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Abstract

In this paper, we address the problem of online car-sharing with variable booking times
(CSV for short). In this scenario, customers submit ride requests, each specifying two
important time parameters: the booking time and the pick-up time (start time), as well
as two location parameters—the pick-up location and the drop-off location within
a graph. For each request, it’s important to note that it must be booked before its
scheduled start time. The booking time can fall within a specific interval prior to the
request’s starting time. Additionally, each car is capable of serving only one request
at any given time. The primary objective of the scheduler is to optimize the utilization
of k cars to serve as many requests as possible. As requests arrive at their booking
times, the scheduler faces an immediate decision: whether to accept or decline the
request. This decision must be made promptly upon request submission, precisely
at the booking time. We prove that no deterministic online algorithm can achieve a
competitive ratio smaller than L + 1 even on a special case of a path (where L denotes
the ratio between the largest and the smallest request travel time). For general graphs,
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we give a Greedy Algorithm that achieves (3L 4 1)-competitive ratio for CSV. We also
give a Parted Greedy Algorithm with competitive ratio (%L + 10) when the number
of cars k is no less than %L + 20; for CSV on a special case of a path, the competitive
ratio of Parted Greedy Algorithm is (2L + 10) when k > L + 20.

Keywords Car-sharing problem - Online scheduling - Competitive analysis

1 Introduction

Recently, car-sharing has gained popularity as a convenient mode of transportation.
Customers make reservations for their rides, and car-sharing companies provide vehi-
cles for a specified duration to fulfill these requests. This trend addresses the increasing
demand for urban mobility while optimizing the use of urban space. Car-sharing has
emerged as a prominent transportation service, offering customers the flexibility to
book rides in advance. These bookings are made within a certain time frame before the
requested start time, providing customers with greater flexibility compared to fixed-
time bookings. Furthermore, the adoption of shared cars helps reduce the reliance on
private vehicles, offering solutions to traffic congestion and environmental concerns
(The future of driving 2012). As a result, the car-sharing problem has become a crucial
area of study within the field of operations research.

Our study focused on optimizing the maximum number of satisfied customer
requests. These ride requests are submitted prior to their desired start times. Addi-
tionally, the time at which a request is booked varies and falls within a specified time
window before the request’s start time. This flexible booking approach offers cus-
tomers greater convenience compared to fixed booking schedules. We refer to this
scenario as CSV (Car-Sharing with Variable booking times), and in this paper, we
delve into the study of CSV. Specifically, we analyze the competitive ratio of two
algorithms: the Greedy Algorithm, and the Parted Greedy Algorithm. Our analysis
encompasses both general graphs and a specialized path graph.

Remark This work expanded the work of Liu et al. (2019). Our main contribution are
summarized as follows.

— For CSV on general networks, we gave a precise upper bound and lower bound,
which improved the known results.

— Compared with the conference paper, we studied a new subproblem, which is CSV
on a path. We proposed a new algorithm named Part Greedy Algorithm, which
had a well performence on both CSV on general networks and CSV on a path.

1.1 Related work

The offline car-sharing problem was initially investigated by Bohmova et al. (2016).
In a general graph, there are a number of requests, each specified by a pick-up time, a
pick-up location, and a drop-off location. The scheduler must decide whether to accept
or decline each request and efficiently schedule the accepted requests. Bohmova et
al. demonstrated that the car-sharing problem, which aims to maximize the accepted
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requests, can be solved in polynomial time. They also explored a problem variant in
which each customer submits two ride requests in opposite directions. The scheduler
faces the choice of either serving both requests or declining both. In this variant,
Bohmové et al. proved that maximizing the number of satisfied customers is both
NP-hard and APX-hard.

In the online car-sharing problem, algorithms face the challenge of making imme-
diate decisions to accept or reject each request without having access to future
information. Once a decision is made, it cannot be reversed. Due to the inherent
uncertainty of the problem, it is often impossible to achieve the best possible solu-
tion. The competitive ratio serves as a performance measure, representing the ratio
between the values of the algorithm’s solution and an optimal offline solution for
the most challenging inputs. The online car-sharing problem has been the subject of
extensive research in various scenarios. This includes different types of graphs, such
as two-location scenarios (Luo et al. 2018a,b,c; Li et al. 2020), star networks (Luo
etal. 2019), varying numbers of servers (ranging from one server (Luo et al. 2018a) to
two servers (Luo et al. 2018b) and & servers (Luo et al. 2018c, 2019; Li et al. 2020),
and variations in request attributes (such as variable booking times or fixed booking
times, where the interval between booking time and start time remains constant across
all rides Liu et al. 2019). In most cases, researchers have successfully matched upper
and lower bounds. For instance, in the two-location problem (Luo et al. 2018c¢), it was
established that no deterministic algorithm can achieve a competitive ratio smaller
than 1.5 for the fixed booking time variant and 5/3 for the flexible booking time vari-
ant. To address this challenge, they introduced the balanced greedy algorithm (BGA),
which achieves the best possible competitive ratio. In another study (Luo et al. 2019),
inspired by car-sharing applications between airports and hotels, the authors explored
online scheduling problems. They considered both the unit travel time variant and the
arbitrary travel time variant. In the unit travel time variant, the travel time between
the airport and any hotel is a fixed value 7. They devised a 2-competitive algorithm
for scenarios where the length of the booking interval (the time between pick-up and
booking) is at least ¢t and the number of servers is even. In the arbitrary travel time
variant, the travel time between the airport and a hotel falls within the range of ¢ to
Lt where L is greater than or equal to 1 and represents the ratio of the longest to the
shortest travel time. They demonstrated that the competitive ratio of the algorithm is
O (log L) when the number of servers is at least log L. For both variants, they estab-
lished matching lower bounds on the competitive ratio for any deterministic online
algorithm. In our research, we expand this problem to encompass more general graphs.

Another extensively studied problem is online interval scheduling. The online car-
sharing problem can be redefined as an interval scheduling problem when all pick-up
and drop-off locations are the same. In this context, each car can be seen as a machine,
and each interval corresponds to aride request. The interval’s starting time corresponds
to the pick-up time of a specific request, while the ending time corresponds to the drop-
off time of that request. A feasible solution involves scheduling intervals on machines
in such a way that the selected intervals on a machine do not overlap. Lipton and
Tomkins (1994) conducted research on this problem in a one-machine setting. They
demonstrated that no randomized algorithm can achieve a competitive ratio better than
O(log A), where A represents the ratio between the longest and shortest intervals,
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Table 1 Results and theorems for the online car-sharing problem with variable booking times

Problem Lower bound Upper bound
CSV on general graphs L+ 1 (Th.2) min{3L + 1, %L + 10} (Th. 3, 6)
CSV on a path L+1 (Th. 1) min{3L + 1, 2L + 10} (Th.4,5)

and it is unknown to the algorithm. Additionally, they presented an O ((log A)€)-
competitive randomized algorithm to address this challenge.

Another problem closely related to our setting is the online ride-sharing problem
(Guo and Luo 2022) and the online dial-a-ride problem (OLDARP). The online dial-
a-ride problem can be viewed as a version of the online car-sharing problem without
booking times. In OLDARP, the objective is to minimize the makespan or minimize the
maximum flow time (Krumke et al. 2005). The key distinction lies in OLDARP, where
all requests must be serviced as soon as possible, whereas in the online car-sharing
problem, orders need to be serviced at specific times. For a more detailed exploration
of these problems, interested readers can refer to Christman et al. (2018).

1.2 Paper outline

We formulate and analyze the online car-sharing problem with variable booking times
on two graphs: CSV on a path and CSV on a general graph. We propose two algorithms,
the Greedy Algorithm (GA) and the Parted Greedy Algorithm (PGA). We formulate
the results of this paper in Table 1: For CSV on a general graph, no deterministic online
algorithm can achieve a competitive ratio smaller than L + 1, and we prove that GA is
(3L + 1)-competitive, PGA is (%L + 10)-competitive when k > %L +20; For CSV on
a path, no deterministic online algorithm can achieve a competitive ratio smaller than
L + 1, and we prove that GA is (3L + 1)-competitive, PGA is (2L + 10)-competitive
when k > L + 20.

The rest of the paper is organized as follows. We give the preliminaries in Sect. 2.
In Sect. 3, we present the lower bounds on the competitive ratio for CSV on a path.
In Sect.4, we propose two algorithms: the Greedy Algorithm and the Parted Greedy
Algorithm, and prove the competitive ratios. Section5 concludes the results of this
work.

2 Preliminaries

Notation. We consider a setting with a graph G = (V, E) with edge length ¢ :
E —>o. Foranedge (p,q) € E (p and g are two vertices in V), £(p, q) represents
the distance (also, the travel time) between p and g; for convenience of representation,
for{p, q} ¢ E,let£(p, q) denote the shortest travel time between p and g. We assume
that each travel time €(p, ¢) is non-negative and symmetric in our setting. There are
k cars denoted by S = {s1, $2, ..., Sk}, which will ride on the graph G. Assume that
all the cars initially are at one location (in fact, the initial car locations do not affect
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our results). Let R = {ry, r2, ..., r,} denote a request sequence, where request 7; is
specified by the booking time b;, the pick-up time (start time) ¢;, the pick-up location
pi € V and the drop-off location p; € V, i.e., r; = {b;, t;, pi, pi}. According to the
definition of travel time, the drop-off time of each request r; satisfies #; = t; +1(p;, p;).
In our setting, suppose that the shortest travel time between two locations is 7, and the
longest travel time is Lt, i.e., the longest request is at most L times the length of the
shortest request. Customer requests arrive online. When a request is arrive, we need to
decide whether to accept it or not immediately and irrevocably, without knowledge of
future informations. When a request is accepted, it is not necessary to deciede which
car is assigned to serve it immediately. We only need to avoid the condition that no
car could serve the request at the start time of it.

With respect to constraint on the booking times, one can consider the car-sharing
problem with variable booking times. In this problem, customers may book a request
at any time of an interval before the start time of the request, i.e. by < t; — b; < by,
with b; < b, holds for request r; € R. In this paper, we assume b; > Lt to ensure that
an empty car is available for serving any arriving request. Once we accept a request
ri, we must assign a car to pick up the customer at p; on #;, and then drop off the
customer at p; on ;. Each car can serve one request at a time. Our aim is to accept the
maximum number of requests.

In our problem, we require algorithms to decide either to accept or reject a request
immediately when it arrives. Usually, we do not require that the algorithm assigns an
accepted request to a specific car immediately, provided that it ensures that some cars
could serve this request. In this paper, however, it is not necessary for an algorithm to
use this flexibility. Our algorithm assigns a request immediately when it is accepted.

Note that two requests, r; and r; (w.L.o.g, suppose #; < t;), can be served by one car
only if there is enough time to reach the pick-up location of r; after serving request
ri,ie.,t; > i+ £(pi, pj). If two requests can not be served by one car, we say that
the two requests are in conflict, which will be of use in Sect. 3 and Sect. 4.

Methods. For an arbitrary algorithm AL G, the property of ALG is evaluated by
its competitive ratio (Borodin and El-Yaniv 1998). For any sequence of requests R,
let O P T denote the objective value produced by an optimal scheduler O PT, where
O PT has full information about R in advance, and ALG g denote the objective value
produced by an online deterministic algorithm A. The competitive ratio of algorithm
A is defined by p4, which is shown by ps = supp %, and A is p4-competitive.
For a problem, we say f is the lower bound on the best possible competitive ratio if
pa > B forall A € ON, where ON is the set of all online deterministic algorithms.
We say an algorithm A is optimal if p4 = S.

In the whole paper, we use AL G to denote any online algorithm, and we use O PT
to denote an optimal scheduler. For any sequence of requests R, the set of requests
accepted by ALG is denoted by R’, the set of requests accepted by O PT is denoted
by R*.

3 Lower bounds

In this section, we present a lower bound for CSV on a special graph of a path.
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0 1 2 m

Fig. 1 Illustration of the path with m + 1 locations

Recall that 7 is the shortest travel time, and Lt is the longest travel time among
all the requests. We consider a path with m + 1 locations {0, 1, 2, - - - , m}. The travel
time between any two locations i and j satisfies £(i, j) =t -|i — j| forO <i, j <m,
as shown in Fig. 1. Note that on such a path, the travel time of any request is at most
m - t and at least ¢, hence we have L = m.

Our strategy to obtain a lower bound is to ensure that most of the ALG cars each
accepts exactly one request which is in conflict with the future requests. The adversary
presents requests in m phases, where phase i (1 < i < m)includes/; groups of requests
(where [; will be specified later). Let R; j (1 <i <m, 1 < j < ;) denote the set of
requests in phase i group j. R; ; consists of k identical requests, which is denoted by
Fij-

Now we place three principles for the adversary to release requests:

(a) Any two requests in the same phase are in conflict;

(b) In any two phases i and g (i < g), any request in the last group of phase i, i.e.
R; j;, and a request in phase g are not in conflict;

(c) In any two phases i and g (i < g), any request in phase i, except for requests in
R; j;, is in conflict with requests in phase g.

Let k; ; denote the number of requests accepted by ALG in R; ;. Notice that any
two requests in R; ; are in conflict, thus k; ; is also the number of cars that ALG uses
to serve the accepted requests in R; ;.

Next, we will specify the request instance in the following Theorem 1.

Theorem 1 No deterministic online algorithm for CSV on a special graph of a path
can achieve a competitive ratio smaller than L + 1, where L is the ratio of the longest
request to the shortest request.

Proof Suppose thatv € Nand v -t — b, > Lt. To show the lower bound for CSV, the
adversary releases requests based on the rules shown in Algorithm 1.

Algorithm 1 Releasing rule

1: Initialization: The first group in phase 1 (R} 1) is released.

2:i=1,j=1

3 Whilei <m + 1do

4 Ifkj,j =0,thenl; = j,i =i+ 1, j = 1 and the adversary releases R; ;;
S: Otherwise j = j + 1, and the adversary releases R; ;3

6: OLttput: [ forall 1 <i §m;ki’j foralll <i<m+1landl<j <.

In Algorithm 1, when a group of requests R; ; is presented, If ALG accepts no
requestin R; j,i.e.,k; ; = 0, the adversary ends the current phase and releases reqeusts
in R;11,1;if ALG accepts any requestin R; j,i.e.,k; j > 0, then the adversary releases
requests in R; 11, the subsequent group of R; ; (see line 5).
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Now we specify the requests in R; ;. For each request r; ;, we set p; j = p; j + 1.
Thus when we specify 7; ;, we canignore the drop-off location. Request 7; ; is specified
as following:

— Ry,1 consists of k copies of the request r; 1, where by 1 =v -t —b,,t1,1 =V -t,
p11=0;
— R;1 (i > 1) consists of k copies of the request r; | with booking time b; | =

ti1 — by, starttime t; 1 = ti_1,_, +1t+ kk? . % and pick-up location
pii=i—1

- R;j i = 1, j > 1) consists of k copies of the request r; ; with booking time

min{b, —by,t}

GrDT and pick-up location

b,"j = bi,l’ start time tij = tij1— G-—1-
Pi,j = i—1.
Firstly, we state that the requests in phase i group j are reasonable: each request
ri,j is released no later than b, + b; j and no earlier than b; + b; ;. Observe that there
are m phases and each phase consists of no more than k + 1 groups in ghase i group

jG <li<k+1),sinceb; j=bjjandt; j =1t;1—(j—1)- ml(r;cﬂ)m , we have
tij = bi,j = bu— (j = 1) - PR Thus we know that by < f;,j — by, j < by since

1<j<k+1.

Note that the requests are presented in order of phases, and the requests in the
same phase are presented in order of groups: In phase i group j and phase i group
h (1 < h < j),since b; j; = b; j, we know that the requests in one phase can be
presented in order of groups For any two consecutive phasesi — 1 andi (1 < i < m),
sincet; 1 = ti_1;_, +t-|-k+1 %,Wehavebhl =ti1—by > ti_1_,+1—by.
Observe that #; _y,_, +t > t;_1,1, we have b; | > t;_1,1 — b, = b;_1,1. It means that
the requests are presented in order of phases.

Next, we state that the requests satisfy the three principles.

For any two groups j,h € {1,2,...,/;} in phase i with j > h, we have #; ; =
t,,l—(j—l)-%.mdweknowthato <tin—tij= (j—h)-%
Notice that p; ; = p;n =i, pi,j = pi,» =1 — 1, we have £(p; , pi j) = t. Hence
Lin <tij <tip+t< t',‘,h +£(Pi.n, pi,j). It means that two requests r; , and r; ; are
in conflict, which satisfies principle (a).

For phase i + 1 grouph (1 < h <[;1) < k+1),wehave tiy1), =t +1t+
k+1—h  min{b,—by,t}
k+1 (k1T
hence i1, > t;1;; + £(piy;, Pi+1,1)- It means that any request in the last group of
phase i and a request in phase i + 1 group & (h > 1) are not in conflict, which satisfies
principle (b). Forphase i group j (1 < j < i), t; ;+t > t; j > t; +klﬁ~%,
_h_ min{b,—by.1} ktl—h

T (k)

since tiy1p =ti, +1+ 1
. Observe that p; j; = piy1,n, we have £(p; j, pi+1,,) = 0, and hence

<.

. Observe that p; ;; = pi4+1,n, we have £(p; ;;, pi+1,,) = 0, and

we have tij <tix1,nh <tij+1t—
min{b, —by,t}

k+DIFT
tivt,n < ti,j +€(pij, pi+1,n) since h < k + 1. It means that any other requests
(except the requests in the last group of phase i) in phase i and a request in phase i + 1
group h are in conflict, which satisfies principle (c) (Fig. 2 shows an example).

In the end, we analyze the number of requests accepted by ALG and O PT . Observe
that ALG accepts no request in R; ; (V1 <i <m +1,j = [;) (see line 4). Since
there are k cars in our problem, and any two requests accepted by ALG are in conflict
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Fig.2 Illustration of requests location
ril;—1,7i J; and requests in
phasei + 1 il

Til;—1
R\
N Lit1 011
A
AN
7'1‘-0—1&
A
N ONXTi4+2,040

A

start time

based on principles (a) and (c), we have |R’| < k. Meanwhile, based on the principle
(b), any two requests in the last group of two different phases are not in conflict, i.e.,
a request in R;;; and a request in Ry, are not in conflict. Thus, O PT accepts all
requests in R; ;; forall 1 <i <m + 1,1ie., |R*| = k- (m + 1), and hence we get
\R*/|IR'| > L+ 1 (L =m). o

By Theorem 1, we have the following Theorem:

Theorem 2 No deterministic online algorithm for CSV on general graphs can achieve
a competitive ratio smaller than L + 1.

4 Upper bounds

We formulated two algorithms: the Greedy Algorithm (GA) and the Parted Greedy
Algorithm (PGA) for CSV on both the special graph of a path and general graphs. We
prove that for CSV on a path, GA is (3L + 1)-competitive and PGA is (2L + 10)-
competitive; for CSV on general graphs, GA is (3L + 1)-competitive and PGA is
(%L + 10)-competitive.

For the sake of analysis, let §” and S* denote the sets of cars in the algorithm and
O PT. Consider a sequence R = {ry, ..., r,}. Let R C R denote the set of requests
accepted by our algorithm, and R* C R denote the set of requests accepted by O PT.
Let R be the set of requests accepted by O PT that are not accepted by the algorithm.
For each car s* € S*, let R, be the requests in R and accepted by the car s*. Observe
that ) s« [Rel = |R|.

We claim that for each R, € R and for any car s;. € 8, wehave |R,| < «- |R}\R;" l,
where R} is the set of requests accepted by car s} € §’, and R} is the set of requests

accepted by car s € S*. If this claim holds, since R*\R = R* N R’, we get that

IR*|= > [Re|+|R*NR|

Sex€ES*
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k
<> R\ R+ |R*NR|
j=1

=a|R'\ R*|+ |[R* N R/|

<a|R'|

witho > 1.

To prove the above claim, we will adapt the “charging scheme", which is similar to
lemma 9 in Luo et al. (2019). The difference here is that the requests in this paper have
variable booking times, instead of fixed booking times, and thus we need to consider
the number of requests which do not intersect with the “charging interval” at any time
point, not just the start times. For completeness, we define the “charging interval" as
follows.

For any request r; = (b;, t;, pi, pi), we can find a time interval (¢;, ;) of r;, such
that another request r; is in conflict with r; only if (z;, ij) N (a4, Bi) # @, for any
request r; = (bj,t;, pj, p;). Notice that (z;, ij) N («;, Bi) = ¥ means that either
fi < a; or t; > B; holds. We call the time interval (o;, ;) an occupy interval of r;.
For a request 7;, the occupy interval (;, B;) is non-unique, we concern on the occupy
interval («;, B;) with a proper length.

Firstly, we consider the occupy interval of any request r; = (b;, t;, pi, pi) on
general graphs. Recall that the longest travel time is Lz. For any request r;, observe
thatif 7; > 7; + Lt, the Lt time units is sufficient for a car to make an empty movement
from p; to p;, which means the two requests ; and r; are not in conflict since a car
may serve both requests. Similarly, if /; < #; — Lt, r; and r; are not in conflict. Thus
we have the following observation.

Observation 1 For CSV on a general graph, for any request rj = (b;, t;, pi, pi),
(t; — Lt, i; + Lt) is an occupy interval of r;, and the length of the occupy interval is
2Lt +f; — t;.

For CSV on a special graph of a path, we have the following lemma.

Lemma 1 Forany requestr; = (bi, t;, pi, pi) in CSV on a path, we can find an occupy
interval (¢, Bi), where the length of the occupy interval is as following

Bi —o; = max{Lt + 2(f; — t;), 2Lt}

Proof Consider a special graph of path G = (V, E) where V = {vy, v, ..., v,} and
E = {e1,er,...,ep—1} with ¢; = {v;, vi41} for all i € [n — 1]. We assume that
minvi,vjev £(v;,vj) =t and MaXy, v;eV £(vi,vj) = Lt.

Now for any request r; = (b;, t;, pi, pi), suppose £(vi, p;) = pt and £(vy, p;) =
gt with p < g (See Fig. 3 as an example). Then we can construct an interval (¢;, 8;)
as following:

o =1 —max{pl, Lt _Pt}’
- Bi = i; + max{qt, Lt — qt}.

Itis not difficult to show that («;, B;) is an occupy interval of r;. We assume that there
is arequest r; which is in conflict with r; and (z;, ¢ ) N (a;, Bi) = ¥. Since request r;
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Q; t; Lil Bi )
N > time
DPi
ri/’= fbi, ti, Di; Di)
Pi
////// .
location

Fig.3 Illustration of the request r; = (b;, t;, p;, p;) and its occupy interval («;, ;)

and r; are in conflict, we have eithert; < t; < i;4+€(p;, pj)ort; < tj < i;+L(p;, pi)-
Furthermore, either 7/; > t; — £(p;, pj) > «; ortj < f; + €(pj, pi) < fi, and thus
(. f ) N (a;, B;i) # ¥, which derives a contradiction.

Consider the values of max{p¢, Lt — pt} and max{qr, Lt — qt}, we separate three
cases to show the length of («;, B;):

1. When pt > Lt — ptand gt > Lt — qt, ;i —o; = (p +q + g — p)t = 2qt;

2. When pt <Lt —ptandgt <Lt —qt,Bi —ai=(L—p+L—q+qg—p)it=
2(L - pi)t;

3. When pt < Lt — ptandgt > Lt —qt,Bi —o; = (L—p+q+qg— pit =
(L +2(qg — pht.

We can see that for the first two cases (case 1, case 2), the length of the occupy
interval is no greater than 2Lt since pr < Lt and gt < Lt hold, and for the case 3,
the length of the occupy interval is no greater than Lt + 2(f; — t;). O

Before introducing the algorithms, we present the following lemma which will be
used to bound the number of requests in the charging scheme analysis.

Lemma 2 Fora given bipartite graph G = (U, V, E), ifeachvertexv € V is adjacent
to at most m vertices of U, and each vertex u € U is adjacent to at least my vertices
of V, then we have |V| > |U|nm7f.

The proof is quite simple: Since each vertex u € U is adjacent to at least m vertices
of V, there are at least |U | - mj edges in the graph G, i.e., |E| > |U| - m,. Meanwhile,
since each vertex v € V is adjacent to at most m vertices in U, then |V| is no less
than |E|/m. Therefore, we have |V| > |U|”mif.

4.1 Greedy algorithm

In this section, we formulate a Greedy Algorithm (GA) for CSV on general graphs,
and prove that GA is (3L + 1)-competitive. GA can be stated in a simple way: When
arequest r; arrives, if r; is acceptable to a car s; from S, we accept r; and assign it to
sj; Otherwise, reject it.
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Request 7; is acceptable to car s;: Let R; denote the set of requests assigned to
car s from {ry, r2, ...r;_1}. For any request r, € R;, if we have t; > in +€(pn, pi)
ort, > i +£(pi, pn), in other words, r; and the requests in R j are not in conflict, we
say that request r; is acceptable to car s;.

Suppose the adversary releases requests R = {ry,r,...,r,} for 1 <i < n. Let
R’ denote the accepted requests by GA. Let R* denote the accepted requests by the
offline scheduler (optimal solution).

Algorithm 2 Greedy Algorithm (GA)

1: Input . k cars, requests arrive over time.
2: When request r; arrives, if r; is acceptable to a car s € S, assign it to that car; Otherwise, reject it.

Theorem 3 For CSV on general graphs, GA is (3L + 1)-competitive.

Proof Recall that R is the set of requests accepted by O PT which are not accepted by
GA.Foreachcars) € S*ofan O PT solution, R, is the requests in R and accepted by
5. We claim that foreach R, € R and for any cars} € §',wehave |R,| < a-lR} —R}|.
If this claim holds, then we have |R*| < a|R' — R*|+ |R*NR'| < «a|R'| witha > 1,
since R* — R = (R* N R').

Consider any request 7; € R,.since s, did not accept r;, s;. must have accept another
request r. which is in conflict with ;. We charge r; to r. once we find a request r.
which is in conflict with r;. In this way, every request in R, is charged to a request in
R}. i

Next, we bound the number of requests in R, that can be charged to a single request
re € R;.. Observe that if interval (¢, f;,) does not intersect with the occupy interval
(ac, Be), itis sufficient for s’ to serve both r, and rj, according to the definition of the
occupy interval. As all requests have travel time at least ¢, the start times of any two
consecutive requests accepted by s, differ by at least 7. Here “consecutive requests”
means the requests are consecutive according to the time order. Recall that there is an
occupy interval («., B.) with length 3Lz by Observation 1, which can intersect with
at most 3L + 1 consecutive requests. It means that r. is charged by at most 3L + 1
requests from R,.

This establishes the claim, with « = 3L + 1. Thus we get |R*| < 3L + 1) - |R/|.
The theorem is proved. O

Notice that a path is a special graph, by Theorem 3, we have the following Theorem:

Theorem 4 For CSV on a path, GA is (3L + 1)-competitive.

4.2 Parted greedy algorithm

According to Lemma 1, for any request r;, when ; — ¢; is no less than %, we can find
an occupy interval of r;, the length of which is 2Lt; when #; — t; is greater than %, we
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can find an occupy interval of r;, the length of which is 3L¢. We will take advantage
of the length difference of the occupy intervals for different requests in the Parted
Greedy Algorithm. In PGA, the cars are separated into two parts, one part is denoted
by S'(1), in which the cars only serve requests of length no larger than %, and the
other part of cars, denoted by S’(2), only serve requests of length larger than % The
accurate numbers of cars in §'(1) and S’ (2) are shown in the following Theorems.

The definition of acceptable is similar to Greedy Algorithm. We say that request
r; is acceptable to car s; if 7; and any request in R are not in conflict. Besides, for a
request r;, if the length of r; is no larger than %, r; is only acceptable to cars in §'(1);
Otherwise, r; is only acceptable to cars in S'(2).

Suppose the adversary releases requests R = {r, 2, ..., r,}. According to the
length of each request in R, R can be separated into two sets R(1) and R (2) where
R(1) (resp. R(2)) denotes the set of requests in R with length no larger than % 5 (resp.
larger than 7).

Let R’(1) and R’(2) denote the requests accepted by PGA in R(1) and R(2). Notice
that |[R'(1)| = Zsjes,(l) |R}| (resp. |[R'(2)| = ijeS’Q) |R}|). Let R*(1) and R*(2)
denote the requests accepted by the offline scheduler (optimal solution) in R(1) and
R(2).

Algorithm 3 Parted Greedy Algorithm (PGA)

1: Input: k cars, requests arrive over time.
2: When request r; with r; € R(t) (t € {1, 2}) arrives, if it is acceptable to a car s € S’(t), assign it to
that car; otherwise, reject it.

Recall that R denotes the set of “requests accepted by O PT that are not accepted
by PGA. For each car s € S, let R, denote the requests in R and accepted by the car

». For each car s} € S *, we further denote the requests in R, with length no larger
than % (resp. larger than %) by R.(1) (resp. R.(2)). ie., R,(1) = R, N R(1) and
R.(2) = R, N R(2). Observe that [R,(1)| + |R.(2)] = |R.|, and Y¥_, |R.| = |R|.

Theorem 5 For CSV on a path with k > L + 20, PGA is (2L + 10)-competitive when

we set |S(1)| = |-(22LLJ:-18)kJ'

Proof Firstly, we focus on the requests in R(1) that are either accepted by s; € S* or
accepted by s} € S’(1). Consider any request r, € R.(1), since PGA does not accept

ry, the car s; must have accepted another request ., such that r. and r;, are in conflict.

As for cars in §’(2), since the length of ry, is no larger than , PGA will not assign ry,
to any request in R’(2). We say that rj, charges to r. once We find ar. € R’(1) which
is in conflict with r;, € R*.

We bound the number of requests in R, (1) that can be charged to a single request
re € R'(1) for any car s} € S*. Observe that by Lemma 1, for a request ry, if (th, )
does not intersect with an occupy interval of r., i.e., (a¢, B.), it is sufficient for s to

serve both r. and rj,. Notice that the length of request r.. is no larger than accordlng
to Lemma 1, there exists an occupy interval (¢, B.) such that . — . = 2Lt. Since all
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requests in R N R(1) have travel time at least 7, the start times of any two consecutive
requests accepted by s differ by at least ¢, which means that («., S.) may intersect
with at most 2L + 1 consecutive requests. Thus 7. is charged by at most 2L 4+ 1 requests
from R,(1).

Then we consider the requests in R(2) that are either accepted by s in S* or
accepted by s;. € §'(2). Consider any request 7, € R, (2), since PGA does not accept

ry, the car s ; must have accepted another request r., such that r. and r, are in conflict.

As for cars in S'(1), since the length of ry, is larger than %, PGA will not assign 7y, to
any request in R’(1). Similarly, we charge ry, to .

Observe that for a request ry,, if (¢, f,) does not intersect with the occupy _interval
(ae, Be), itis sufficient for s}. € S8’'(2) toserve both r. and r,. As all requests in RNR(2)
have travel time at least %, the start times of any two consecutive requests accepted
by s differ by at least % By Lemma 1, we can find an occupy interval («,, B.) of r,
where 8. — a. = 3Lt. Thus («., B.) may intersect with at most gt—% + 1 consecutive
requests. It means that r. is charged by at most 7 requests from R.(2).

For a request r, € R, (1) (resp. rj, € R.(2)), we know that for each car s} e S'(1)
(resp. s} € S'(2)), s} can not serve rj. Thus we charge r, to at least |S'(1)| requests
in R'(1) (resp. |S'(2)| requests in R(2)).

Set[S()] = [SE2% |, then [S(2)] = k—|S1| > 57%5. We can construct a bipartite
graph between requests in | sres* R.(1) and requests in US; es/( 1)( R} — R*), and a

bipartite graph between requests in |« g« R.(2) and requests in | s es'(2) (R;. — R*),
e J
separately. There is an edge (r*, r’) if r* charges r’. Based on Lemma 2, we know
S'(1) .
Zs_’/es/(l) |Rf/ —R*| > Zs . |R.(1)]- (2|L+1£k since each request in Ui’,es/(l)(R} —
R*) is charged to at most 2L + 1 requests of and eachrequestin | J g« Re (1) charges
to at least |.S’(1)| requests of Us/.ES’(l)(R;' — R*). Similarly, we have )/ /(5 |R} —
J J

D s
R*| = Y cse IR2)] - B2
By the analysis above, we have

IR'()|= > |R;—R*|+|R'(1)NR*|
s_’jeS’(l)

HNOIN / «
>S§*|R (DI - GLT K + [R(1) N R

> > R(D)]- Gigs~ arame HIRMNR ince k> 1),

syes*

where the first inequality follows from Lemma 2. Similarly, we also have

RQI= Y IR;=R+|R'Q2)NR"
s_’/.eS’(2)
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> 1R 2 ko) n g

sFes*

1
= ) RO 55 +IR@NR

sFes*

Since k > L + 20, we have (2L1+8 - Li_l)k) > 2L1+10’ and then we get

IR'| =IR'(D| + |R'(2)]|

- _ 1
> Y (R + [R)]) - AT IR'() N R*| +|R'(2) N R*|

e L+ 10
—— (IR()NR* R.(1 R'(2) N R* R.(2
>5r 10 (RMORT+ Y IRMI+IRQ N R+ 3 R)D
sres* sres*
S —y &
2L+ 10
The theorem is proved. O

Theorem 6 For CSV on general graphs with k > 3L + 20, PGA is (3L + 10)-

competitive when we set |S(1)| = L(g IL‘ﬁ%kJ'

Proof Similarly to the analysis in Theorem 5, we focus on the requests both in R(1)
and R(2) that are either accepted by s in S* or accepted by PGA. Recall that according
to Observation 1, for any request r; on a general graph, (t; — Lt, i; + Lt) is an occupy
interval of r;, and the length of the occupy interval is (2Lt +1—1).

Consider any request ry with rh € R.(1) (resp. ry € R.(2)), since PGA does not
accept ry, car s'; i € S'(1) (resp. s’; ;€ S’(2)) must have accepted another request r,

such that r. and r;, are in conflict. Then we bound the number of requests in R, (1) that
can be charged to a single request r. € R’(1) for any car s} € S*. Observe that for a
request ry,, if (¢, f,) does not intersect with the occupy interval of ¢, i.e., (¢, Be), it
is sufficient for s} to serve both r. and r;,. Notice that the length of request r, is no
larger than %, then there exists an occupy interval («., B.) with length 52ﬁ We know
that all requests in R N R(1) have travel time at least 7, («c, B.) may intersect with at
most STL + 1 consecutive requests. Thus r, is charged by at most STL + 1 requests from
R.(1).

On the other hand, for any request r;, € R, (2), the length of rj, is larger than %
Since PGA does not accept ry, car s;. € §'(2) must have accepted another request r,
in R(2) that r, charges ry.

Observe that if (¢, f;) does not intersect with the occupy interval (a., Bc), it is
sufficient for s/ es (2) to serve both r. and rj. Since all requests in RN R(2) have
travel time at least L, the start times of any two consecutive requests accepted by s*
differ by at least Notlce that we can find an occupy interval («., B.) of r., where
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Be—oae = 3Lt. Thus (o, Bc) may intersect with at most EIL/ZZ + 1 consecutive requests.

It means that r. is charged by at most 7 requests from R (2).

Forarequestry, € R.(1) (resp.ry € R.(2)), we can find that for each car s} e S'(1)
(resp. s} e S'(2), s} can not serve ry. Thus r;, must be charged to at least |S'(1)]
requests in R} (resp. |S'(2)| requests in R'(2)).

Set |S(1)| = [ SEE32 |, then [S(2)| = k — |S1| > 512 Similar to the analysis in

5L+16
Theorem 5, we have

IR = > |R;— R*[+|R'(1)NR*|
shes ()

218’ (1) , .
>s§*|R Ol G TIRONR

= ) IR GG ~ G HIRWNR Gincek = 1,

syes*
and

IR = Y |Rj—R*I+[R'2) N R
s}eS/(2)

_ S'(2
= Y ko 2 R n k)

o ¥ *
Oh

2
= 2 RO e + IR N R,

sxes*

Since k > fTL + 20, we have (5L2+8 — (2L-2H)k) > 5L—2§—20’ and then we get

IR'| =IR'(D| + |R'(2)]

D D 2 / * / *
> Z(IRe(1)|+|Re(2)|)-—+IR(1)0R | +|R(2) N R”|

5L 420
sres*
2 _ _
>sr a0 (RONRT+ Y IRMI+IRQOR |+ 3 R
srest sEes*
2
= IR,
5L 420
which proves the theorem. O
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5 Conclusion

We have analyzed online car-sharing problem with variable booking times on both
general graphs and a special graph of a path. For CSV on general graphs, we have
proved that no deterministic algorithm can achieve a competitive ratio smaller than
L + 1. For CSV on a path, we have also proved that no deterministic algorithm can
achieve a competitive ratio smaller than L 4 1. We came up with two algorithms: the
Greedy Algorithm (GA) and the Parted Greedy Algorithm (PGA). According to the
analysis of two algorithms, we proved that GA is 3L 4+ 1-competitive for CSV on
general graphs, and PGA is (%L + 10)-competitive for CSV on a general graph. For
CSV on a path, the competitive ratio of GA and PGA are proved to be 3 L + 1 and
2L+ 10.

There are still some new interesting questions, such as the online car-sharing prob-
lem under the stochastic viewpoint, or CSV with different booking time constraints.
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