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—— Abstract

We revisit the Segmented Best Path (sBP) algorithm for online DARP in an offline setting with
revenues and a time limit. The goal is to find a subset of the inputted ride requests that can
be served within the time limit while maximizing the total revenue earned. SBP divides the time
into segments and greedily chooses the highest-revenue path of requests to serve within each time
segment. We show that SBP’s performance has an upper bound of 5. Further, while SBP is a
tight 4-approximation in the uniform-revenue case, we find that with non-uniform revenues, the
approximation ratio of SBP has a lower bound strictly greater than 4; in particular, we provide a
lower bound of (/e +1)/(v/e — 1) = 4.08299, which we show can be generalized to instances with
ratio greater than 4.278.
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1 Introduction

We study the Dial-a-Ride Problem in an offline setting with revenues and a time limit 7'.
The goal is to find a subset of the inputted ride requests that can be served within the time
limit while maximizing the total revenue earned. We consider the Segmented Best Path (SBP)
algorithm, originally proposed in [6] for an online variant of DARP. It was later adapted
by [1] for the offline setting where revenues are uniform and the goal is to maximize the
number of requests served. We present SBP in a form that applies to our offline non-uniform
revenue setting. This modified SBP algorithm starts by partitioning the total time limit into
time windows, where each window (except possibly the last) is split into two equal time
segments. The algorithm uses the first segment of each window to determine a maximum
revenue set of requests that can be served within a segment, moving (if needed) to this set.
It then uses the second segment of each window to serve the requests in this set.

For a literature review of some of the numerous DARP variants, see a recent survey by
Ho et al. [8]. DARP problems are generalizations of the Traveling Salesperson Problem
(TSP), so we mention TSP work that is most closely related to the time-limited variant of
DARP that we study in this paper. Balas [2] first introduced the Prize Collecting Traveling
Salesperson Problem (PCTSP), in which the server earns a prize (similar to our revenues)
for each location visited, with the goal of collecting a prescribed amount of prize money
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while minimizing travel costs and penalties. Bienstock et al. [3] gave the first approximation
algorithm for PCTSP with ratio 2.5. Recently, Blauth and Néagele [4] achieved a significant
improvement, obtaining an approximation guarantee of 1.774. Blum et al. [5] provide a
constant-factor approximation algorithm for the Orienteering Problem (OP), another special
case of the DARP problem we study. The goal of OP is, given a weighted graph with rewards
on the nodes, to maximize the total reward collected on a path of a predefined maximum
length. Our problem generalizes OP (and TSP), since in DARP we must visit pairs of points,
rather than single points. The limit on the path length for OP is analogous to the time limit
T in our DARP setting.

In this work, we highlight how SBP’s performance changes when the revenues switch from
uniform to non-uniform. Previously, we showed that an adapted version of the SBP algorithm
which enforced an even number of time segments gave an approximation ratio of 4 in the
uniform-revenue setting [1]. In this work we show that when revenues are non-uniform, SBP
approximates the optimal revenue that can be earned within the time limit to within a factor
of 5. We then show that when the number of time segments is odd, the approximation ratio
of SBP is no better than 5, before showing that when the number of time segments is even,
the ratio is strictly greater than 4.

2 New Upper and Lower Bounds

We formally define RDARP, the Revenue-Dial-a-Ride-Problem, as follows. The input to
RDARP is a complete weighted graph, a set of requests given as source-destination node-pairs
where each request has an associated revenue, and a time limit 7" > 0. We note that any
simple, connected, weighted graph is allowed as input, with the simple preprocessing step of
adding an edge wherever one is not present whose weight is the length of the shortest path
between its two endpoints. We further note that the input can be regarded as a metric space
if the graph is undirected and the edge weights satisfy triangle inequality. We treat the edge
weights as travel-times, but for expository convenience may also refer to them as distances.
Let t,,4. denote the maximum length of an edge in the graph.

Algorithm 1 SEGMENTED BEST PATH (sBP) Algorithm as adapted from [6]. Input: time
limit T' > 0, a complete graph with T" > 2¢,,4,, and a set of requests with associated revenues.

1: Let t1,ta,...t5 denote time segments of length X = T'/f ending at times
T/f,2T/f,...,T, respectively, where f = |T/tmaz]-

2: Let ¢ = 1.

3: while ¢ < f and there are still unserved requests do

4: At the start of ¢;, find the maz-revenue-sequence, R.
5. Move to the source location of the first request in R.
6: At the start of ¢;;1, serve the requests in R.

7 Let i =i+ 2.

8: end while

We begin by adapting the sBP algorithm for online DARP to the offline RDARP setting.
In the online setting, SBP was shown in [6] to have competitive ratio 6, which was then
improved to 5 and shown to be tight [7]. At the beginning of SBP (see Algorithm 1), set f,
the number of time segments, to |T/tmaz|. Let X =T/ f be the length of a time segment;
note X > t,q,. Let every pair of consecutive time segments, starting from the first time
segment t1, form a time window. A maz-revenue-sequence, R, is a sequence of requests of
maximum total revenue that can be served within one time segment of length 7'/ f.
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We use the term drive to refer to any move of the server from one point to another,
whether or not there is a request being served during the move. We use OPT to denote an
optimal solution: a sequence of requests that maximizes total revenue that can be served
within the time limit 7. We let |oPT(I)| denote the total revenue earned by the optimal
solution on an instance I of RDARP.

2.1 Upper bound

In what follows, we allow OPT to choose its desired position at time 0. We will show that
even with this extra flexibility, SBP is a 5-approximation.

» Lemma 1. Let r denote the revenue of all requests that OPT begins serving by the end of
the first time window, and s denote the revenue earned by SBP within the first time window.
Then s > r/4.

Proof. Consider the initial subpath of OPT that contains the first time window and any
requests OPT begins serving by the end of the first time window. This subpath thus has
revenue . We subdivide this subpath into four further subpaths:

1. The subpath that is entirely contained in the time interval [0, X].

2. The subpath that is entirely contained in the time interval [X,2X].

3. The drive (not necessarily a request), if any, between (1) and (2).

4. The drive (not necessarily a request), if any, that comes after (2) and overlaps time 2X.
Each of these four subpaths has total length no greater than X. Because their collective
revenue is r, at least one of the four subpaths must have revenue at least /4. Since SBP could
have greedily chosen any of these four subpaths, SBP must thus earn revenue s > r/4. <

» Theorem 2. For the offline general metric with nonuniform revenues and time limit
T > 2tmae, we have |OPT| < 5|SBP|.

Proof. We will show by induction on the number of time windows that |sBp| > |oPT|/5.

Base case 1: There is only one time window, so T'= 2X. (T > 2X since T > 2t,4, by
assumption, so f > 2.) Using Lemma 1, |OPT| = r < 4s = 4|sBP| < 5|SBP|.

Base case 2: T'= 3X. For this case, consider the above proof of Lemma 1, but add one
more subdivision so that there are 5 subpaths instead of 4. The fifth subpath is the subpath
of OoPT that is entirely contained within the time interval [2X,3X]. We now redefine r to be
the revenue earned by OPT by time 3X. The rest of the proof remains the same, except we
divide into five subpaths instead of four, so |oPT| = r < 5s = 5|SBP|.

For the inductive step, we may now assume T > 4X, with the theorem holding for any
smaller time limit than 7. Let I refer to the original input instance. We want to show that
|sBp(I)| > |opT(I)|/5. We consider the smaller instance after SBP has completed its first
time window. This smaller instance, I’, has time limit 7' — 2X, and the requests served by
SBP in the first time window are removed.

Consider the path in I’ formed by taking the OPT path in I and removing the initial
part that earned revenue r; this path has length at most T'— 2X, and revenue at least
|oPT(I)| —r — s. In essence, it is the OPT path with the first portion removed and potentially
some ‘holes’ from requests that are not present in I’. By the inductive hypothesis, sBpP(I”)
would have revenue at least |opT(I’)|/5 > (lopT(I)| — r — 5)/5.

Thus, using the inductive hypothesis and Lemma 1, we have |SBP(I)| = s + [sSBP(I')| >
s+ (Jopt(I)| — r — s)/5 = (Jopr(I)| — r + 4s)/5 > (lopT(I)| — r + r)/5 = |opT(I)|/5,
completing the induction. <
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‘ Requests have distances and revenues as follows: f',e, 8/e4), (t €,7/64), (\, 1,49/64) and (f, €, as shown). ‘

42/64

Figure 1 A small instance with a = 4 and b = 2 that illustrates the overall structure of the lower
bound (but does not yield a ratio greater than 4). Requests are shown in color with distances and
revenues as indicated. Gray dashed edges are empty drives of distance e¢. All edges not shown have
distance 1, including the reverse of existing directed edges.

2.2 Tight lower bound when the number of time segments is odd

Consider an instance with T' = 6, ¢,,4, = 2, and five (or more) requests of unit revenue and
length 1+ 4, for some small 6 > 0, so f = |T/tmaz| = 3. These requests are such that opT
is able to serve five consecutively until the time limit, earning total revenue of 5. By contrast,
SBP serves only one request: two consecutive requests take time 2+ 20 > 2 =T/ f, so only
one request can be served within a single time segment of length T’/ f, and the first segment
of each window is used, by definition of SBP, to move. Thus, we achieve a ratio of 5 which
matches base case 2 of Theorem 2.

In [1] we proposed a version of SBP that ensured f, the number of time segments, was
even. There we showed that version of SBP earned a (tight) approximation ratio of 4; however,
in what follows we show that even if the number of time segments is even in Algorithm 1, we
cannot guarantee an upper bound of 4 on the ratio.

2.3 Lower bound when the number of time segments is even

We describe how to construct instances with an even number of time segments that have a
lower bound greater than 4. We note that these instances are not metric spaces, as they lack
symmetry. Let a,b be positive integers with b < a. Let t,,4 = 1 and T = 2a, resulting in
f =2a and X = 1. See Figure 1 for a representative example with a =4 and b = 2.

Let the OPT path consist of Py, Ey, Pa, Ea, ..., Pag—1, Eaq_1, Paq where each P; (depicted
in Fig. 1 as vertical paths oriented upward) is a path of up to 2b + 1 requests with total
distance less than 1/(2a) and total revenue 1, and each E; (depicted as a green downward
diagonal edge in the figure) is a request of distance 1 and revenue ¢ that we will specify later.
These are the only requests in the input. Hence, the OPT path has total distance at most
2a/(2a) 4+ 2a — 1 = 2a, and the optimal solution can be completed in time 7.



B. M. Anthony, C. Chung, A. Das, and D. Yuen

Requests have distances and revenues as follows: (f,e, 144/1728), (1, €,132/1728), (x, 1,1331/1728), d, €,121/1728) and (1, €, as shown). ‘
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Figure 2 Instance with a = 6,b = 3. Requests are shown in color with distances and revenues as
indicated. Gray dashed edges are empty drives of distance e. All edges not shown have distance 1,
including the reverse of existing directed edges.

All other distances between nodes will be 1 except that specific nodes of each P; are
very close to nodes in P;1; so that there are paths @Q1,Q2,..., Qs defined as follows. @
(depicted in Figures 1 and 2 as the red and gray staircase pattern) starts with a request in P;
of revenue 1/(2a) and then cuts through Py, Ps, ... Pa,, serving a request of revenue 1/(2a)
from each P;, followed by an empty drive (gray dashed edges) of a sufficiently small distance
€ > 0 after each request, accruing a total revenue of 1. (Note: € must be small enough so
that (1 can be served within one time segment.)

Setting ¢ < 1, no paths of total distance 1 or less have revenue larger than 1, so we can
assume that SBP will move to and then drive along @1 during the first two time segments.
At time ¢t = 2, each path P; now has remaining revenue (1 — ﬁ), which we denote by p.

Now suppose we have path Q2 (depicted as the magenta and gray staircase in the figures)
that similarly cuts through Ps, Ps, ..., Pa,, Py, serving a request of revenue p/(2a) each, so
that @ has total revenue p. Again, as long as ¢ < p, no path of length 1 or less has revenue
more than 1 at time ¢ = 0, and no path of length 1 or less has revenue more than p at time
t = 2. So we can assume that SBP moves to and serves (o from time ¢ = 2 to time ¢t = 4.

In general, define @; for ¢ = 1...b as a path that cuts through P;, Py ... Pag, P1 ... P;_1,
serving a request of revenue p'~!/(2a) each, so that @; has a total revenue of p*~t. To ensure
that SBP chooses Q; in time segment [2i — 2,2i], we need ¢ < p'~! for all i = 1...b. Note
that each @;, 1 < i < b, consists of 4a — 1 drives: 2a requests with an empty drive of distance
€ between each pair for a total of 2a — 1 empty drives.

After time ¢ = 2b, the remnants of each path P; have revenue p°. (After SBP serves Q;
for i = 1...b, the remaining revenue of each P; shrinks by a factor of p.) If ¢ > p®, SBP may
serve paths of revenue c for the remainder of time. We choose ¢ = p°, so SBP serves a — b
paths of revenue p® for the remainder of time. Summarizing,

b
1
loPT| = 2a + (2a — 1)p° = 2a + (2a — 1) (1 — 2)
a

and since 1 — p = 1/(2a),

SBP| =1+ p+p*+...p" "+ (a=b)p" = (1= p") /(1= p) + (a—b)p"

b
=2a(1 - p®) + (a — b)p® = 2a — p’(a +b) = 2a — (1_21a> (a+10).
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Table 1 Some sample instance parameters and their corresponding ratios.

b a |oPT|/|sBP|

2 6 4.025

3 6 4.03985

3 10 4.09867
1000000 | 1877946 4.27805

If a = b, we can take the limit as a — 0o to get p® = (1 — =) is 1/y/e. Then |OPT|/|SBP|
has a limit of (ve+1)/(v/e — 1) =~ 4.08299.

Table 1 shows some sample instance parameters and their corresponding ratios. The

instance shown in Figure 2 is reflected in the second row. Thus far, preliminary testing
suggests that a ratio much greater than 4.27805 (in the final row of the table) is unachievable.

Since our upper bound is tight only when f is odd, we continue to investigate a version

of the sBP algorithm that enforces an even number of time segments. An open question is if

the upper bound of 5 is no longer tight for this adjusted algorithm, and whether the true

upper bound matches the above family of instances, or can be shown to be strictly below 5.
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