B Z wjtl.

. ALG . ALG
JEALe; <t JEALE; >t

The part of the summation over A;; 1 on the right hand side of Inequality (13) is at
most

2y ALG, | B—2v
Traa 2 Whwt D weg TSl DL i

jeAl 1 . ALGI+1 a—2y . ALGL+1 a—2y
+ JEAL1,¢; STTzati1 JEAL1,¢; > T 5a ti+1

where we have used the equation ;11 = (1 + 2«a)t;. This expression is not tight only

if the server under ALG);41(7y) happens to visit some locations of requests j in A;4q

earlier than 2+vt; + C?LGZH. Summing over all positive integers [ and using Lemma 3.7,

we obtain the lemma. O
Now we are ready to prove Theorem 3.1, which we repeat here:

Theorem 3.1. Let («,3) be a pair of real numbers satisfying o € (0,1] and § > a.
For any positive integer N, the objective value of LPfxlfg (N) is an upper bound on the
competitive ratio of PAC,, .

Proof. The idea is to use {gl(;%} 0.1 and { gg%} : as variables in a linear pro-
rel0,a rel0,a

)

gram. Since there are uncountably infinite many variables in { gg%

} and in
rel0,a]
T(r)

{OPT}re[O of we divide [0, into N + 1 arithmetic steps, and for all i = 0,1,..., N,

)

we use C; to represent C(%2)/OPT and T; to represent T(“2)/OPT. By definition,
Cy = Tx = 0, so there is only a total of 2N non-negative real variables {Ci}fil and
(T4

Due to Inequality (3), Cn + Tp, the objective of LngtB(N), is an upper bound on
the competitive ratio of PAC, 3. Therefore, what is left is to show that the linear
constraints are all valid for all problem instances I. Lemma 3.8 proves Constraints (2a)
and (2b). Lemma 3.10 proves Constraint (2e). Lemma 3.11 proves Constraint (2c). For
each i =0,1,..., L%j, Lemma 3.12 with v = % gives

B — 2% ia ia a—2%\ p-2% [o—2%
<c(= = .
Cl)+ T2, TO=C{F )T\ 5 )\ 720 | T 1722 T 1520
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Because C(r) is non-decreasing in r and T'(r) is non-increasing in r, the right hand side
of above inequality is less than or equal to

i io N -2i] a B — 2% N-2i| «
C(ﬁ) BT<N>+C<[1+2JN>+1+2QTQ1+2@JN>’

which proves Constraints (2d). This concludes the proof. O

In the proof of Theorem 3.1, we first find inequalities related to terms of the forms

CALG, .
Z w;c; and Z wjt

) ALG ) ALG
JEAC I<ryy JEALC; L>rty

and then we take the summation of the inequalities over all positive integers [ to obtain
linear inequalities as constraints. It may seem that we can obtain better bounds by
considering each of the linear inequalities separately without taking the summation
over all integers [. However, it is not the case. Indeed, denote by lax the maximum
integer [ such that A; # oo. We observe that the upper bounds on the competitive ratio
of PAC,, approach the optimal objective value of LP%(N ) with @« = 8 = 1 when
Imax increases. Therefore, one cannot hope to find significantly better upper bounds
by considering each of the linear inequalities separately. Now we prove Proposition 3.4,
which we repeat here:

Proposition 3.4. For any o € (0,1], when 8 > 2a? + 3a, the competitive ratio of
PAC, g is at most (1+22)(1+a)

a

Proof. Recall that (5) states

202 a(f — a(l +2a))

OPT = (14 2a)(B — a)C(a) * (1+2a)(8 — )

7(0).

Considering Lemma 3.8 with 7 = 0 and ' = a, we obtain
0> C(a) — aT(0). (14)

The inequality

(1—1—202(14—04) « (5) B— (gof;rzm) (14)
gives
1+ 202(1 +9) ooy 22aﬁ(1_+aa)c(a) (8- a(l;—fz))(l +9) 1)
B — (202 + 3a) (B — (202 + 3a))a
+ TC(Q) - 3 —a 7(0),

where for the right hand side of the inequality, we can put the two terms related to C'(«)
together and the two terms related to 7'(0) together and obtain a simplified expression of
C(a) + T(0). This inequality, together with Inequality (3), proves the proposition. [
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3.1.2.2 Lower Bounds on the Competitive Ratios

In this section, we prove Theorem 3.5. For the case of general 5 and the case of § — oo,
we need to introduce Lemmas 3.13 and 3.14, respectively.

Lemma 3.13. For o € (0,1], for each € > 0, define I(€) to be the problem instance that
contains only one request with r1 = 1, I = (1 + 2a)*a + €, and wy = 1, where k is the
smallest integer such that (1 + 2a)*a > 1. Then for all B > a,
. PAC,3(I(¢)) 1
lim ————— - >34 —.

o ToPT(I(e) Tt a
Proof. We first consider the cost of the optimal offline algorithm. One feasible offline
algorithm is to let the server travel to the location of the request Iy with full speed
starting at time 0. The server arrives at time [1, and [y > r1 because we have picked k
such that I; > (1 + 2a)fa > 1 =ry. As a result,

OPT(I(e)) <1y = (1+2a)*a +e. (15)

Now let us consider the cost of PAC, g. For this problem instance, t; = r4 = 1,
tir1 = (14+2a), and tj, 2 = (1+2a)*+1. Because the completion time of the request in
any offline algorithm is at least the location [;, which is greater than aty1, the request
cannot be completed in the first k + 1 iterations. As a result, the cost of the online
algorithm has the following lower bound:

PAC, s(I(e))=c A% >t 10+ li=(1+ 20)"" +(1 + 20)Fa + € > (1 + 20)*(1 + 30).
(16)
Considering (15) and (16), the lemma holds. O

Lemma 3.14. For o € (0,1], for each € > 0, define the problem instance I(€) to have
the following three requests:

(1, —((1 4 20)*a? — €), €?) for =1,
(rj b wi) £ (1 +20)Fa, (14 20)%a, €) for j =2,
(1+20)*a+e (1 +2a)*a+e1)  forj=3,

where k is the smallest positive integer such that (1 + 2a)*a > 1. Then

i L LACasU(€)  (1+a)(1+20)
=0+ oo OPT(I(e)) — a '

Proof. The cost of the optimal algorithm is lower than the cost of the algorithm ALG
that travels to [3 starting at time 0 and then travels to [; with maximum speed. Under
algorithm ALG, the completion time of Request 3 equals [3, and for € < 1, the comple-
tion time of any other request is bounded above by a constant with respect to e, e.g.,
3a(1 4 2a)*a 4 1. In addition, the total weight for the first two requests approaches 0
as € — 0. As a result, as e — 0T,

OPT(I(e)) < ALG(I Zw] ALG 4 g PG 5 (14 2a0)Fan. (17)
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Now let us consider the online algorithm PAC, . The key observation is that
requests 1 and 3 are completed in the last iteration (which is the (k + 2)* iteration)
and Request 3 is visited after Request 1. Therefore, most of the weight (ws3) will have
a large completion time.

The first request defines t; = 1, t;, = (1 + 22)* !, tj1 = (1 + 20)F, and tyo =
(14 2a)**+1. For a fixed o and a fixed problem instance I(€), when §3 is large enough,
PAC,, 3 maximizes the total weight of requests that can be completed at each iteration.
Because of the definition of k, (1 + 2a)*a? > «a. Therefore, for all small enough e, we
have |l;| > a. For such e, the first request cannot be completed in the first & iterations
because tpa = (1 + 2a)f~1a? < a < |l;|, where the first inequality comes from the fact
that k is the “smallest” positive integer such that (1 + 2a)*a > 1. Therefore, the first
request is in Rpy1. At time tx1, the auxiliary offline algorithm ALGy 1 will complete
only the second request, because its weight e is greater than that of the first request
€2, and it is impossible to complete both of the first two requests. As a result, the first
request will not be completed in the second iteration, and thus is in Rjpys. Therefore,
the set Ry1o contains the first and the third requests.

At time tg4 9, the only way to complete both requests in Ryyo (the first and the
third requests in I(¢€)) is to visit [y first. Thus,

Jim Gty ™% > tiya + 20l + [ls] = (1420 (1 + a) — e
Therefore,
li PAC . PACaﬁ . k41 o
im w3(I(€)) > lim wsey =(14+20)"""(1+4+a)—e (18)
B—00 B—00
Combining (17) and (18), the lemma holds. O

Now we are ready to prove Theorem 3.5, which we repeat here:

Theorem 3.5. For the case where the metric space M contains the real line, for any
a € (0,1] and B € [, 00), the competitive ratio of PAC, s is at least 3 + é; and as
B — 00, the competitive ratio of PAC,, s is at least w
Proof. 1t is sufficient to prove the case where Ml =R and D = 0.

Lemma 3.13 proves the first statement of the theorem.

Lemma 3.14 implies the following statement: For any real number p <
there exists an adversarial problem instance I on which the ratio between PAC, 5(I)
and OPT(I) is greater than p for all large enough B. Thus, Lemma 3.14 proves the
second statement of the theorem, which completes the proof. O

(1+0)(142)

)

3.2 Randomized (o, §)-Plan-and-Commit

We now turn our attention to randomized online algorithms. In Section 3.2.1, we look
at the family of randomized online algorithms, parameterized by a pair of numbers
(a, B) satisfying o € (0,1] and 8 € [a,00). In Section 3.2.2, we analyze the proposed
algorithms and provide upper and lower bounds on the competitive ratios, and determine
the parameters («, ) that lead to the smallest provable competitive ratios.
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3.2.1 The Algorithms

For each pair of real numbers («, 8) such that a € (0,1] and 8 € [a,00) we define in
Algorithm 2 a randomized online algorithm called RPAC, s.

Algorithm 2 Randomized (o, §)-Plan-and-Commit Algorithm (RPAC, g) for the on-
line WTRP

1. Initialization
(a) At time t = 0, set 7 « min{d(D,l;)|j € Ip,l; # D}. By convention, if
{j € In,l; # D} is an empty set, then set 7 < oo.

(b) At time t € (0,7), if a request is revealed, then set ¢; < t and end the
initialization phase.

(c) At time t = 7, set t; < 7 and end the initialization phase.

At the time when the initialization phase ends: For all positive integer [, set
t; < t1 x (14 2a)""'. Draw w ~ u[0,1) and for all positive integer I, set t; <
t; x (1 + 2a)¥. Wait until time ¢, define Ry = I, .

2. Repeat for [ = 1,2,..., do what PAC, g does with the ?; computed by this
algorithm.

RPAC, g is quite similar to the deterministic online PAC, g. The only difference is
that, at the end of the initialization phase, after getting the geometric time series {¢;}7°,
similar to what the deterministic algorithm PAC, g does, RPAC, g draws a random
variable w uniformly from [0,1), and multiplies each t; by the same random variable
(14 2a)® for all [, i.e., setting ¢; <— t; X (1 + 2a)*. Therefore, for the RPAC, g, t; is
a random variable. Clearly, Conditions 1 and 2 about #; described in Section 3.1.1 are
satisfied for all realization of w. Furthermore, for all realization of w, (1) is satisfied.

3.2.2 Competitive Analysis

Again we first describe our results and provide the proofs regarding the upper bounds
and lower bounds in Subsections 3.2.2.1 and 3.2.2.2, respectively.

Upper Bounds: Similar to the results for the deterministic online algorithms, for gen-
eral pairs of (a, ) satisfying a € (0,1] and 5 > «, the lowest upper bounds that we
prove are related to the following linear program, which is parameterized by a positive
integer N:

For 8 =«
maximize Cn+Tp (LPgand<N )
(01,CQ,---CNaTOale-wTN*l)eR%]g 7

subject to
Constraints (2a), (2b), (2c), (2d)

where Cy and T are defined to be 0.
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For 8 > «
maximize Cn+ Ty (LPL'3Y(N))

(01702,...01\],To,Tl,...,TN_l)GRQZJ\é
subject to
Constraints (2a), (2b), (2c), (2d)
aln(1l + 2a) (8 —a(l+2a))In(1l + 2a)
Cn +
B—a 2(8 - a)

where Cy and T are defined to be 0.

1>

The main result can then be stated as:

Theorem 3.15. Let (o, ) be a pair of real numbers satisfying o € (0,1] and B > «.
For any positive integer N, the objective value of LPZ‘?gd(N) is an upper bound on the
competitive ratio of RPAC, 3.

Similar to the case of the deterministic algorithms, Theorem 3.15 allows us to select
parameters o and S such that the upper bound on the competitive ratio is minimized.
We numerically calculate the optimal objective value for all pairs of «, 8 when they are
both multiples of 0.01 by using Gurobi. For example, Figure 3 illustrates the optimal
objective values of LPZ‘fgd(N ) with N = 10000 and a = 1 for different values of f.

Figure 3: Optimal objective values of LPZ‘fgd(N ) with N = 10000 and o = 1 for different
values of 8
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Again the observation of all our numerical results indicates that the lowest upper
bound on the competitive ratio among different o and S occurs at all (1, 8) with g > 5.
Therefore, we believe that for all 5 > 5, (1, 5) minimizes the provable competitive ratio
in our analysis. In fact, for the case a = 1 and § > 5, we have a closed-form expression
for the competitive ratio. More generally, for any a € (0,1], when 3 > 2a? + 3«, our
best provable upper bound on the competitive ratio has a closed-form expression, as
formalized in the following proposition:

Proposition 3.16. For any o € (0,1], when B > 2a? + 3a, the competitive ratio of

RPAC, g is at most lj((lligg)

The expression of the upper bound on the competitive ratio given by Proposition 3.16
is the same as that of the existing online algorithms INTERVAL [31] and BREAK [23],
if one chooses the same common ratio for the geometric time steps. However, we achieve
lower competitive ratios because our algorithms have a wider range ((1, 3]) of possible
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common ratios to choose from, compared to the existing algorithms ((1, 1+ \/5] ). The
existing algorithms solve an auxiliary offline problem right after the server completes a
delayed version of the solution given by the auxiliary offline algorithm in the previous
time step. However, because the online algorithm must be compared to the optimal
offline algorithm that starts from the depot, in the analysis, the auxiliary offline solution
is compared with one that returns to the depot through the shortest path and then
follows the optimal solution (of the auxiliary offline problem). By doing so, the existing
online algorithm cannot use the information revealed before returning to the depot,
which ultimately limits the range of possible common ratios between time steps. On the
other hand, our algorithm addresses this issue by solving the auxiliary offline problem
after the server returns to the depot, which leads to a wider range of possible common
ratios between time steps.

In summary, the following corollary describes the combinations of («, §) that achieve
the smallest competitive ratio that we can obtain:

Corollary 3.17. For any 3 > 5, the competitive ratio of RPAC g is at most 4/In(3) ~
3.64.

Proof. Proposition 3.16 with o = 1 proves the corollary. O

Lower Bounds: Regarding lower bounds, we have the following theorem:

Theorem 3.18. For the case where the metric space M contains the real lz’ne for any
a € (0,1] and B € [a,00), the competitive ratio of RPACq g is at least 1+ (i +9a) and

2(14a)
In(14+2a)

1+2a) )

as  — oo, the competitive ratio of RPAC, g is at least

The second statement of Theorem 3.18 together with Proposition 3.16 show that
the analysis is tight when 8 — oo. Furthermore, for the algorithm that achieves the
best provable upper bound on the competitive ratio, PAC; g with 8 > 5, we have the
following corollary for its lower bound:

Corollary 3.19. For all 3 > 5, the competitive ratio of PAC, g is at least 1+1 > 2.82.

Proof. Theorem 3.18 with @ = 1 proves this corollary. O

3.2.2.1 Upper Bounds on the Competitive Ratios

The proofs related to the upper bounds are similar to those in Section 3.1.2.1. Here
we highlight the differences. First, similar to Section 3.1.2.1, we assume, without loss
of generality, that no request j has both r; = 0 and I; = D. In what follows, we first
prove Theorem 3.15 and then Proposition 3.16.

For proving Theorem 3.15, we must first note that for any realization of w, Con-
ditions 1 and 2 about #; described in Section 3.1.1 are satisfied. Therefore, for all w
Lemma 3.7 is valid for RPAC, .

Due to Lemma 3.7 and (1), for any problem instance I, RPAC, g(I) has the follow-
ing upper bound:

RPAC, g(I i > w4 Z > witi =C(@)() +TO)(I),  (20)

= ]EA[ = 1j€Al
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where for all r € [0, ],

C(r)(I) = ZE Z chfLG’ and T(r)(I) = ZE Z wjty
=1 =1

jeAl,C?LGl S’f‘tl jEAl,C?LGl >7‘tl
Unlike the deterministic algorithm PACq g(I), here the notations {C(r)(1)}, [,

and {T(r)(I)},jo,o represent the expected values of the corresponding functions. Note

that due to (20), sup; ggf‘%(({,)) + gl(go%((ll)) is an upper bound on the competitive ratio. In

order to find a small upper bound on sup; ggf%((?) + gg)%(({,)), we find inequalities between

{T(r)(I)}reo,a, {C()(I)}ref0,a) and OPT(I) that are valid for all problem instances
1. For notational convenience, we drop the parameter I when it is clear from context.
Clearly, the inequalities described in Lemmas 3.8-3.12 are still valid when conditioned
on any particular realization of w. Taking the expectations, those inequalities are all
valid for the notations {T'(r)(1)},cp0,a], {C(7)(I)}rejo,o] defined here. Here we slightly
abuse notations and refer to Lemmas 3.8-3.12 as with the notations {T'(r)(I)},¢(0,q];
{C(r)(I)}re(0,a) defined here for RPAC,, 3.

To find better upper bounds, we improve upon Lemma 3.10 and prove the following
lemma:

Lemma 3.20. When 8 > «,

aln(l + 2a)
08—«

(8 —a(l+2a))In(1 4 2«)
2(8 —a)

OPT > Cla) + 7(0). (21)

Proof. We follow the proof of Lemma 3.10. For RPAC, g, since (8) is valid for any
realization of w, it is also valid when we take expectations on both sides. For each
j € I, the minimum value at; such that chP T < at; has the following expected value:

1
2«
14 2a)%cT de = ——— 9P, 22
/0( + 20)¢; x ln(1—|—2a)c] (22)
This equation gives us the following equation:

oo

2 2
E it | = 2 LOPT— 2 opT(]). 0
;EA; v JZE; mit+20) 9 ~maszatTO- (23

Taking expectation on both sides of (8), using (23), and rearranging terms properly, we
obtain (21), which proves the lemma. O

Now we are ready to prove Theorem 3.15, which we repeat here:

Theorem 3.15. Let («, 3) be a pair of real numbers satisfying a € (0,1] and g > a.
For any positive integer N, the objective value of LPg‘fgd(N ) is an upper bound on the
competitive ratio of RPAC, 3.
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Proof. The idea is to use {gg%} ] and { gg%} 0oy 2 variables in a linear pro-
rell,a rel0,a

gram. Since there are uncountably infinite many variables in { gg%

)

and in

}re[O,a]

{gg%} 0 we divide [0,a] into N + 1 arithmetic steps, and for all ¢ = 0,1,..., N,
re|0,a

we use C; to represent C(%2)/OPT and T; to represent T(3%)/OPT. By definition,
Co = Ty = 0, so there is only a total of 2N non-negative real variables {C’i}i]\il and
{TY5

Due to Inequality (20), Cy + Tp, the objective of LP&C’”gd(N ), is an upper bound on
the competitive ratio of RPAC, g. Therefore, what is left is to show that the linear
constraints are all valid for all problem instances /. Lemma 3.8 proves Constraints (2a)
and (2b). Lemma 3.11 proves Constraint (2c). Lemma 3.12 proves the Constraints (2d)
for all 7. Finally, Lemma 3.20 proves Constraint (19). This concludes the proof. O

Now we prove Proposition 3.16, which we repeat here:

Proposition 3.16. For any a € (0,1], when 8 > 2a? + 3a, the competitive ratio of

RPAC, g is at most lj((llj:;;)

Proof. Considering Lemma 3.8 with 7 = 0 and 7’ = «, we obtain

0> C(a) —aT(0). (24)
The inequality
2(1+ «) B — (202 + 3a)
O S —— 21 _ 24
ln(1—|—2oz)x( )+ 8-« x (24)
and Inequality (20) prove the proposition. O

3.2.2.2 Lower Bounds on the Competitive Ratios

In this section, we prove Theorem 3.18. For the case of general 5 and the case of 8 — oo,
we need to introduce Lemmas 3.21 and 3.22, respectively.

Lemma 3.21. Define I to be the problem instance that only has one request with
(r1,01,w1) = (1,1,1). Then

RPAC,(I) _, _ 2a
OPT(I) In(1+ 2a)’

Proof. Clearly, OPT(I) = 1. On the other hand, the expected cost of RPAC,, s is

2

1
RPAC(%B(I):l—i_E(tl):l_‘_/O (1—|—20é) d:L':l—Fm
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Lemma 3.22. For each e > 0, define I(€) to be the problem instance with the following
2M + 1 requests:

(€,€%7,€%) forj=1,....M
(rjlj,wi) £ < (6, =2 (j — M), forj=M+1,...,2M
(o, , 1) forj=2M+1

where M = L%J Then

. . RPAC, s(1(¢)) - 2(1+«)
e—0t B—oo OPT([(E)) - 111(1 + 2a) ’

Proof. The cost of the optimal algorithm is lower than the cost of the algorithm ALG
that travels to location 1 starting at time 0 and then travels to —1 with maximum speed.
The completion time of request (2M + 1), which carries most of the weight, is «, and
the completion time of all other requests is at most 3. Moreover, as € — 07, the total
weight of the first 2M requests approaches 0. As a result, as € — 0T, the cost of OPT
has the following upper bound:

OPT(I(e)) < ALG(I(€)) — wanr165m51 = o (25)

Let us now consider the randomized algorithm RPAC, g. For a fixed a and a fixed
problem instance I(e), when f is large enough, the online algorithm maximizes the
total weight of requests that can be completed at each iteration. The problem instance
I(e€) is designed so that when € is small enough, the total weight of the (M + 1)th through
the 2M*™ requests is smaller than the weight of any other request. Therefore, none of
the above mentioned M requests will be completed at iteration [ if ¢; < 1.

For each realization of w, let k be the smallest integer such that ¢, > 1. The expected
value of ¢y is

2c

1
E (tx) :/0 (1+2a)*dz = (i 1 20)

At time t, the optimal offline auxiliary algorithm ALG) maximizes the number of
requests that are completed among the (M + 1) to the 2M™ requests subject to the
constraint that the server arrives at location a by time aty. As a result, the completion
time of the (2M + 1) request in any realization of w has the following lower bound:
RPAC,
o~ = i+ Gty = (L4 a)ty — 26,
Considering this and the expected value of ;, calculated above, as ¢ — 0T, we obtain the

following inequality for the expected total weighted completion time of the randomized
online algorithm:

RPAC, 3 2 2a(1+a)
> ’ > + — S
RPAC,LB(I(G)) E <w2M+1c2M+1 ) E ((1 a)tk 2¢ ) ln(l 2@) . (26)
Considering (25) and (26), the lemma holds. O

Now we are ready to prove Theorem 3.18, which we repeat here:
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Theorem 3.18. For the case where the metric space M contains the real line, for any

a € (0,1] and B € [, 00), the competitive ratio of RPAC,, g is at least 1+ ln(f%a); and
2(14-0a)

as B — oo, the competitive ratio of RPAC, s is at least (iT20)"

Proof. 1t is sufficient to prove the case where Ml =R and D = 0.

Lemma 3.21 proves the first statement of the theorem.

Lemma 3.22 implies the following statement: For any real number p < %,
there exists an adversarial problem instance I on which the ratio between RPAC,, 5(I)
and OPT(I) is greater than p for all large enough B. Thus, Lemma 3.14 proves the

second statement of the theorem, which completes the proof. O

3.3 Probabilistic Version

In this section, we consider a probabilistic version of the online WTRP discussed in Jail-
let and Wagner [25] and which makes the following stochastic assumptions:

Assumption 3.23 (Locations). The metric space is an M-dimensional Euclidean space,
and the locations are independently drawn from an identical distribution over a compact
support in the metric space.

Assumption 3.24 (Release Dates). For all j € [n], rj = Z{Zl Y; where Y1,Ys,...,Y,
are independent random variables drawn from an identical distribution of non-negative
support with a finite mean and variance.

Assumption 3.25 (Weights). The weight of each request has positive upper and lower
bounds, i.e., there exists 0 < w < w such that for all j € [n], w; € [w,w].

We are specifically interested here in the asymptotic behavior of a simple online algo-
rithm, called ReOpt, that simply re-optimizes the route of the server whenever a new
request is released. The algorithm can be formally described as follows:

Algorithm 3 Online algorithm ReOpt

1. If all released requests are completed, the server stays at its location.

2. When a request is released, the server calculates and follows the route to minimize
the total weighted completion time of the released but not completed requests
(starting at the server’s current location).

The following theorem is a special case of Theorem 3 in [25]:

Theorem 3.26. (from [25]) For any sequence of problem instances {I'}2, where for
any i < n, I is the set of the first i requests in I"™, almost surely,

lim ReOpt(I™)

A oPT() ¢

It turns out that the proof of Theorem 3 as given in [25] is problematic. Indeed, it
relies on a lemma (Lemma 5 in [25]) whose full proof needs the assumption that, for all
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problem instances,

3
max FeOptn—1 <rn,+=-TSP,_;. (27)
je{1,2,..n—1} 7 2

To see that (27) does not necessary hold, consider the problem instance that has the
following five requests in 2-dimensional Euclidean space:

(0,(0,-10),1)  for j=1.
(0,(0,-9),10%)  for j = 2.
(rj, 1, w;) = < (0,(0,9),109) for j = 3.
(0,(0,10),10%)  for j = 4.
(1,(0,0),1) for j = 5.

When the first four requests are released, algorithm ReOpty travels in the order of
locations I3, I, ls, and then ;. Therefore, max;cf1 2. n—1} cfeom"*l = 66. On the
other hand, the TSP tour for the first four requests has a length of 40. Therefore,
T+ %TSPn_l = 61 < 66, which contradicts (27). Despite best efforts, we haven’t been
able to find a way to circumvent that issue within the proof framework given in [25].
Instead we provide here an alternative and complete proof for Theorem 3.26.

In order to do so, let T'SP; be the length of the shortest tour among the depot and
the locations of the requests in I' (TSP stands for the Traveling Salesman Problem).
We need the following lemma that relates ReOpt(I™) to T'SP,:

Lemma 3.27.

ReOpt(I™) < ij (rj + 0O (logn)TSP,).
j=1

In order to prove Lemma 3.27, let us define ReOpt;, for any positive integer ¢, as the
route of the server under ReOpt when the problem instance consists of only the requests
in I'. The proof uses two intermediate lemmas.

The first one states that for each positive integer i, the total weight of unserved
requests decreases “exponentially” under ReOpt; with a rate related to TS P;:

Lemma 3.28. For any integer k>0, 1 < i <n,
i
> w2y w
0P i 4 BKTS P, j=1
where all summations are restricted to 1 < j < 1.
Proof. For any t > r;, we define an alternative route Alt; (of ReOpt;) as follows:
1. Follow ReOpt; up to time t.

2. Return to the depot using the shortest path.

3. Follow the tour T'SPF,.
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The time it takes for the second step is at most %T SP; and for the third step is T'SP;.
Therefore, the completion time is at most ¢ + %TSPZ- for all requests (recall that in this
lemma, we consider only requests in I*.) Thus, the cost of the alternative route Alt;(1")
is at most

Al (I < Y w0+ Yy <t+gTSP,->

ReOpt; ReOpt;
cFeor cFeor

i<y it

J J

where we restrict the summations to j € [i] throughout the proof of this lemma. Because
ReOpt; achieves the lowest cost among all routes that are the same before time r;, the
cost of Alt; for the first ¢ requests is no smaller than that of ReOpt;. Thus,

3 .
Z wj <t + §TSPZ> Z Z chfeOptl

e eOPti 0Pt g
> E Zth—l— E wj(t—l—?)TSPZ-).
t+3TSP;>c) P>t O iS4 3TS P,

Canceling the same term w;t and dividing both sides by 3T'SF;, we obtain

1
5 Z wj Z Z wj.

cfeo”ti>t cfeoPti>t+3TSPi

This inequality, together with mathematical induction, completes the proof.

The second intermediate lemma gives an iterative relation for { ReOpt;(I")}2:
Lemma 3.29. For any positive integers i and k,
. . 3 3 :
ReOptiH(I”l) < ReOpti(IZ)—l—<n+1 + <3/€ + 5) TSPH_1> wi+1+§TSP,~+12_k ij.
j=1
Proof. We consider the following alternative route Alt (of ReOpt;i1):

1. Follow ReOpt; until time r; + 3kT'SP;. (If this value is less than 7;11, then go to
step 2 at time r;41.)

2. Travel to the origin.
3. Follow the tour T'SF;,1.

For all j € [4], if cfteorti < max{r; + 3kTSP;,r;1+1}, then c;“t = [OPl Gtherwise,

g J
c;%eOpti > max{r; + 3kTSP;,r;1+1} and thus

1 3
M < max{r; + 3kTSP;, 71} + 5 TSP+ TSPy < cfreoPt 4 5 TSP,
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In addition, we have the following upper bound on the completion time of request i + 1:
el < max{r; + 3kTSP; i1} + TSP + TSPy
3
<rit1+ 3KTSP; + 5TSPZ- + TSP <riy1+ <31€ + ) TSP;1.

According to Lemma 3.28, the total weight of requests in I* such that cReOp ti

3kTSP; is at most 27F Z]:l w;. As a result, we have

> i+

Alt([”l) < ReOpt;(I') + <7‘i+1 + <3k‘ + 3> TSPH_1> w1 + 3TSB+12_ ij
j=1

According to the definition of ReOpt;y1, we have ReOpt; 1(I**1) < Alt(I*+!), which
completes the proof. O

Now we are ready to prove Lemma 3.27, which we repeat here:

Lemma 3.27.

ReOpt(I™) < ij (rj + 0O (logn)TSP,).
j=1

Proof. According to Lemma 3.29 and mathematical induction, for any positive integer
k,

ReOpt(I") = ReOpt,(I") < ij (T’j + <3k: + g + gn2_k> TSPn> .
j=1

Setting k = [logn], we have

= 3 3
ReOpt(I") <> " w; (rj + (3 (logn +1) + 3 + §n2‘1°g"> TSPn>
j—l

= Zw] ri+ (3logn +6)TSP,). (n2~losm = 1)

O
We can now complete the proof of Theorem 3.26, which we repeat here:

Theorem 3.26. For any sequence of problem instances {I° o, where for any i <n, I i
is the set of the first ¢ requests in 1", almost surely,

lim ReOpt(I")
n—oo OPT(I™)
Proof. For all j € [n], we have ¢; > r;. Thus, OPT(I") > Z _,w;rj. With this
inequality, Lemma 3.27, and Assumption 3.25, we have
n " w;0 (logn) TSP,
ReOpt(j;) <14 23_1 ]n( gn) <14 nwO(logn)TSP
OPT(I") Zj:lerj wZ] 17y
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According to Beardwood et al. [8] and Assumption 3.23, TSP, = O(nl_ﬁ) almost
surely. On the other hand, according to Assumption 3.24, Z;‘L:I r;j can be written as
S (n+1—1)Y;, which is ©(n?) almost surely according to the strong law of large
numbers. Therefore, with probability one,

_ 1 T Pn T 1
nwOUog TSPy _ 1y b 10 1),
wy T &

which approaches 0 as n goes to infinity. O

4 Online Scheduling with Multi-State Machines

In this section, we develop online algorithms for the general online scheduling problems
with multi-state machines, as defined in Section 2.1, and based on the best («, 3) pair
found in the previous section. We assume r1 > 0 to simplify the initialization phase of
the algorithms and the corresponding analysis. However, it is clear that we can modify
the algorithms and analysis without increasing the upper bounds on the competitive
ratios for cases where 71 = 0.2 As a minor caveat, we impose some mild technical
assumptions as discussed in Appendix A.2.

In Section 4.1, we propose a deterministic online algorithm Plan-and-Commit (PAC')
and prove that the competitive ratio is at most 5.14. In Section 4.2, for each a < 1,
we propose a randomized online algorithm Randomized a-Plan-and-Commit (RPAC,,).
We show that the best possible algorithm in this class is RPACY, which has a compet-
itive ratio of 4/1n(3) ~ 3.64.

4.1 Plan-and-Commit
4.1.1 The Algorithm

In this section, we describe the algorithm Plan-and-Commit (PAC'), which, when ap-
plied to the online WTRP, is PAC}; with minor modifications. It goes as follows:

The PAC algorithm is again composed of two phases (initialization and iterations):
The first phase starts at time 0 and ends at time r1. During that phase, PAC does
not change the states of the machines and does not process any jobs. At time r{, before
finishing the initialization phase, PAC defines {t; £ 1371}  and Ry £ K(I;,).
The second phase consists of iterations. For each positive integer , the ' iteration
([ti, ti+1]) starts at time ¢; and ends at time ¢;41. At time t;, PAC calculates what would
an offline algorithm ALG; have done starting at time 0 to minimize the following cost:

Z hk (min (xk, tl)) s

kER,

where R; roughly represents all uncompleted projects that are active with respect to
the partially revealed problem instance Iy,. For [ = 1, R; is defined in the initialization
phase; for [ > 2, R; is defined at the end of the (I — 1)*® iteration. Here we assume that

2This can be done by replacing the initialization phase with one that is similar to the one in Algo-
rithm 1: at time 0, find the minimum non-zero completion time of an active project 7, and then end
the initialization phase at the minimum between 7 and the minimum non-zero release date of a job.
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Algorithm 4 The deterministic Plan-and-Commit algorithm (PAC) for general of
online scheduling problems with multi-state machines

1. Initialization: Wait until the first job is released (at time 7). At time 71, for all
positive integers [, define t; +— r1 x (1 4+ 2a)!~!. Define Ry £ K(I3,).

2. Repeat for [ =1,2,...,

(a) Plan: At time ¢t = ¢t;, calculate what would an offline algorithm, ALG, have
done starting at time 0 to minimize ) ;. p hi (min (zy,1;)).
(b) Commit:

e At time t € [t;, 2¢;], follow a delayed version (delayed by ¢;) of algorithm
ALG) with the following two minor modifications mentioned in the main
text.

e At time t € [2¢;,3t;], control the machine states so that all machines i
are at their original states O; at time 3t;.
(c) At time t;11, define Ryy1 2 (R \ A) U (K (Iy,,) \ K(Iy,)) where A; = {k|k €
Rl,%’?LGl <t}

such an offline algorithm ALG exists, which is not necessarily true if the assumptions
in Appendix A.2 are not imposed. See Appendix A for a detailed discussion. Note
that at the first iteration, staying at the depot is one of the optimal solutions to the
auxiliary offline problem. Therefore, in the first iteration we let ALG1 be this algorithm
and hence

Ay = 0. (28)

From time #; to time 2¢;, PAC follows a delayed version (delayed by ¢;) of algorithm
ALG; with the following two modifications: First, if between time 0 and time ¢;, ALG;
processes some jobs that PAC has already completed before time ¢;, then PAC does
not process those jobs (but still controls the states of the machines). Second, for each
machine i € [m], PAC stops controlling the state of machine ¢ and stops processing
any jobs on machine ¢ when the last job processed by machine ¢ with completion time
at most ¢; under ALG is completed. By doing so, PAC' is not processing any job nor
controlling any machine state at time 2¢;. The algorithm PAC defines A; to be the
projects in R; that are completed by time t; under the offline algorithm ALG, i.e.,
A 2 {k|k € Ry, xﬁLGl < t;}. Following the definition, for all k € A;,

P AC <t + x,‘jLG’. (29)

In addition for reasons mentioned for the online WITRP case, (29) is not necessarily
tight because the jobs required for completing a project k can be completed jointly in
multiple previous iterations.

From time 2¢; to time t;11, PAC controls the machine states so that all machines
i are at their original states O; at time ¢;y1. This is feasible because the state spaces
of the machines correspond to symmetric metric spaces. At time ¢;,, before entering
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the next iteration, PAC defines Rj,1 to be R; minus A; plus the projects that become
active between time ¢ and #j41, i.e., Riy1 = (R \ A) U (K (Iy,,,) \ K(Iy,)).

4.1.2 Competitive Analysis

Since the online WTRP is a special case, the lower bounds proved in Section 3.1.2.2 are
still valid for this algorithm. Here we discuss our results regarding the upper bounds
on the competitive ratios.

Similar to the results for the online WTRP, for general pairs of (a, 3) satisfying
a € (0,1] and B > «, the lowest upper bounds that we obtain are related to the
following linear program, which is parameterized by a positive integer IV:

X,;>0 for all i=1,2,...,N andn%%i:g%igfr} all i=0,...,N—1,j=1,2,..., yv+Ton (LP™(N))
subject to
Tij+1+ Tij—1 < 2T 5 for {22277”'.’7]]\\7]_ )
(30a)
Xit1— Xi > T — Tigrs fori=0,...,N—1 (30b)
Xit1— Xi < Tiipr — Togrinn fori=0,...,N—1 (30c)
T, |y +Xv <2 (30d)

. N
XNJFTO,L%J <X:i+Tin +X|’N527‘,‘| +TO,(%—| +TLN;2iJ7|’NE2i‘| fori =0,..., \;—J (30e)

where X is defined to be 0 and for all ¢ = 0,1,..., N, T; o and Tn,; are defined to be 0.

Our main result is the following theorem:

Theorem 4.1. For any positive integer N, the optimal objective value of LPdet(N) ]
an upper bound on the competitive ratio of PAC.

Proof. The proof of Theorem 4.1 is similar to that of Theorem 3.1 for the online WTRP.
In the following proof, we omit arguments that are essentially the same as that of
Theorem 3.1.

We first notice that using a similar argument as the proof of Lemma 3.7, we can
show that {4;};2, forms a partition of active projects K (I). Because of (29) and the
concavity of hy, PAC(I) has the following upper bound:

PAC(I Z 3 hk< ALGZ) +Z S Iy (8) 2 X(1)(1) + T(0,1)(1)
=1 k€A, =1 keA;
where
éi Sy ( ,/jLGl) and  T(r,v)(I) éi S hi(ot).
=1 kEAl,:c;jLGlgrtl =1 kEAl,x?LGl>rtl
As a result,

X)) | 10, 1))

S oPT(I) T OPT(I)
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is an upper bound on the competitive ratio of PAC. We drop the parameter I and
view {%}re[o,l] and {%}r,ve[o,l] as variables in an LP. We then find linear inequal-
ities between {X(7)},cp0,1), {T(7,v)}r0ef0,) and OPT that are valid for all problem
instances I, and translate those inequalities into linear constraints in the LP. There
are uncountably infinite many variables X (r) and 7'(r,v), so we cannot solve the LP
numerically. Therefore, for all positive integers N, we define LP9/(N) by dividing [0, 1]
into N +1 arithmetic steps, and for all i = 0,1, ..., N, letting X; represent X(%)/OPT
and for all 4,5 = 0,1,..., N, letting T} ; represent T(%, %)/OPT. By definition, for
all i =0,1,...,N, Xo = T; 0 = Tn; = 0. Therefore, there is only a total of N2+ N
non-negative real variables {X;}Y; and {ﬂ,j}ij\;l;\;l.

Constraints (30a) follow from the concavity of functions hy. Constraints (30b)
and (30c) follow from the definition of {T'(r,v)}, ,ec[0,1] and {X(r)}rejo,1], and can be
proven using an argument similar to the proof of Lemma 3.8. The property (28) says
that A; is empty, and this fact is useful for proving the other constraints. Similar to
Lemma 3.9, ALG; is the algorithm that minimizes the cost if the summation is taken

over A;U A4, i.e., the cost

Z hk (min (a;k,tl)) . (31)

kGAlUAl+1

Similar to Lemma 3.11, comparing cost (31) of ALG; and that of OPT, we obtain
the following linear inequality:

T (o, é) + X(1) < 20PT.

This inequality gives us (30d). Similar to Lemma 3.12, for all integers [ and all r € [0, %] ,
define algorithm ALG41(7) to be the algorithm that does the following.
1. At time 0 < t < rt;, follow algorithm ALG].

2. At time rt; <t < 2rt;, control the machine states in a way such that the states of
the machines i are O; at time 27t;.

3. Starting at time 2rt;, follow a delayed version (delayed by 2rt;) of algorithm
ALG 1 with the two modifications that are also used in PAC.

Comparing cost (31) of ALG; and that of ALG);41(r), we obtain

S b @;;‘LGZ) + Y mt)< Y (x?LGl) Y

keA k€A1 keAl,x?LGlgrlfl keAl,xﬁLGl>Ttl

+ Z hy, (27‘151 + xﬁLGl“>

ALG
k€A 1,a,  TI<(1-2r)

+ > hi (1) -

ALG
kGAl+1,LEk l+1>(1—27‘)tl

Using inequalities that come from hj being concave, hy <2rt1 + x?LGl“> < hi (2rt;) +

hy <:E?LG”1> and hy (t;) < hy (2rt;) + hg ((1 — 2r)t;), and taking the summation over
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all integers [, we obtain the following inequality:

4WU+T<Qé>gX&MJWnD+T<Q%>+X<1;%>+T<L;d1;%>.

Forall:=0,..., L%J, the above inequality with r = ﬁ', together with the fact that
X (r) is non-decreasing in r, and T'(r,v) is non-increasing in r and non-decreasing in v,
gives

2L 1-24 1—-24 1-—24
T(0, =X X N T N N
2i1 1 N-271
(03] %) > (1557 )
T N-2i|1 [N-2]1
3 N’ 3 N)’

which gives Constraints (30e). Thus, the proof is completed. O

]
<X | = T
<x(5)+

Using Theorem 4.1, we obtain the following upper bound on the competitive ratio
of PAC:

Corollary 4.2. The competitive ratio of PAC is at most 5.14.

Proof. Using Gurobi, the optimal objective value of LP%(N) with N = 1200 is smaller
than 5.14 (already taking into account numerical errors). Hence, Theorem 4.1 implies
this corollary. O

The next corollary (Corollary 4.3) is weaker than Corollary 4.2 but still shows that
the competitive ratio of PAC' is lower than the best competitive ratio in the literature
for the online WTRP (5.83). We include Corollary 4.3 because we can analytically prove
this corollary (proved in Appendix D).

Corollary 4.3. The competitive ratio of PAC' is at most 39/7 ~ 5.57.

4.2 Randomized a-Plan-and-Commit
4.2.1 The Algorithm

Here we describe the randomized online algorithm a-Plan-and-Commit (RPAC,,); see
Algorithm 5, which, when applied to the online WTRP, is RPAC| o, with minor mod-
ifications.

The RPAC, algorithm has a single random variable w, uniformly distributed in
[0,1). We use RPAC,,(w) to denote the algorithm with realization w. For any w € [0, 1),
RPAC,(w) has two major phases: initialization and iterations.

In the first phase, RPAC,(w) does the same thing as PAC defined in Section 4.1
except that now {t; +— (14 2a)=1¥r}%° and Ry is defined at time ¢;. We drop the
dependency on w when writing ¢; for simplicity.
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Algorithm 5 The Randomized a-Plan-and-Commit (RPAC,) for general online
scheduling problems with multi-state machines

1. Initialization: Draw w ~ u[0,1). Wait until the first job is released (at time
r1). At time 71, for all positive integer [, define ¢; < r1 x (1 + 2a)'~1+¥. Define
Ry £ K(I,).

2. Repeat for [ =1,2,...,

(a) Plan: At time ¢ = ¢;, calculate what would an offline algorithm, ALG}, have
done starting at time 0 to minimize

> ker, (b (tie1) — hi () 1 (g, > aty).
(b) Commit:
e At time ¢t € [t;, (1 + a)t;], follow a delayed version (delayed by t;) of

algorithm ALG; with the two minor modifications mentioned in the main
text.

o At time ¢ € [(1 + a)t;, (1 + 2a)t;], control the machine states so that all
machines ¢ are at their original states O; at time (1 + 2a)t;.
(c) At time t;11, define Ryyq 2 (R \ A)) U (K (Iy,,) \ K(Iy,)) where A; = {k|k €
Ry, 2 E0 < 1),

The second phase is composed of iterations. The I*" iteration ([t;,#;41]) begins at t;

and ends at t;11. At time ¢;, RPAC,(w) calculates the optimal offline algorithm ALG;
that would have minimized the following cost function:

D7 (i (ter) = b (1) 1 (g, > aty) (32)
keR

where 1 is the indicator function with value 1 if the argument of the function is a true
statement and 0 otherwise; and R; is defined either in the initialization phase (when
[ = 1) or the previous iteration (when ! > 2). The existence of such an algorithm ALG
is obvious because the cost (32) depends only on whether each x, is greater than at; or
not, which depends only on the set of jobs that are completed by time at;, and there
are at most 2" such sets. The intuition for choosing this cost is to minimize the increase
of the original cost due to the projects that are not completed at each iteration.

From time ¢; to (1+a)t;, RPAC,(w) follows a delayed and modified version of ALG,
where the modifications are analogues of those for PAC described in Section 4.1. The
algorithm RPAC,(w) defines A; = {k|k € Ry, a:?LGl < t;}. By doing so, for all k € A;,

pfPACW) <y 4 g ALy (33)
Between time (1 + a)t; and ¢;,1, RPAC,(w) controls the machine states such that all

machines are at their original states at time #;,1. At time ¢;,1, before entering the next
iteration, RPAC,(w) defines Ryy1 £ (R \ A) U (K (Iy,,,) \ K(I,)).?

3The sets K(Itz+1) and K (Iy,) are derived from the definitions of K(I), I, t;, and t;41.
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4.2.2 Competitive Analysis
The main result is the following theorem:

Theorem 4.4. For all o € (0,1], the competitive ratio of RPAC, is 1n((11j:§2¢)

The proof of the theorem requires the following lemma that is an analogue of
Lemma 3.9.

Lemma 4.5. For all positive integers | and any realization w € [0,1):
D (e (tiga) = hie () 1 (foACa(w) > (1+ Oé)tz)
keK(I)
< Z (hie (tig1) = hie () 1 (27T > aty) .

Proof. Obviously, for all : <! —1and k € A;, RPAC“( ) < < (1 4+ a)t;. On the other

hand, for any project k € K(I)\ Ui:} A; such that x?LG’ < aty, k is in A;. According

to (33), = RPAC&(w) St + :E?LGl < (1 4 «@)t;. Therefore,
> (e (i) = he (0) 1 (74 > 1+ )
ke K (I)
< Y Unlts) —h@) (o > an).
keK(D\UiZ; As

Similar to Lemma 3.9, ALG satisfies the following inequality:

> ) — e )1 (5 > at)

keK(I\UJ'ZT A

< Z (hie (trg1) = by () 1 (2277 > aty) . (34)
keK(D\U'Z] Ai

Combining the two inequalities above, we obtain the lemma.

Now we are ready to prove Theorem 4.4, which we repeat here:

Theorem 4.4. For all a € (0, 1], the competitive ratio of RPAC,, is 15((11130)4)

Proof. The lower bound is simple. For the special case of the online WTRP, RPAC,,
is reduced to RPAC, . According to Theorem 3.16, the competitive ratio of RPAC,,
2(1+a)
ln(l—i-;oa) :
Now let us begin to prove the upper bound. For a project k such that (1+ «)t;1q >
xRPAC'a(w) >
k

is at least

(1 + a)t;, we have the upper bound on the cost incurred by the project:
hy (kaPAC“(w)) < hp (L4 a@)tiy1) < (1 + a)hg (ti41) . Taking the summation over

all active projects k and rearranging terms, we have the following upper bound on

RPAC,(w)(I):

RPAC( AP ACa(w
keK(I =0 ke K (I
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where we have defined to £ ¢ /(14 2a) for simplicity. Using Lemma 4.5 and exchanging
the order of the double summations, we obtain

RPAC,( opT
1—|——a > th tie1) 1 (atip > 2 > aty) (35)
keK (1) 1=0

Note that different realizations of w give different sequences of {t;};°,. Therefore, for
a fixed k, the integer [ such that at;; 1 > xgp T > at; can be different. However, due to
the distribution of w, we know that when [ is the integer such that at;;1 > xgp 7> ot
the distribution of at;11 is the same as that of x077(1 + 2a)® where z is uniform over

[0,1). Furthermore, because hy is concave and hy(0) = 0, for at; 41 > 29F7, we have
i1
Oéhk (tl—l—l) § hk (atl+1) O;Thk ( OPT)
Lk

Therefore, taking the expectation on both sides of (35), we obtain

1+a ! . OPT 2(1+ o)
E(RPACo(w)(I) < — kg(%[) ( /0 (14 20) dx> hi (2977 = mOFT(I).

(36)
O

Using Theorem 4.4, we have the following corollary regarding the lowest upper bound
on the competitive ratios that we can prove:

Corollary 4.6. The competitive ratio of RPACY is 4/1n(3) ~ 3.64.

Proof. Theorem 4.4 with o = 1 proves that the competitive ratio is at most 4/1n(3).
Theorem 3.18 with o = 1 proves that the competitive ratio is at least 4/1In(3). Thus
the corollary holds. O

Remark 4.7. Here we consider the effect of ALG; being an approximation. For each
pair of numbers p > 1 and v < 1, we say that ALG| is a (p,y)-approximation if the
following inequality holds:

Z (hk (tl—l—l)_hk (tl)) ]l( LG, > atl> < psup Z hk tl+1) hy, (tl)) ( LG > ’yatl) .

keR, alg Ler,

In other words, the cost of an (p,v)-approximated algorithm is no more than p times of
the optimal algorithm that operates with a shorter period (7 portion) of time.

If for all integers I, ALG is replaced with a (p,y)-approximation, then the com-
petitive ratio of RPAC, becomes %
when we are applying an analogue of Lemma 3.9 to prove (34), the selected set is a
superset of R;. For the deterministic version of this algorithm (where w = 0 with prob-
ability one), replacing fol(l + 2a)* dx with 1 + 2« in (36), we obtain a competitive

ratio of w. Among all « € (0, 1], the minimum is achieved at a = v/2 with a

competitive ratio of (1 + \/5)2§ ~5.83L.

Here the analysis goes through because
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5 Concluding Remarks

In this paper, we have formulated a new class of online scheduling problems, the online
scheduling problem with multi-state machines, which takes into account the case for
which each machine has multiple states and the processing time of a job depends on the
state of the machine. In addition, we formulated a new family of cost functions, which
we named the total costs of active projects, that covers many practical cost functions
such as the total weighted completion time and the quota-collecting makespan. For the
general cases where the objective is to minimize the total costs of active projects in the
online scheduling problem with multi-state machines, we derive a 5.14-competitive de-
terministic online algorithm PAC, and a 3.65-competitive randomized online algorithm
RPAC,. When applying these algorithms to the online WTRP, we obtain competitive
ratios lower than the best in the literature. Finally, we provided a complete proof that
ReOpt is almost surely asymptotically optimal for the online WTRP.

Even though we have made progress in considering a new class of online scheduling
problems, some problems remain open. We conclude this paper by listing four such
problems.

Open Problem 1. For each a € (0,1] and § > «, what are the competitive ratios of
PAC, 3 and RPAC, g for the online WTRP? What is the competitive ratio of PAC
for general online scheduling problems with multi-state machines?

Either a tighter analysis of the algorithm or a better adversarial problem instance,
or both, could address this open problem.

Open Problem 2. What is the competitive ratio of ReOpt for the online WTRP?
What about the competitive ratio for general online scheduling problems with multi-
state machines?

Although ReOpt is almost surely asymptotically optimal under some stochastic as-
sumptions, we do not know whether ReOpt has a constant competitive ratio under
an adversarial model (for both the online WTRP and the general online scheduling
problems with multi-state machines).

Open Problem 3. What are the competitive ratios of the best-possible deterministic
and randomized online algorithms for the online WTRP when the metric space is the
non-negative real line, the real line, and the 2-dimensional Euclidean space?

In the online VRPs, the difficulties in determining the best-possible competitive
ratios typically arise when going from the non-negative real line to the real line, or
when going from 1D (real line) to 2D, while going from 2D to general metric spaces is
usually straightforward.

Open Problem 4. What are the competitive ratios of the best-possible deterministic
and randomized online algorithms for the online WTRP for general metric spaces?
What about the competitive ratio for general online scheduling problems with multi-
state machines?

This problem is probably the central one that we would like to get an answer to. The
best-possible online algorithms could be ReOpt, PAC,, 3 (RPAC, g for the randomized
case), or other algorithms.
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A On the Existence of ALG,

In this section, we discuss the existence of ALG;. In Appendix A.1, we show that ALG|
does not always exist by providing an example. In Appendix A.2, we provide a sufficient
condition under which ALG; must exist.

A.1 A Nonexistence Example

Assume m =1, M} =N, Oy =1, and d;(4,7) = 1 for all ¢ # j. Assume the cost is the
total unweighted completion time (hence hy(x) = x). Let there be only one job with

r1 =1, and
(i) 00 ifi=1,
1) =
b 1+1 ifi>2

In the first iteration (I = 1), the job cannot be completed. In the second iteration
(I =2), the goal is to minimize hj(min(xy,t2)), which equals min(c;, 3). If processed in
state i, i € N\ {1}, the best possible completion time of job 1 is 2+ 1/i (1 for directing
the state from 1 to 4, 1+ 1/i for the processing time). On the other hand, if processed
in State 1, the completion time is infinity. Hence, the infimum of the cost is 2, but is
not achievable by any offline algorithm. Therefore, such an offline algorithm ALG> does
not exist.

A.2 A Sufficient Condition for the Existence of ALG,

In this section, we show that the optimal offline algorithm ALG; exists when two mild
technical assumptions are imposed. Before further discussion, we first note that it is
necessary for ALG; to be the exact optimal solution. Otherwise, our analysis will not
work due to Lemma 3.9 (even if ALG; achieves an approximation ratio of 1+ ¢€).

The first assumption is about the metric space:

Assumption A.1 (Compactness). For any machine i € [m] and any k € Rxq, the
subset of the metric space {s: s € M;,d;(O;,s) < k} is compact.

This assumption is valid in many metric spaces of practical use such as a closed
subset of a multi-dimensional Euclidean space and a discrete metric space such that the
number of points within any finite distance from O; is finite. This assumption is violated
for some artificially designed metric spaces such as the one discussed in Appendix A.1.

The second assumption is regarding the processing time:

Assumption A.2 (Lower-semicontinuity). For any i € [m] and j € [n], pi; is lower-
semicontinuous.

This assumption is valid in many practical settings such as the online vehicle routing
problems and the case where all processing time functions are continuous. However, for
artificially designed functions that violate this assumption, ALG; does not necessarily
exist. For example, assume m = 1, My = [0,1], d1(i,5) = |i — j|, and O; = 0. Assume
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the cost is the total unweighted completion time (hence hy(z) = x). Let there be only
one job with r; =1, and

(s) = 00 for s = 0.5,
prts) = |s —0.5] for s # 0.5.

Because the processing time is always non-zero, x1 = ¢; > r1 = t;. Therefore, the job
is not completed in the first iteration. In the second iteration, the goal is to minimize
hi(min(x1, 3)), which equals min(cy,3). When being processed in any states s # 0.5,
the optimal completion time for the job is 1 + |s — 0.5| (1 for the release date and
|s — 0.5] for the processing time.) Therefore, the infimum of min(z1,¢2) equals 1, but is
not achievable by any offline algorithm.

The primary result in this section is the following lemma:

Lemma A.3. With Assumptions A.1 and A.2, there exists an (offline) algorithm that
minimizes the following cost:

> by (min (zp, 1)) -

keR;

Proof. Let {ALG'}22, be a sequence of algorithms such that
li : ( ALG! )) _ (L ALG
ziglo Z hy, <m1n N jl[l/fc‘; Z hy, (mln (a;k ,tl)) ,
keER; keR;

where two algorithms ALG" and ALG" are allowed to be the same even if i # .

Now let us consider the following sequence of n-dimensional real vectors: S =
{(min (¢ #), min(cs 9" ), ..., min(cAFY" 4))}22,. Since the vectors are in a com-
pact subset of the n-dimensional Euclidean space ([0,%;]™), there exists a limit point.
Without loss of generality, we assume S converges to a limit point, and denote this limit
point (v1,v2,...,v,), i.e., forall j € [n], set v; = lim;_,oo min(cj‘LGl,tl). It is sufficient to
prove that there is an algorithm ALG’ such that for all jobs j € [n], min(c}-“LGl, t1) <wj
because for all k € R, min(z,?;) is a non-decreasing function of {min(c;,#,)}7_;.

Let us now construct such an algorithm ALG’. If v; = t;, then we are not concerned
about the completion time of job j under ALG’ because min(c;,#;) < ¢ independent
of the algorithm. Therefore, for simplicity, we can assume for all j € [n], v; < ¢,
and all jobs are completed by one of the machines under algorithm ALG! (for all large
enough 7). With this assumption, there exists a subsequence of algorithms {ALG" el
such that each job is processed by the same machine among the algorithms because
there are a finite number (m™) of possible combinations. Without loss of generality, we
assume {ALG'}S2, is itself such a subsequence. Now we consider jobs processed by each
machine separately. For simplicity, we say that all jobs are processed by Machine 1. We
denote by p a permutation of [n] such that {v,;)}7_; is non-decreasing. For all positive
integers i and jobs j € [n], we denote by 57 the state of Machine 1 under which job p(4)
is processed under algorithm ALG!. Because of the compactness (A.1) assumption, the
sequence {(s1?, s> ... s™")}22, has a limit point (5%,5%,...,5") where for all j € [n],
57 € S1. We allow ALG’ to process jobs in the order of p(1),p(2),...,p(n) at states
5',52%,...,5", respectively.
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It is sufficient to prove that for all j € [n], c?(?)cl < lim;_yo0 c;‘(?)Gi. To prove this,

first no‘Fg that c;‘(?)G =Y d(E7E) —I'—plp(j)(§j) and c;‘(?)Gl > S d(sBITh s +
Pip(j)(s"7), where 50 £ Oy and for all 4, s*0 £ O, for simplicity. The conclusion follows
directly from the fact that {s7'}?°, converges to s/ and the lower-semicontinuity (A.2)

assumption. O

B On the Necessity of Assumption 2.1

In this section, we show that it is necessary to impose Assumption 2.1 for our results
to hold. In particular, we show the following proposition:

Proposition B.1. When removing Assumption 2.1, for any positive value N, there
exists a cost function such that the competitive ratio of PAC is at least N.

Proof. Consider a variant of the online WTRP where each request j is associated with
pj = (wj,v;) and the cost function is Y ;" ; wj]l(chG > v;), where ]l(cj‘LG > ;) is 1
when chG > v;j and 0 otherwise. Further let the metric space be the real line (M = R)
and the depot be at 0 (D = 0). For any number M > 0, consider a problem instance

I(M) with n = 3 and

(0.5,0.5,1,0.5) for j =1,
(7’]', lj,w]’,’l)j) = (1, —1, 1, 15) for j = 2,
(1,1,M,2) for j = 3.

We first calculate PAC(I(M)). When the problem instance is I(M), t; = 0.5 and
PAC completes request 1 at the first iteration and cf AC — 1. The second iteration
is calculated at time to = 1.5, and ALG9 can complete only one of requests 2 and 3
before time 1.5. Completing request 2 has cost wal(1 > wv2) + w3l(1.5 > v3) = 0,
and completing request 3 has cost we1(1.5 > vg) + w3l(1 > v3) = 1, and hence ALGo
completes request 2 before time 1.5. Therefore, PAC completes request 2 at the second
iteration and ¢’4¢ = 2.5. Finally, PAC completes request 3 at the third iteration and
cPAC = t3 +1 =5.5. Overall, PACI(M)) =1+1+ M = M + 2.

On the other hand, an offline algorithm could complete request 1 at time 0.5, request
3 at time 1, and request 2 at time 3, resulting in a total cost of 2, and thus OPT'(I) < 2.

Therefore, PAC(I(2N — 2))/OPT(I(2N — 2)) > 2N/2 = N, which completes the
proof. O

C Proof of Corollary 3.3

Here we prove Corollary 3.3, which we repeat here:
Corollary 3.3. The competitive ratio of PAC, ; is at most 39/7 =~ 5.57.

Proof. Using Theorem 3.1, it is sufficient to prove that for some positive integer NV, the
optimal objective value of Lngé(N) at « = # =1 is at most 39/7 =~ 5.57. To have a

simpler expression of (2d), we choose N =5 so that when i =1, i = “ﬁ;ﬁﬂ = Lﬁ:ﬁ”
=1.
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~ Comparing (2a) and (2b), for all ¢ = 0,1,...,4, (H}\})O‘ (T; — Tix1) > Cipq1 — C; >
(T — Ti+1)', and thus T; — T;4; > 0. Therefore, (2a) gives, for all i = 1,2,...,4,
Ciy1 —C > F(T; — Tig1) > 5(T; = Ti1) = %(TZ — T;41). Taking the summation over

alli=1,...,4, we obtain C5 — Cy > %(Tl —1T5) = %Tl, or equivalently,

1
01 + 5T1 < 05. (37)
Therefore,
1 1 o
Cs + 5T0 <Ci+T1+Ci1+ 5T1 ((Zd) with i = 1)
6
=2C1 + 3T1
6
<6C) + =11 (C1>0)
< 6Cs, ((37))
or equivalently,
1
=505+ £Th < 0. (38)
Constraint (2c) gives
1 1
—Cs+ =Ty < 1. 39
55 + gl0= (39)

Multiplying both sides of (38) by % and both sides of (39) by %, and then taking
the summation, we obtain C5 + Ty < %, which implies the optimal objective value of
LngtB(N) at « = f =1and N =5 is at most 39/7 ~ 5.57 and thus completes the

proof. O

D Proof of Corollary 4.3

Here we prove Corollary 4.3, which we repeat here:
Corollary 4.3. The competitive ratio of PAC' is at most 39/7 ~ 5.57.

Proof. Using Theorem 4.1, it is sufficient to prove that the optimal objective value of
LP?(N) for some N is at most 39/7. To have simpler expressions of (30d) and (30e),
we choose N = 15 so that when ¢ = 3, Ng%, %, and % are integers.

Constraint (30e) with i = 3 gives

X5 +Tos < X3+ 1315 + X3+ To2 + T3 3. (40)

The above inequality involves X3 and Xi5. In what follows, we derive a lower bound
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for X15 — X3. Summing over (30b) for i = 3,4,...,14, we obtain

14
X5 — X3 > Z Tii —Tiv1
=3
13
=T33+ Z (Tit1,i+1 — Tig1,4) — Tis,14
=3
13

=T33+ Z (Tit1,i41 — Tig14) - (T15,14 = 0) (41)
=3

In what follows, we show for all i = 3,...,13, Tj41 41 —Ti+1,, > 0. Comparing (30b) and

(30c), foralli =0,1,...,14, Tj j11 —Tiy1,i+1 > Xip1 —Xi > T; s —Tj41,4, or equivalently,
T’i,i—l-l — TM > T’i—l-l,i—i-l — Ti—l-l,i' Constraints (30&) with ¢ = 1, 2, ey 14 and j =1 give
Tiiv1 + Tii—1 < 2715, or equivalently, T;; — T; ;1 > T; ;41 — T;;. Combining the two
inequalities above, we obtain, for all i =1,...,14, T; ; = T} ;1 > Ti11 i+1 — Ti41,;- Using
this inequality repeatedly, for all ¢ = 1,...,14, T; ; = T; ;_1 > T15,15 — 115,14 = 0. Hence,
for all i = 3,...,13, Tiy1,i+1 — Tit1,; > 0. As a result, (41) gives Xi5 — X3 > T3 3, or
equivalently,

X3+ T33 < Xis. (42)

Inequality (40) motivates us to prove the following three inequalities based on Con-
straints (30a). Constraints (30a) with ¢ = 3 gives, for all j =1,...,14, T3 ;1 — 273 ; +
T3,+1 < 0. As a result,

—0I33+ 1315
=4T30 — 5153 + 1515 (T30 =0)
3 14

= 4j(Ts;-1 — 2T5 5+ Ts541) + » (15 — §)(Ts—1 — 2Th; + T3 11) < 0,
j=1 j=4

or equivalently,
T315 < 513 3. (43)
Similarly, when ¢ = 0, for all j =1,...,14, Ty j—1 — 2Ty ; + To j+1 < 0. As a result,

3T0,15 + 10T0,2 — 13T075

5 14
= 10(j = 2)(Toj—1 — 2To,; + To 1) + > 3(15 = )(To 51 — 2Toj + To 1) < 0.
=3 =6
(44)
In addition,
Toa5 — 3705
=To,15 — 3705 + 2700 (To,0 = 0)
5 14
= 2j(Ty5-1 — 2T + Ty j41) + Y (15— j)(Tyj-1 — 235 + T3 j11) < O, (45)
=1 =6
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Going back to (40), we have

X5 +Tos <Xz + 1315+ X3+ Tph2 + 133 ((40))
<2X3+ 6133+ T ((43))
<6(X3+T33)+To2 (X3 >0)
<6X15 + Tp,2, ((42))
or equivalently,
—5X15 + T075 — T072 <0. (46)
From (30d), we have
Tos + Xi15 < 2. (47)

Multiplying both sides of (46) by 10, (47) by 78, (44) by 1, and (45) by 25, and taking the
summation, we have 28X5 + 287 15 < 156, which means X5+ Tp 15 < 156/28 = 39/7.
Therefore, the optimal objective value of LP%(N) with N = 15 is at most 39/7, which
concludes the proof. O
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