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Abstract

In this paper we consider online versions of the Traveling Salesman Problem (TSP) on metric
spaces for which requests to visit points are not mandatory. Associated with each request is a
penalty (if rejected). Requests are revealed over time (at their release dates) to a server who
must decide which requests to accept and serve in order to minimize a linear combination of the
time to serve all accepted requests and the total penalties of all rejected requests. In the basic
online version of the problem, a request can be accepted any time after its release date. In the
real-time online version, a request must be accepted or rejected at the time of its release date.

For the basic version, we provide a best possible 2-competitive online algorithm for the
problem on a general metric space. For the real-time version, we first consider special metric
spaces: on the non-negative real line, we provide a best possible 2.5-competitive polynomial
time online algorithm; on the real line, we prove a lower bound of 2.64 on any competitive ratios
and give a 3-competitive online algorithm. We then consider the case of a general metric space
and prove a Q(v/Inn) lower bound on the competitive ratio of any online algorithms. Finally,
among the restricted class of online algorithms with prior knowledge about the total number of
requests n, we propose an asymptotically best possible O(\/ﬁ)—competitive algorithm.
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1 Introduction

In the classical Traveling Salesman Problem (TSP) in a metric space, we are given an origin, a
set of points in that space, and the task is to find a tour of minimum total length, beginning and
ending at the origin, that visits each point at least once. If one introduces a “time” aspect to the
problem by considering a server visiting these points with a given constant speed, the objective
can equivalently be stated as to minimize the time required to complete a tour. When requests to
visit points include release dates, i.e., when a point can only be visited on or after its release date,
we obtain the so-called “T'SP with release dates”. Removing the need to visit all requests, one can
associate a penalty with each request to visit a point. The server can then decide which points to
serve and the objective is to minimize a linear combination of the time to go through all accepted

requests plus the penalties of the rejected ones.
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This paper is a follow-up companion to our recently published article [10], where we consider
online versions of the TSP with release dates and rejection penalty. In that article, the decisions
to accept or reject requests could be done any time after their release dates. In the current paper,
we also consider the case when the decisions must be made immediately at the release dates. To
distinguish these two versions, the first model is called the basic version, and the second one is

called the real-time version.

1.1 Formal definitions of the problems

Online TSP with Rejection Options

Instance: A metric space M with a given origin o and a distance metric d(-,-). A series
of n requests represented by triples (l;, 7;, pi)i<i<n, where l; € M is the location (point
in metric space) of request i, r; € Ry is its release date (first time after which it can be
served), and p; € R} is its penalty (for not being served). The problem begins at time
0; the server is initially idle at the origin (initial state), can travel at unit speed (when
not idle), and eventually must be back and idle at the origin (final state). The earliest

time the server reaches this final state is called the makespan.

Offline context: The number of requests n is known to the offline server. All requests

are revealed to the offline server at time 0.

Online context: The number of requests n is not known to the online server. Requests
are revealed to the online server at their release dates r; > 0; assume 71 < ro--- < rp.

There are two online versions:

Basic: The online server can accept or reject a request any time after the

request’s release date.

Real-time: The online server must accept or reject a request immediately at

the time of the request’s release date. Decisions are then final.

Objective: In all cases, minimize {the makespan to serve all accepted requests plus the

total penalties of all rejected requests} among all feasible solutions.

The offline problem is thus a TSP with release dates and penalty, and the two online versions of

the problem differ as to when decisions to accept or reject a request can be done.

1.2 Owur contributions

For the basic online version of the TSP, we provide a best possible 2-competitive online algorithm in
a general metric space, improving the 2.28-competitive ratio of [10]. A slightly modified version of
our algorithm can be applied to the prize-collecting TSP as defined in [3]. Our modified algorithm

remains 2-competitive for any variations of that problem, improving the 7/3-competitive ratio of [3].



For the real-time version, we provide a best possible 2.5-competitive polynomial time online
algorithm on the non-negative real line. On the real line, we prove a lower bound of 2.64 on any
competitive ratios and give a 3-competitive online algorithm. Finally, we consider the case of a
general metric space and prove a Q(m) lower bound on the competitive ratio of any online
algorithms. Among the restricted class of online algorithms with prior knowledge about the total

number of requests n, we also propose an asymptotically best possible O(v/Inn)-competitive one.

1.3 Literature review

The Traveling Salesman Problem (TSP), along with its many variations, has received wide attention
from different communities. Several books, including those of Lawler et al. [16] and Korte and
Vygen [14] offer comprehensive coverage of results about the classical variants. The problems for
which points do not need to be all visited have comparatively received less attention, and most
of the work originated in the mid-80s, with a paper by Balas [6] on the prize collecting traveling
salesman problem. A good survey about various models and solution strategies about these variants
up to 2005 can be found in [8].

With respect to the literature on online versions of the TSP as considered in this paper, it started
with the paper by Ausiello et al. [5], in which the authors introduce and study the online version of
the TSP with release dates. We refer the readers to our previous companion paper [10] for a more
detailed account of the key literature on online TSP and its variants since then, including [2, 17,
7,11, 21, 1, 4, 3, 12, 18]. Most related to this current paper, are those dealing with online routing
problems which do not require the server to visit every revealed request ( [4, 3, 10]).

Let us conclude this review by noting that other online models of the TSP have been proposed
in the literature, including some recent papers. In one model, closely related to graph exploration,
new requests are revealed locally during the traversal of a tour (i.e., an arrival at a node reveals
any adjacent nodes that must also be visited). In that case, constant-competitive algorithms are
also known for many cases ([13, 19, 9]). In another model, the nodes of an unknown graph with
metric edge cost appear one by one and must be connected in such a way that the resulting tour
has low cost. Without additional power, no online algorithms can guarantee constant-competitive
ratio. In [20], the authors investigate under what conditions, allowing some recourse (e.g., limited

edge rearrangement per iteration) would lead to constant-competitive algorithms.

Outline: The remainder of the paper is as follows: after introducing some key notations and
assumptions in Section 2, we first present our main result on the basic online version for the TSP in
a general metric space in Section 3. We then concentrate on the real-time version of the problem in
Section 4, presenting results on the non-negative real line, on the real line, and on a general metric

space. We offer few concluding remarks in Section 5.



2 Notations

The formal definitions of the problems considered in this paper have been given in Section 1.1. We
assume that we have at our disposal an exact algorithm (a black box) that solves any instance of
the corresponding offline problems.

An instance I consisting of n requests is gradually revealed. The online server observes a series
of partial instances {Iy}i1<k<n, where Ij is the instance consisting of the first k requests. For the
instance I, let Copt (k) be the objective value of an optimal offline solution, 75, be the corresponding
optimal route (tour or path), Tj be the corresponding makespan, and Sy be the set of accepted
requests by the black box. Given a route 7, we also use 7 as a function 7(¢) : Rt — M, where 7(t)
is the position of the server who follows 7 at ¢. L(7) represents the length of the route, i.e. the
shortest time to travel through it, ignoring release dates of requests.

For a given online algorithm A, we let C4(k) be the total cost incurred by the online server on
the instance I,. We measure the quality of this online algorithm via its competitive ratio, i.e., the
smallest upper bound on C4(n)/Copt(n) for any instances of any size n. If there exists such a finite
upper-bound ¢, then we say that A is c-competitive, and, in case no other online algorithms have
smaller competitive ratios, we say that A is best possible. If a finite upper bound does not exist,
then one can characterize the asymptotic behavior of the competitive ratios as a function of n (n
representing the problem size) by providing functions f and g such that an Q(f(n)) and O(g(n))

are asymptotic lower and upper bounds on the competitive ratios for the problem.

3 Basic Version of the Online Problem

We focus here on the basic version of the problem. In Jaillet and Lu [10], we show a lower bound
of 2 on the competitive ratio of any online algorithms for this problem, even under the simple case

of the non-negative real-line:

Theorem ([10]). Any c-competitive online algorithm on Ry must have ¢ > 2.

In the remainder of the section, we first propose an online algorithm whose competitive ratio
matches this lower bound in any general metric spaces. We then consider the design of a polynomial
time online algorithm for this problem and, we finally address a slight generalization of the problem,
involving both penalty for rejection of a request and prize for collection, if a request is accepted

and served.

3.1 Best possible 2-competitive online algorithm

In the proposed algorithm, the online server makes use of the offline black box only when at the
origin, and, any time at the origin, waits an appropriate amount of time (to be defined) before it
starts on a new route. While engaged on a route, the server ignores all new requests. We label this

algorithm WOGI for “Wait, Optimize, Go, and Ignore”. In the sense that this algorithm ignores all



additional requests while en route, this “stubborn” behavior is shared with algorithms which have
been proposed for other online routing problems, such as the online traveling repairman problem
(see in particular the INTERVAL algorithm of [15], and the BREAK algorithm of [11]).

Before presenting the algorithm in details, let us first define some notations. We use ¢ as a
counter indicating how many times the online server has left the origin. We let u; be the number of
requests that have been released so far when the online server leaves the origin for the i'" time. We
let P; be the set of all requests among the first u; requests that have not been served by the online
server when it returns to the origin for the i*" time. We let s; be the first request, not among the
first w;—1 requests, which the online server visits on route 7, (so s; > u;—_1).

Our algorithm is designed in such a way that when the online server leaves the origin for the
™" time, it has two candidate routes to follow. It either follows the route Tu; €xactly, or it uses a
WOGTI shortcut 7y, 4, ,, defined as follows: it skips the first requests on 7,, whose indices are no
greater than u;_1, goes directly to request s;, and then follows the remaining part of 7,,.

Figure 1 below provides an illustration of a WOGI shortcut. In this example, five requests
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route 75 by black box WOGI shortcut 752

Figure 1: WOGI Shortcuts

are released sequentially. The route 75 on the left, computed by the black box, passes through
requests 1,5,3, and 2. According to the definitions above, s5 = 3. As showed on the right, the
WOGTI shortcut 752 skips request 1 and goes directly to request 3. Note that no request is skipped
afterwards. Assume that the server have returned to the origin once and request 1 has not been
served, then P, = {1,4}. Even if some requests are released shortly after the server leaves the
origin to follow 752, they are not included in P.

We are now ready to provide a full description of Algorithm WOGI:
Algorithm 1 (WOGI).
0. Initialization: counter i =0, ug = 0, and Py = (.

1. Assume k requests have been released. If Sy, C {1,2,...,u;}, wait for the next released request,
and go to Step 1; otherwise, go to Step 2.

2. Assume k requests have been released, the WOGI server waits until max{Copt(k), txq, }, where
b = 2Copt(k) = LThw;) = Ljsu,jgs, Pi — Lijep, Pi @8 the latest time to leave the origin



to follow 1y ., and maintain a competitive ratio of 2. If a new request is released during the
waiting time, go to Step 1; otherwise, update u;y1 = k,2 =1+ 1, and go to Step 3.

3. The WOGI server takes one of the two routes and ignores all new requests before reaching
back the origin:

3a. If ty, u;_y > Copt(us), he follows the WOGI shortcut Ty, 4, ,. After finishing the route,
go to Step 4.

3b. If ty, u; y < Copt(ui), he follows T,,. After finishing the route, go to Step 4.

4. Update P;. Go to Step 1.

Let us first look at some properties of WOGI:
Lemma 1. 7, > Copt(u;).

Proof. If i = 0, Copt(0) = 0. Thus, the lemma is trivially true. If i > 0, let ¢ be the time when the
WOGTI server leaves the origin for the ith time. According to Step 2, t > Copt(u;). On the other
hand, at time ¢, only u; requests are released. Thus, Vj > u;, 7 >t > Cope(u;). In particular, it is
true for j = s;41 > u;. ]

Lemma 2. 1y, 4, > 2Cop(u;) — ZjePi Dy

Proof. If i = 0, Copt(0) = 0. The lemma is trivially true. If ¢ > 0, the offline server cannot visit
request s;41 before its release time r,,_ . Thus, To, , > s, + L(Tu;sy u;) — |ls;,, |- Therefore,

tui_;,_l,ui - QCopt(ul—l-l) - L(Tui_,'_l’ui) - Z]>Uz,]¢sul+1 pj - E]GPZ p]
= 2Ty 22 1< <us j¢Sus, P D Tuinw) = Xjouijgsa,,, Pi — 2jep, Pi

> 2r5i+1 + 2L(Tui+1:ui) - 2‘181-4-1’ +2 Zlgjgui+1,j§25ui+1 pj — L(TUH—lﬂLi)
- Zj>ui,j¢5ui+1 Pj = 2 jep, Pj
Z 2r3i+1 + L(TU¢+17Ui) - 2’l3i+1| - ZjePi pj
> 2T3i+1 - ZjGPZ- pj-
According to Lemma 1, rs,,, > Copt(u;), we conclude ty,,u, > 2Copt(ui) — 3 sep, Pj- O]

Lemma 3. The WOGI server returns to the origin for the i*t time before 2Cqp; (u;) — ZjePi Dj-

Proof. We use induction on ¢ to prove this lemma. It is trivially true for ¢ = 0.
Consider . By induction, the server finishes his (i — 1) trip before 2Copt (ui—1) — ZjePi,1 Dj-
According to Lemma 2, 2Cqpt(ui—1) — ZjePi_lpj < tu;u;_,- Thus, the WOGI is at the origin

at max{ty, u;, ,, Copt(ui)}. According to Step 2, he leaves the origin for the i*! time at exactly
max{ty,; u;, ,, Copt(ui)}. Based on which of the two is larger, we have two cases:

L. If ty, .y > Copt(ui), then the WOGI server will take the shortcut Tuii1,ui> and arrive at

the origin at time ¢y, v, + L(Tu;s 1) = 2Copt(ui) — Zu1>1<j§u¢,j¢3ui pj — ZjePi,lpj <
2Copt (u;) — ZjePi pj. The last inequality is due to P, C P, U{j : uj—1 < j < 1w, j & Sy, }-

2. If ty, u;y < Copt(u;), then the server will follow 7,,, and arrive at the origin at time Copg(u;) +
L(1y;) < Copt(wi) + T, = 2Cope(ui) — ZMSW pj < 2Copt(uwi) — > ep, j- The last inequality
is due to P; C Sy, because 7, pass through all requests in Sy, .



We now can prove our main result:
Theorem 1. Algorithm WOGI is 2-competitive and best possible.

Proof. Assume there are a total of m requests and the WOGI server leaves and returns to the
origin i times. According to Lemma 3, after the i trip, the server returns to the origin before
time 2C,p¢(u;) — Zje p, Pj and never leaves again. Therefore, total cost Cwogr < 2Copt (u;) —
djer,Pit 2 jep Pi + 2 it 1 Pi = 2Copt(wi) + 3771, pj. Since the WOGI server does not
leaves the origin afterwards, Vu; +1 < j <m,j ¢ Sy,. Thus, Cwoar < 2Copt(u;) + Z;”:uiﬂpj =

2Copt(m) — 3770, 11 P < 2Copt(m). O

3.2 Polynomial-time algorithms

WOGTI repeatedly calls a black box that provides optimal solutions to corresponding offline prob-
lems. However, because these offline problems are NP-hard, WOGI can’t be considered to be a
polynomial-time algorithm, and this makes WOGI impractical for very large size problems. To ad-
dress the complexity issue, we propose here a polynomial time algorithm, WOGI-apx, at the expense
of an increase in the competitive ratio. WOGI-apx is simply the analog of WOGI with an approx-
imation black box. Instead of solving offline T'SPs optimally, WOGI-apx uses a p-approximation
black box algorithm. Noting that, other than optimality, few properties of offline solutions are used
in proving 2-competitiveness of WOGI, we expect the analysis in Section 3.1 to carry through for
WOGI-apx.

Before presenting and analyzing WOGI-apx, let us first define some notations, which are analogs
of the ones used for WOGI. Given the instance I, the offline approximation algorithm provides a
solution that has cost Capx (k) < pCopt (k). Let T, be the makespan of the approximation solution,
Tk be the corresponding route, and Sk, be the set of requests served by the approximation solution.
u; is the number of released requests when the online server leaves the origin for the 7*" time. The
rejection set P; is the set of requests that have not been served when the online server returns to
the origin for the i*" time. Request s; is the first request on the route 7, whose index is strictly
greater than u;_;. When the online server leaves the origin for the i time, it has two candidate
routes to follow. It either follows 7,,, computed by the approximation solver, or a WOGI shortcut
Tusui_1- The WOGI shorteut 7y, o, , skips the first few requests on 7,,, whose indices are no greater
than u;_1, goes directly to request s;_1, and then follows the remaining fraction of 7,,.

Now we can present WOGI-apx:
Algorithm 2 (WOGI-apx).
0. Initialization: counter i =0, ug = 0, and Py = (.

1. Assume k requests have been released. If S, C {1,..,u;}, wait for the next released request,
and go to Step 1; otherwise, go to Step 2.



2. Assume k requests have been released, the WOGI server waits until max{éapx(k), thou, b, where
thu; = 2Capx(k) — L(Thu,;) — Zj>ui7j¢§k Pj =D jep Pj- If a new request is released during the
waiting time, go to Step 1; otherwise, update u;n1 = k,i =1+ 1, and go to Step 3.

3. The WOGI server takes one of the two routes and ignores all new requests before reaching
back the origin:

3a. If ty,u; > C’apx(ui), he follows the WOGI shortcut Ty, u, ,. After finishing the route,
go to Step 4.
3b. If tu, u;, < C’apx(ui), he follows 7,. After finishing the route, go to Step 4.

4. Update Piy1. i =1+ 1. Go to Step 1.

As Lemma 1 through 3 use no property of the offline solutions from the black box, their analogs

for the approximated version are also valid.
Lemma 4. r,, , > C’apx(ui).
Lemma 5. . > QC’apX(ui) — ZjePi Dj-

Lemma 6. The WOGI-apx server finishes his it trip before 2C’apx(ui) — ZjePi Dy

We omit the proofs because they are the same as the ones for Lemma 1 through 3. We are now

ready to prove our main result. The proof is different from the one of Theorem 1, because unlike

Copt(k), Capx(k) is not necessarily non-decreasing in k.
Theorem 2. Algorithm WOGI-apzx is 2p-competitive.

Proof. Assume there are a total of m requests, and the WOGI-apx server leaves and returns to the
origin 4 times. According to Lemma 6, after the ith trip, the server returns to the origin before
time 2Capx(ui) — > ¢ p, P and never leaves again. Therefore, total cost

CWOGI-apX < 2éapx(ui) - ZjePi pj+ ZjEPZ- pj+ Z;n:uﬂrl by

= 2Capx(wi) + 327041 Pj-

IfVu,+1 < j<m,j ¢ Sn, ie. none of these requests are served in the optimal offline solution,
then Copt(m) = Copt(u;) + D71, 11 pj. Therefore,

C'VVOGI-apx < 2éapx(ui) + z;‘n:uﬁ.l pj
m
QPCOPt(Ui) + Zj:ui—i—l pj < QPCOPt(m)~

If Ju;+1 < j < m, such that j € S, then Copi(m) > r; > C’apx(yi), where the last inequality is due

to Step 2 in the WOGI-apx. Because of Step 1 of the algorithm, Cypx(m) = Capx(uz')—i-z;n:uiﬂ pj >
Copt (ui) + Z;ﬁ:u#l pj, we have pCopt(m) > Capx(m) > Copt(u;) + Z;":uiﬂpj. Therefore,

IN

2WC () + X7 1 9

(2 - 1/p)capx(ui) + Copt(ui) + Z;n:ui-t,-l pj
(2 = 1/p)Copt(m) + pCopt(m)

pCopt(m) + pCopt(m) = 2pCopt(m)'

From the discussion above, we can conclude that WOGI-apx is 2p-competitive.

CwoGT-apx
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3.3 A prize-collecting generalization

The prize collecting TSP (PCTSP) is a generalization of the TSP (see [6, 8]), where associated
with each request is a penalty (if rejected) and a prize (if accepted and served). The server must
collect enough prizes exceeding a given quota while minimizing the makespan needed to collect the

prizes plus the total penalty of rejected requests. We consider the online version of this problem.

Online PCTSP

Instance: A metric space M with a given origin o and a distance metric d(-,-). A series
of n requests represented by quadruples (l;, 74, p;, w;)1<i<n, where l; € M is the location
(point in metric space) of request i, r; € R its release date (first time after which it can
be served), p; € R4 its penalty (for not being served), and w; € Ry its prize (collected
if served). A parameter W,,;, € R4 (a quota for prizes to be collected). The problem
begins at time 0; the server is initially idle at the origin (initial state), can travel at unit
speed (when not idle), and eventually must be back and idle at the origin (final state).

The earliest time the server reaches this final state is called the makespan.

Feasible solution: Any subset S C {1,...,n} of requests to be served and a feasible
TSP tour with release dates 7(S) through S so that ) ;s wi > Winin.
Offline context: The number of requests n is known to the offline server. All requests

are revealed to the offline server at time 0.

Online context: The number of requests n is not known to the online server. Requests
are revealed to the online server at their release dates r; > 0; assume 71 < rg--- < rp.

The online server can accept or reject a request any time after the request’s release date.

Objective: In all cases, minimize {the makespan to serve all accepted requests plus the

total penalties of all rejected requests} among all feasible solutions.

Assume there is a black box that provides the optimal offline solution for PCTSP. For the simplicity
of the algorithm, let us assume that if there is no feasible solution for the offline problem, no request
will be accepted. Let us replace the black box in WOGI by the black box for PCTSP; and the
resulting algorithm is WOGI-PC. Since in the proofs of Lemma 1, 2, 3 and Theorem 1, no property
other than the optimality of the solution provided by the black box is used, these results are also
valid for WOGI-PC. In particular,

Theorem 3. Algorithm WOGI-PC is 2-competitive for PCTSP.
Similarly, assume there is a black box that provides p-approximation offline solution for PCTSP. Re-

placing the black box in WOGI-apx by an approximation black box for PCTSP results in algorithm
WOGI-PC-apx. Similar to the argument above, we have:

Theorem 4. Algorithm WOGI-PC-apz is 2p-competitive for PC'TSP.



4 Real-time Version of the Online Problem

In this section, we consider the real-time version of our online problem. The decision to accept or

reject a given request must be made immediately upon its arrival.

4.1 The case of the non-negative real-line R

We first study the problem when the locations of the requests are all on the non-negative real line,
equipped with the traditional Euclidean distance. In that case, the notation for the location of a

request 4, I;, will also represent the distance from the origin to the point.

4.1.1 Lower bound on competitive ratios

Theorem 5. Any c-competitive online algorithm on Ry has ¢ > 2.5.

Before proving the theorem, let us first present how we construct instances for Theorem 5. The
same idea is used for Theorem 7 later. A series of requests with small penalties with the same
location and almost the same release date are released until the online algorithm accept one such
request. The online algorithm then faces a dilemma on whether to accept or reject such requests.
On the one hand, accepting one such request too early may not be beneficial, because the offline
solution only pays a small amount of penalties while the online solution must spend some time to
visit the accepted request; on the other hand, accepting one too late may not be beneficial either,
because the offline solution can simply accept and visit all these requests while the online solution
must visit the accepted request and pay a large amount of penalties for rejected ones. Such a
dilemma leads to large competitive ratios. In the proofs of Theorem 5 and Theorem 7, penalties,

locations and release dates are chosen carefully to take advantage of the dilemma.

Proof of Theorem 5. Assume that an online server follows a c-competitive online algorithm, where
¢ is a finite constant. Let cg = 2.5 and ¢ be a small positive number. For an arbitrary integer n,
consider a series of up to n + 1 requests as follows: (I;,7;,p;) = (1,1 +ie,3/ch) for 1 < i < n, and
(Int1,"nt 1, Pnt1) = (1, 14 (n + 1)€, 00).

Let tg be the time when the online server begins to move away from the origin for the first
time. If 0 < tg < 71, no request would be presented. As a result, C4 > 0 and Cyp = 0, which
contradicts with the assumption that algorithm A is finite competitive. Thus, tg > r1. Since the
last possible request has an infinite penalty, any finite competitive online algorithm cannot reject
all requests. Let request m(1 < m < n + 1) be the first request that is accepted by A. After
the online server accepts request m, no more request is presented. We now consider two cases to
compute the competitive ratio:

1. If m < n, then the optimal solution is to reject all m requests. In this case, Copt(m) = 1" pi =

7(30?01)21,and Calm) 2 1+ 20 + S pi > ks Thus, o> AT = ¢ = 2.5.

2. If m = n+1, then the optimal solution is to accept all n+1 requests. In this case, Copt(n+1) =

Tl +lni1 =2+ (n+1)e, and Ca(n+1) > ri + 2041 + > i pi = €+ % Using the

10



3(cpt-1)
(co—1)cgy

e=1/(n+1)2, and n — +o00, we have

_ Ca(n+l) 5—2/c+e .
=¢e¢+5—2/cj. Thus, ¢ > C(,Apt(n+1) > ST(niD)c: BY letting
5—2/cl+e

T n+T)e — 2.5. Thus, ¢ > 2.5.

fact that ¢g = 2.5, e +

O]

4.1.2 An optimal 2.5-competitive online algorithm

The algorithm we propose here is an extension of the “move right if necessary” (MRIN) algorithm
introduced in Blom et al. [7] for the online TSP without rejection options. The acceptance/rejection
decisions are based on the offline optimal solutions. Let us call this algorithm the “estimate and
move right if necessary” (EMRIN) algorithm:

Algorithm 3 (EMRIN).

1. Whenever a new request m comes, if m € Sy,, accept it; otherwise reject it.
2. If there is an accepted and unserved request on the right side of the server, move toward it.

3. If there are no accepted and unserved requests on the right side of the server, move back toward
the origin. Upon reaching the origin, become idle.

First, let us show that the total penalty of rejected requests is not large:
Lemma 7. Vm, Copt(m) = 3,2, g5, Pi-

Proof. We use induction on m. When m = 1, if 1 € Sy, Cope(1) > 0 = Zi<1,i¢S¢ pi; otherwise,
Copt(1) = p1 = >, i¢s: Pi- Therefore, the assertion is true. Assume now that the assertion
holds for m — 1, and let us consider m. If m € Sy, Copt(m) = Copt(m — 1) = >, 1 105, Pi =
Zigm,z‘gsi pi; otherwise, Copt(m) = Copt(m — 1) + py, > Ziém_17i¢8i Pi + Pm = Zz‘gm,z‘gési D;.
Then, let us prove our main result:

Theorem 6. Algorithm 3 (EMRIN) is 2.5-competitive, and thus best possible.

Proof. We will use induction on the number of released requests m. When m = 1, if 1 ¢ S,

Ca(1) = Copi(1); otherwise, Ca(1) = r1 + 2h1, Copi(1) = max{ry + l1, 21}, and thus G445 < 15.

Assume now that the assertion holds for m — 1, and let us consider m:

1. f m ¢ Sy, Ca(m) = Ca(m — 1) + pp, < 2.5Cp(m — 1) + pp, < 2.5(Copt(m — 1) + ppy) =
2.5C,pt(m). Thus, ¢ < 2.5.

2. If m € S,,, assume request k is the rightmost request that is accepted but not be served at
time r,,; assume x is the position of the online server at r,,.

2a. If x < I, because request k is an accepted and unserved request, the online server
has been moving right since time 7. Hence, the online server will return to the origin
no later than ry 4+ 2lx. Therefore, Cy(m) < ri + 2l + Zigm,igési p;. Because k € Sy,

Copt(m) > Copt(k) > max{ry + Iy, 2l5}. As a result, we conclude C(z;‘t(znm)) < g:pt(ll’;) +

l 2i<m.igs; Pi B
Com ) T Copiimy - =1 +05+1=25.

2b. If £ > [, no extra time is needed to serve request k, because it can be served on
the online’s way back to the origin. Thus, Cy(m) = Ca(m — 1) < 2.5C(m — 1) <
2.5Copt('m).

O]
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4.2 The case of the real-line R

In this section, we study the problem when the locations of the requests are on the real line,
equipped with the traditional Euclidean distance. On the positive (“right”) side of the line, the
notation for the location of a request 4, [;, will also represent the distance from the origin to the
point. On the negative (“left”) side of the line, the location of a request i, [; will be given by a

negative number, and the distance from the origin to the point will be its absolute value |l;].

4.2.1 Lower bounds on competitive ratios

General lower bound

Theorem 7. Any c-competitive online algorithm on R has ¢ > 17+T‘m ~ 2.64.

Proof. Assume that an online server A follows a given c-competitive online algorithm. For any
given £ > 0, there exists N € N, such that Ne > ¢(4 + 2¢), and there also exists M € N, such that
15¢ — 8 < ecM—1,

Again we use the idea mentioned in Section 4.1.1 to construct an example. In this example,
three series of requests are presented.

First, consider a series of up to N requests as follows: (I;,r;,p;) = (1,1 + %,5) for 1 <7< N.
Note that A cannot reject them all. Otherwise, the cost will be Ne > ¢(4 + 2¢), while the optimal
cost is at most 2 4+ ¢, which is a contradiction. Assume the first request accepted by A is nq.
Truncate the first series: only the first ny requests are presented.

Consider a second series of up to N requests as follows: (I, 44, "ny+i, Pni+i) = (=1, 14+e+ iﬁg, £),
for 1 < i < N. Note that A cannot reject them all. Otherwise, the cost will be at least Ne >
¢(4+2¢), while the optimal cost is at most 4+ 2¢, which is a contradiction. Assume the first request
in this second series accepted by A is nq +nsy. Truncate the second series: only the first ny requests
in the second series are presented. Let Py = (n1 — 1)e, Po» = (n2 — 1)e, a1 = min{2 + 2¢, P| + ¢},
and az = min{2 + 2¢, P, +¢}.

At time 1 + ¢ + %5, A has two requests at £1 to visit. Without loss of generality, assume
A is visiting 1 before visiting —1. Assume tg is the first time when A is at the origin after
visiting 1. Note that the optimal cost is at most a; 4+ a2. In order to be c-competitive, we have
3<ty<(c—1)(a1+a2)—2<5bc—2.

Consider a third series of up to M requests as follows: I, yny+i = to — 2, Tny+ne+i = to + e

1
Prytnyti = max{0, 3t°_2_(c_1)(12+P2)_(2C+1)6}, for 1 <i < M. We claim that A has to reject all

these M requests. Otherwise, assume the first one accepted is nq + no + m; then truncate the third
series so that only the first m requests in the third series are presented. The online server’s cost is
at least 3tg — 24+ P, + P> + Z:’;l Prytnati > c(ar 4+ az + D 0% Pny4noti) + €, while optimal cost is
at most aj + as + Y 1"y Pny+ne+ti, which is a contradiction.

Then, we present the last request (In,n,+0+1, "M +14n1+n2s PM+14n14n2) = (to — 2,10 + €, 00).
Because of its infinite penalty, A has to accept this request. Thus, online server’s cost is at
least 3tg — 2+ P, + P, + Zf\il Ditni+ny- Noting that Zf\il Ditni+ns = Pltng+ns Zf‘il L

ct
Pling+ M _ M-1 .M—1 M—1
TPl 4ny — LAty Planytny < 3lo —2 < 15¢ — 8, " —¢ > ¢ and 15¢ — 8 < ¢V e,

we then have > 3tg — 2+ P + P, + w —(PL+P)—c= % — 63%51 The optimal
cost is at most 2ty — 2 + . Consequently, ¢- (2tg — 2 +¢) > % — 3 5 2c—4—(c+2)e <

(2¢—=5)to < (2¢—=5)((c—1)(a1+az2) —2) < (2¢—5)(4c+ (4eq)e) — 6. By letting € — 0, we conclude
26—4§(2C—5)(4C—6):>6217+T\/ﬁ. O
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4.2.2 A 3-competitive online algorithm

This algorithm uses a different offline subroutine, hereafter called black box 2, that solves a variant
of the offline problem where the server starts initially at a point x that may be different from the

origin.
Algorithm 4 (ReOpt).
1. Whenever a new request m comes, if m € Sy, then accept it; otherwise, reject it.

2. At any time when a new request is accepted, reoptimize (using black box 2) and follow the
corresponding new optimal route to serve all accepted and unserved requests.

First, let us show that the total penalty of rejected requests is not very large. Consider if only

the first k requests are released, let Lj = 1<.r<r}€in 5 {l;,0} be the leftmost accepted request and
SISKLESE
Rr = max {l;,0} be the rightmost accepted request. Then,
1<i<k,i€Sy

Lemma 8. If k € Si and I, <0, then VI € (I, 0], >,y .y pi > 1 — Ik

Proof. Consider the route 75, that the offline server follows if only the first k£ requests are released.
Let 7,(t) be the server’s position at time ¢. Assume that request k is served at time to(> ry).
Let t1 = max{t : 7,(t) = [,t < to} and to = min{t : 7(¢t) = [,t > to}. Consider another feasible
solution:
T(t), t <t
() =1 1, ty <t <ty
Tk(t — (tg — to)), t 2 to

Since both solutions have the same motion before ¢1, all requests served by 7 before ¢; are also
served by the new solution. Furthermore, because the interval covered by 7 after t5 is also covered
by 7;, after ty and all the first k& requests are released before ty, every request that is served by 7
after ¢o will be served by 7. Therefore, all requests served by 7;, but not by 7;, are served by 73
between t; and to. Because of the definition of ¢; and %o, all those requests are located beyond .
Thus, 75 saves at most Zi:li <1 pi on penalties and spends ¢y — tp more units of time on traveling.
From 7., we have Zi:li <1Pi > t2 —tg > 1 — I, where the last inequality is due to the unit speed of
the offline server. O

By symmetry, we also have:

Lemma 9. If k € Sk and I, > 0, then Vi € [0, 1), Z“Plpi > — 1.

Then we are ready to prove the competitive ratio of ReOpt:
Theorem 8. Algorithm 4 (ReOpt) is 3-competitive.
Proof. Assume n requests are released:

1. If n € S,. Both the online and offline servers accept request n. Let Lo, = min{0,l; : i € S;}
be the leftmost request accepted by the online server, R,, = max{0,l; : i € S;} be the
rightmost request accepted by the online server, Log = min{0,l; : i € S,} be the leftmost
request accepted by the offline server, and R, = max{0,l; : ¢ € S,} be the rightmost
request accepted by the offline server. From the description of ReOpt, the online server never
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moves beyond interval [Loy, Ron]. In Lemma 9, let k& = argmax,;{0,l; : ¢ € S;}, we have
Ron < Roft + > 54, p. o Pi- Similarly, —Lop, < —Log + >y o Pi- Therefore, the online
server serves all accepted requests and returns to the origin no later than r, — 2Lo, + 2Rop.
Thus,

CReOpt (n) Tn — 2Lon + 2Ron + Zign,igési Di
T+ (=2Loft + 23 < g Pi) + (2Ror + 2350, o g o Pi) + 2i<n igs; Pi
(1 + Zz‘ggsn pi) + (2Rot — 2Lof + Zi¢5n pi) + Zign,z‘gési bi

3C’0Pt(n).

VA VANRVANRVAN

2. IfVie{1,2,--- ,n},i ¢ S;, then Creopt(n) = > iy pi = Copt(n).

3. Assume m is the last request such that m € S,,,. According to Case 1, Creopt(m) < 3Cqpt(m).
Since, ¢ ¢ S; for all i € [m+ 1, n], we have Creopt(i) = Creopt(i — 1) + pi, which is due to the
optimality of Creopt(7) and Creopt(i —1). Therefore, Creopt(n) = Creopt(m) + Z?:mﬂ pi <
3Copt (M) + 32141 Pi < 3(Copt(m) + 320,11 Pi) = 3Copt(n).

O

Note that 3 is a tight competitive ratio for ReOpt as the following example illustrates. Let €
be an arbitrarily small positive number, k£ be an arbitrary large integer, and let the instance
consist of the following 2k + 3 requests: (l1,71,p1) = (1,0,2 — 1/k), (l2,72,p2) = (—2/k,€/k,0),
(Is,rs3,p3) = (1,1/k,00), (Liyri,pi) = (—=2/k, (i — 1) /k,00), 4 <i < 2k + 3. It is easy to check that
Creopt = 6 +4/k and Copy = 2+ 4/k. By letting k — oo, we have ¢ > 3.

4.3 The case of general metric spaces

In this subsection, we first construct a series of special metric spaces, for which we prove that there
are no online algorithms with a constant competitive ratio, and show a Q(v/Inn) lower bound on
any competitive ratios (where n is the number of requests in the given instance of the problem).
Then, among the restricted class of online algorithms with prior knowledge about the total number
of requests n, we propose one which is O(M)—competitive; hence, asymptotically best possible

among that class.

4.3.1 Lower bound on competitive ratios

Splitting operation: Such an operation on an edge AB of length [ consists in splitting it into
countably infinite many copies, each represented by a middle points {C;};cn such that: each C;
satisfies: AC; = BC; = 1/2; and any path from one middle point Cj, to another middle point Cj,
must pass through either A or B.

The metric spaces {M;}cn: The spaces {M;};en are created iteratively by the splitting oper-
ation described above. Given one space M, we split each of its edge into countably infinite many

copies to create M 1:

e My: A line segment AgA; of length 1.
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Figure 2: Splitting Operation

e M: Split AgA; into copies with middle points A1/27i1.
o M2:

— For every i1, split AgA; /2, into copies with middle points A; /4 ; ;, (Here the part before
the comma indicates the point’s distance from Ay. The part after the comma indicates

its location, e.g. Aj/41; is a middle point of AgA; /91, but d(Ay /411, A1/22) # 1/4.);

— For every i1, split Ay /5, A1 into copies with middle points Az /4 ;4,5

e ctc, ...

Ay
Ayan Aszjan

A

Aya22 Az /4,22
Ai/22

Figure 3: An illustration of My

A point is called a-point if its distance from Ag is o For instance, A;y;, are all 1/2-points and
As/a,i, are all 3/4-points. Let Vo = {Ag, A1} and V; be the set of middle points created when
creating the space M;. For example, Vo = {A;/4;,i,, A3/4,4,|Vi1,72}. By the construction of the
spaces and the splitting operations, the distance between two nearest points in Vj is 1/ 2= and
the distance between V; and Vj_; is 1/27.

Proof of unbounded competitive ratio: In order to present requests one by one to the online

server, the release dates of all successive requests should be different. However, for simplicity in

15



the exposition of our proofs, all release dates are set to be 0. Simply assume that the online server
is given each request one by one, and has to make an acceptance/rejection decision before the next
one is revealed. (Formally one could instead assume that for all ¢ > 1, r; = ie, where € is an

arbitrarily small positive number.)
Theorem 9. For any m € N, there is no algorithm with a competitive ratio less than m — 1.

Proof. Consider the following instance defined on the metric space Ms,,2. The online server is at
Ap initially. First, two requests with infinite penalties are released at Ay and A;. Then requests
with penalties 1/m are released one by one at 1/2-points {A; /27141} until the online server rejects
one of them. We will later show that this is well defined, i.e. the online server must reject one such
request. Assume he accepts Ay/p1, -+, A1/2,4,-1 and rejects Ay/p,,. Then, release requests with
penalties 1/(2m) at 1/4-th points A /4 4,4, until the online server rejects one (again our formal proof
shows that this is a well defined stopping criteria), and at 3/4-th point Ag/, 4, until the online
server rejects one. Repeat this procedure at 1/8,3/8,5/8,7/8, ..., 1/22’"2, ey (227”2 — 1)/22m2—points.
The penalty of a request at a point in V; is 1/(27~tm). First, let us show that requests accepted
by the online server are not close to each other:

Lemma 10. Consider any two requests that are accepted by the online server. Assume that one
request is at a point in Vj, and the other is at a point to Vj, (j1 and jo may or may not be different).
Then, the distance between those two requests is at least 1/271 4+ 1/272.

Proof. Because of the way the instance and the metric spaces are constructed, any path from one
request to the other must pass through a point in set Vi(j, j,3—1- Since the distance between
Vi, and Viningj, jo3—1 is 1/27t and the distance between Vj, and Viningjy jo}-1 18 1/272 the distance
between these two requests is at least 1/27t 4 1/272. O

Lemma 10, combined with the fact that any request at a point in V; has a penalty 1/ (27=tm),
indicates that the distance between two requests accepted by the online server is at least m /2 times
the sum of the penalties of the two requests. Therefore, if the total penalty of requests accepted by
the online server is P, the online server must travel at least mP units of time to serve all of them.
Then, let us show that the instance is well defined, i.e. the online server cannot accept all requests:

Lemma 11. Assume the online algorithm is (m — 1)-competitive. For any 1 < j < 2m?, let k; be
the total number of requests at points in V; that are accepted by the online server. Then, kj < m227.

Proof. Assume there exists j such that k; > m?27. Consider the instance in which no request at

points in U?ffﬂ V; is presented. We will show that the algorithm is worse than (m — 1)-competitive
for the instance.

First, let us consider the cost of the online server. Since the total penalty of accepted requests
is Y7_, ki/(2"'m), from the discussion above, the online server must spend at least Y 7_, k;/2°
units of time serving these requests. Because for each 1 < ¢ < j the total penalty of rejected
requests at points in V; is 1/m, the total penalty of rejected requests is j/m. Thus, the online cost
is 0 ky/20 1 4 j/m.

Then, let us consider a feasible solution B and its cost. Requests rejected by the online server are
accepted and requests accepted by the online server are rejected. Noting a carefully chosen shortest
path from Ag to A; passes through all requests rejected by the online server, the new feasible solution
spends 2 units of time to visit these rejected requests. Thus, Cp = > 7_; k; /(2" m) + 2.
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Since the online algorithm is (m — 1)-competitive, Coptine < (m —1)Copr < (m —1)Cp. Thus,
ki/(277 m) < 370 ki/(277 m) + j/m < 2(m — 1) < 2m, which implies k; < m?27. Contradict
with our assumption. O

We are now ready to finish the prove Theorem 9. According to the proof of Lemma 11, the
2 .
online cost is at least Z?Z”l k;/2°71 4 2m; there exists a feasible solution B whose cost Cp is

2m?2 ) i—1 ) . . .
Yo ki/ (27 m) + 2. However, Copiine > mCp > mCopr. Thus, the online algorithm is not

(m — 1)-competitive. O
Asymptotic lower bound: From the detailed proof of Theorem 9, at most m?2’ requests are
presented at points in V;. At most n < m222m* requests make any online algorithm worse than
(m — 1)-competitive. In other words, we have showed:

Theorem 10. Any c-competitive online algorithm on an instance with n requests must have ¢ >
Q(VInn), even assuming n is given in advance.

4.3.2 Best possible O(vInn)-competitive algorithm when n is known

The algorithm proposed in this section requires a priori knowledge on the total number of requests.
It is not clear that there exists an algorithm that achieves the same competitive ratio without such
a knowledge.

For the simplicity of the algorithm and its analysis, we would like to consider problems without
release dates. All requests arrive in sequence. The online algorithm must accept or reject a request
before seeing the next. After making all the decisions, the online algorithm then decides how to
serve all accepted requests. We argue that removing release dates (but preserving the order) only

changes competitive ratios by at most 2:

Lemma 12. Given an online algorithm A that is designed to solve the instances with all release
dates 0(but still have to make decisions sequentially before knowing future requests), it can be
Call) _ Call)
Copr(I) ~— Copr(I')
where I' is almost the same instance as I, the only difference is all release dates are 0 in I', but
the order of requests remains.

transformed to another online algorithm A’, such that for any instance I, +2,

Proof. Consider the following algorithm A’:

Whenever a new request m comes, the server applies algorithm A on the instance
consisting of first m requests with release dates all zeros, to make an accept/reject
decision for the new request. If he accepts the new one, he goes back to the origin and
then follows the newly computed route; otherwise, he just continues his current route.

Assume for instance I, p = CCO*‘; T(I()I) and the last request accepted by offline server is request m.

According to the construction, the online server will go back to the origin at time r,, and then
follows his last route. Note that at time r,, the server is at most r,, units of distance away from
the origin, thus, Cy/(I) < ry + 1 + Ca(I’) < 2Copr(I) + pCopr(I') < (2 + p)Copr(I). O

As mentioned in Section 4.1.1, accepting a request at a faraway location with a small penalty may
not be beneficial; however, if many requests with small penalties are close to each other, it may be

beneficial to accept them. Let us first define the concept of distance for a group of requests:
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Definition 1. Given a set U of requests and a route T, define T'(U, T) as the shortest time to visit
all requests in U along T if T passes all requests in U; otherwise, define as co.

According to the definition, a server can begin at any request in U, visit all the other requests in
U, and then go back to its initial position within 27(U, 7) units of time. A group of requests that

are close and have a large overall penalty may be beneficial to visit. More formally,

Definition 2. If 7 passes all requests in U, given any nonempty subset of U: {i1,ia,...,ix},
there exists a division of U = Ule Ij, such that iy, € I;,Vl = 1,...,k, and Zle T(I,7) <
Vinn(d S, cppi — S piy), then we call T a good route to visit U.

We are now ready to present our algorithm. It consists of two stages: decision making and route
traversing. In the decision making stage, decisions to accept or reject requests are made one by
one. At the end of step k, P, C {1,...,k} is the set of requests that have not been selected for a
visit so far, and Vi = {1,...,k}\@ is the set of requests to be visited (i.e. those who have been
accepted, and those who have been rejected but will be served anyway). Every request i receives
a label b; during the decision making stage, which will be used for construct a route later. i > b;
indicates request 7 is accepted by the online algorithm; b; < ¢ < oo indicates request 7 is rejected

but visited; b; = oo indicates request i is rejected and not visited.

DECISION MAKING:
0. Initialization. Py =0, Vp = {0}, and k = 1.

1. Request k is accepted if and only if there exists a subset Qx C Pr_1 and a good route
pu to visit Q U{k}, such that T(Q U{k}, ux) +d(Qr Uk}, Vie1) < (Xieq, Pi +
pr)Vinn.

2. If request k is accepted, assume j € Vi_; satisfies d(QrU{k},j) = d(QrU{k}, Vi—1).
Update Py, = Py_1\Qk, Vi = Vi—1 U{k} U Q} update labels: b = j and b; = k for
all i € Q.

3. If request k is rejected, update P, = Py_1 U{k}, Vi = Vi_1, and by, = oc.

4. k=k+ 1. Go to Step 1.

Let S, be the subset of requests accepted by the online algorithm. After making accept/reject

decisions, a route is constructed iteratively, based on the information gathered in the DECISION
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MAKING stage. Traveling along the route, the online server visits requests in S, and in Vj,:

ROUTE CONSTRUCTION:
0. Initialization. 79 = 7,, and k = 1.

1. If k € S, and 7,1 covers at least one request in QU{k}, let requests ¢;,, Ciy, -+, Ciyy

be all the requests in Qr U {k} that are covered by 7x_;. Find the division of
Qr U{k} = Luj I that satisfies the condition in the definition of good routes.
Construct 7% ;:Ifollows, it is the same as 7Tx_1 except for w detours: when arriving
at request ¢;,, (1 <t < w), follow the shortest route to visit I;, go back to ¢;,, and

then continue to follow 74_1.

2. If k € S, and 7 does not cover any request in @y U {k}, construct 7 as follows: it
is the same as T;_1 except for a detour: when arriving at request by, follow the
shortest route to visit all the requests in Qg, go back to bg, and then continue to

follow T4_1.
3. If k¢ Sa, Tk = Tp—1-

4. k=k+ 1. Go to Step 1.

The cost of the resulting solution comes from two parts: the penalties of rejected requests and the
time to visit requests. We will provide upper bounds for both parts. First, let us consider the
penalty part. Let W be the set of requests that are accepted by the optimal offline solution, but

rejected by the online solution. Following is a upper bound for penalties of requests in W:
Lemma 13. ), ok < (2vVInn + 1)Copi(n).

Proof. We divide requests in W into some subsets by the following algorithm:

0. Initialization: W7 = W,k = 1.

1. Divide all requests in W} into m;y, subsets, such that each subset consists of one or
several successive requests, in every subset Ai(l < j < my), the largest index is

smaller than the smallest label, and 7, is a good route to visit Ai. The division
has the fewest subsets among all possible divisions.

2. If my, < 1, terminate; otherwise, go to Step 3.
3. Let By, = {j ZieAJk' pi = maX{ZiGAiﬂ i, ZieAgjl pit}- Let Wit = Ujep, 4

4. Update kK = k + 1. Go to step 1.

We first show the existence of divisions that satisfy the requirements in Step 1: a trivial division
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consists of [Wy| singletons. Thus, this algorithm is well defined. Noting that J;cp, Ai is also a
feasible division of Wyy1, from the minimum number of subsets, we have my1 < |Bg| < my/2.
Furthermore, because m; < |W| < n, the algorithm terminates after at most Inn iterations. Let
K be the number of iterations before termination. '

We then consider any two adjacent subset Ai and A{CH in iteration k < K. We will show that

T(Ai U A{:rl,Tn) > 1nnmin{zieAi Dis Zz‘eAﬁl pi}. Without loss of generality, let us assume
maxieAi 1< maxieA,{“ 1. Consider minieAi b;:
1. If minieA{; b; < Max,  yi+1 i, let z = arg minieAi b;. When request maXiGAiﬂi is released, all
requests in A{jl are released and not covered by 7, and z is covered by 7. Noting that 7, is
a good route to visit 7", we have Y et piVinn < T(AI 7)) 4+ d(ALT 2); or request
k . . . .
max; 441 i will be accepted. Therefore, T(AL U AL 7)) > T(A 7)) + d(A™, 2) >

ZiEA‘,i'H PiV ln n.

2. If min,_ .5 b; < max,_,;+1 ¢, then 7 is not a good route to visit Ai U Aiﬂ; otherwise, the two
k k

subsets can be merged to one. According to the definition of good routes ,we can show that
j j+1 .
T(AL UAT 1) > mln{ZieAi piVinn, zieAi” pivinn}.

From the above inequality, we have

Wopa(n) > S T(ALU AL 7)
> min{zieAi piVinn, ZieA{;“ pivVinn}
2 i¢By Zz‘eAi pivinn

ZiEWk\Wk+1 Div Inn

In the last iteration, from the requirement of divisions, min;ew, b; > max;cy, i. Hence when
request max;cyy, ¢ is revealed, all requests in Wi are still in PmaX¢ewK i—1. On the other hand,
request max;ew, ¢ is not accepted. Combined with the fact that 7, is a good route to visit W,
we have Copt(n) > > e, pivinn.

By summing these inequalities up, we conclude >, .y pr < (2vInn + 1)Copt(n). O

ARV

Consider now the route 7, that visits all requests in V,,. We have a corresponding lemma:
Lemma 14. L(7,) < (2VInn 4 1)Copi(n).

Proof. Let us establish the upper bound L(7,,) by considering L(7;) — L(7Tx—1) for all 1 < k < n:

1. If k € S, and 71 passes at least one request in Q U {k}, then according to the definition of
good route, L(7;) — L(Tx—1) < 2\/1n”2teru{k:}\Sn Dt.

2. If k € S, and T;_1 does not cover any request in Qp U {k}, then L(7;) — L(Tx—1) < 2T(Qx U
(&} ) +2d(Qr UK}, Re—1) <2VInn ) ico, o P < 2VINn - co, i s, Pt

3. If k¢ S,, then L(7x) = L(Tk—1).

Since every request in R, belongs to at most one of @);, by summing these inequalities up, we
have L(7,) < L(7n) +2VInn Y i cp pr < (2vInn + 1)Copt(n). O

After providing upper bounds on both parts, we can now conclude:
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Theorem 11. The algorithm is O(v/Inn)-competitive.

Proof. Since the requests rejected by the online server are in R, UW,

Con(n) ZieRn Di + EieW pi + L(Th)
Copt(n) + (2VInn +1)Copt (1) + (2vInn + 1) Copi (1)

(4v/Inn + 3)Copt(n).

I IAIA

Therefore, the algorithm is O(v/Inn)-competitive. O

5 Conclusions

From our results it is clear that, from a competitive analysis perspective, the basic versions of our
online problem are easier to tackle than their real-time versions - the corresponding competitive
ratios are much smaller. There are some key questions left open in this paper:

We have not presented results in this paper on the version for which the server doesn’t have
to return home to a specific location at the end. It turns out that this version is more difficult to
solve for an online server - the lack of certainty about where to end proves to be yet another source
of difficulty in an adversarial situation.

Also, it would be of interest to know if the introduction of quota for prizes to collect fundamen-

tally changes the nature of the results for the real-time online version of our problems.
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