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Abstract

This paper considers online stochastic multiple ve-
hicle routing with time windows in which requests
arrive dynamically and the goal is to maximize the
number of serviced customers. Contrary to ear-
lier algorithms which only move vehicles to known
customers, this paper investigates waiting and re-
location strategies in which vehicles may wait at
their current location or relocate to arbitrary sites.
Experimental results show that waiting and reloca-
tion strategies may dramatically improve customer
service, especially for problems that are highly dy-
namic and contain many late requests. The deci-
sions to wait and to relocate do not exploit any
problem-specific features but rather are obtained by
including choices in the online algorithm that are
necessarily sub-optimal in an offline setting.

1 Introduction

Vehicle routing with time windows is a hard combinatorial
optimization problem with many important applications in
distribution and transportation scheduling. It has received
considerable attention in the last decades and sophisticated
algorithms are now available to find near-optimal solutions in
reasonable time. In recent years, attention has shifted to on-
line and/or stochastic versions of the problem. The stochastic
and online versions are motivated by the inherent uncertain-
ties arising in many industrial problems and technological de-
velopments, such as onboard computers and communication
systems, which give transportation systems the opportunity to
update plans even after the vehicle has been deployed.

In online stochastic problems, customers arrive dynami-
cally as the algorithm proceeds and each customer request
has a time window during which it can be served. The al-
gorithm must decide whether to accept or reject the request
upon arrival. If it is accepted, the online algorithm must serve
the request. The online algorithm typically has two black-
boxes available to make decisions: an optimization algorithm
for the deterministic version of the problem and a conditional
sampling procedure to generate future requests (e.g., [Chang
et al., 2000; Benoist et al., 2001]).

Online stochastic vehicle routing was first studied in [Bent
and Van Hentenryck, 2003; Bent and Van Hentenryck, 2004c]

using a sampling-based approach. Their idea is to generate
scenarios consisting of existing and sampled customers, to
solve the scenarios using large neighborhood search [Shaw,
1998], and to make online decisions based on the scenario so-
lutions. Compared to other online stochastic problems such
as packet scheduling [Chang et al., 2000]' and reservation
systems [Benoist et al., 2001], online stochastic vehicle rout-
ing introduces an additional difficulty: it takes time to serve a
request. Indeed serving a request involves moving to the cus-
tomer, and then processing the request. In addition, a rout-
ing plan for a scenario may schedule a “sampled” customer
(in contrast to an actual request) on a vehicle, something that
never occurs in these other applications. How fo best proceed
when this situation arises is the key issue studied in this paper.

[Bent and Van Hentenryck, 2004c] took a conservative ap-
proach to this issue: Their algorithm, which is reviewed sub-
sequently, first filters all the “sampled” customers from the
plans, leaving only actual requests. Vehicles, when they be-
come idle, are then sent to actual customers, chosen from the
filtered solutions of the scenarios. Apparently, their design
decision was motivated by the fact that sampled customers
may never actually place a request. However, the fact that a
sampled customer is served next in a scenario solution pro-
vides insight into the nature of the uncertainty and solutions.

The key contribution of this paper is to propose two novel
strategies, waiting and relocation, to address this issue and to
better exploit stochastic information in online vehicle routing.
The waiting strategy recognizes that it is sometimes beneficial
for a vehicle to wait at the current location instead of moving
to a known customer. The relocation strategy goes one step
further and may move vehicles to customer locations where
no requests were placed (yet). These new strategies make
several fundamental contributions:

e The vehicles can wait or relocate anywhere and at
any time during the algorithm execution. This con-
trasts with earlier approaches (e.g., [Larsen et al., 2004;
van Hemert, 2004]) where waiting and relocation points
are defined a priori using knowledge of the distribution,
clustering of the customers, and heuristics.

e The decisions of when and where to wait are systemati-
cally derived from stochastic information. Indeed, wait-

'This paper also contains a comparison between online stochas-
tic optimization and POMDP approaches.
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ing and relocation simply make available to the online
algorithms decisions that are necessarily sub-optimal in
the offline setting. This contrasts with heuristics to dis-
tribute waiting time in routing plans (e.g., [Mitrovic-
Minic et al., 2004; Mitrovic-Minic and Laporte, 2004])
which do not use stochastic information.

e A decision to wait or relocate solely relies on the sce-
nario solutions, not on specific properties of the distribu-
tion which is used as a black-box. Hence the strategies
should naturally transfer to a variety of applications.

Experimental results show that the waiting and relocation
strategies may produce dramatic improvements in customer
service compared to earlier algorithms, bridging much of the
gap between the online solution and an offline, a posteriori
solution where all the uncertainty has been revealed. The im-
provements are particularly impressive for highly dynamic in-
stances with many late customers, which are particular chal-
lenging for earlier algorithms.

The rest of the paper is organized as follows. Sections 2-3
present the offline and online problems. Sections 4—6 present
the online stochastic algorithm in stepwise refinements, con-
cluding with the waiting and relocation strategies. Section 7
presents the problem instances and the experimental results.

2 The Offline Problem

The Input Data A vehicle routing problem is specified by
a number of customers that must be visited by a pool of ve-
hicles. Each customer makes a request that must be served
within a time window and takes some capacity from the vehi-
cle. Each vehicle starts at the depot, serves some customers,
and must return to the depot by the deadline.

Each problem contains a set R of n customers and a depot
o. The set S of sites is thus RU {o}. The travel time between
sites ¢ and j is denoted by d(%, j). Each request is associated
with a customer and, since each customer makes at most one
request, we use customer and request interchangeably. Every
request ¢ has a demand ¢(c) > 0 and a service time p(c) > 0.
Each instance has a pool of m identical vehicles with capacity
Q. Each vehicle starts from the depot.

Each customer ¢ has a time window specified by an interval
[e(c),(c)] satisfying e(c) < I(c). The time window repre-
sents the earliest and latest possible arrival times of a vehicle
serving customer c. In other words, the service for customer
¢ may start as early as e(c¢) and as late as [(c). A customer ¢
may not be served before e(c) but a vehicle arriving early to
serve ¢ may wait at the site until time e(c) before beginning
service. The depot has a time window H = [eg, lp|, which
represents the earliest departure and latest possible return for
the vehicles. Typically, ey denotes the beginning of the day
and [y is the deadline by which all vehicles must return.

Routing Plans Optimization algorithms for vehicle routing
typically return a routing plan that specifies the order in which
each vehicle visits its customers. A vehicle route, or route for
short, starts at the depot, serves some customers, and returns
to the depot. A customer appears at most once on a route.
Hence a route is a sequence (o, ¢, . .., cp,0), where ¢; € R
and all ¢; are distinct. The capacity of a route p is the sum

of its customer capacities, i.e., ¢(p) = >, q(c;). A routing
plan is a tuple of routes (p1,. .., pm) one for each vehicle,
in which each customer appears at most once. We also use
cust(p) and cust(y) to denote the customers of a route p and
a plan . A routing plan assigns a unique successor and pre-
decessor for each served customer and depot. For a plan ~,
the successor of site ¢ is denoted by ¢ and the predecessor
is denoted by ¢~

Departure Times Routing plans do not prescribe departure
times for the vehicles. These departure times are typically not
uniquely defined: a vehicle may depart at different times from
specific customers and still visit all its assigned customers
before the deadline. In addition to the routing plan, a solution
will also consist of an assignment o : R — H of starting
times to all customers.

The Vehicle Routing Problem We are now in position to
describe the vehicle routing problem. A solution to a vehicle
routing problem with time windows (VRPTW) is a routing
plan v = (p1,..., pm) and a starting time assignment o sat-
isfying the capacity and time window constraints, i.e.,

a(p;) < Q
o(c) —ple) <(c)
o(e) > max(e(c),
o(c”) +d(c,¢)) +ple)
o(c) + d(e,c*) < 1(0)

(1<j<m)

(¢ € cust())
Cly) =
(¢ € cust(7))
(¢ € cust(7))

The objective is to find a solution maximizing the number
of served customers |cust(y)|. This objective function dif-
fers from the optimization criterion used the Solomon bench-
marks, where the goal is to minimize the number of vehi-
cles and, in case of ties, to minimize the total travel time.
This highlights the difference between strategic planning and
operational decision making. As maximizing the number of
served customers is very difficult on the problems considered
here, the cost associated with relocating or waiting (as fac-
tored into the travel time) is negligible.

Notations If S is a non-empty sequence, FIRST(S) and
LAST(.S) denote the first and the last element of a non-empty
sequence. The concatenation of two sequences S; and Ss is
denoted by S; : S3. If S is a sequence and S~ is a prefix of
S, then S — S~ denotes the suffix ST such that S = S~ : S+.
If S is a sequence and R is a set, FILTER(S, R) denotes the
sequence obtained by removing the elements of R from S.

3 The Online Problem

In the online problem, requests arrive dynamically as the al-
gorithm proceeds. The online algorithm maintains a par-
tial routing plan v~ = (py,...,p,,) consisting of a par-
tial route p; for each vehicle i. It also maintains a par-
tial assignment o~ of starting times for all customers in
cust(y~) \ {LAST(p1),...,LAST(p,,)}. These times spec-
ify when the vehicle serving a given customer has departed
to the next customer on the same vehicle. The last customers
on the vehicles have no departure times, since they have not
been served yet.

The online algorithms have at their disposal an optimiza-
tion algorithm O. Given a set of customer requests R and
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ONLINE ALGORITHM A((Ry, ..., Ry))
1 po— ()
2 09+ 0L
3 T « GENERATESOLUTIONS(pg, 09, R1);
4 forte H
5 do Ay «— ACCEPTREQUESTS(pt—1,0t—1, Rt, At—1,T);
6 I’ «— UPDATEPLANS(p;—1,0¢-1, A, T);
7 if IDLE(pt—1,0¢—1)
8 then s; < CHOOSEREQUEST(p;_1, A¢, I');
9 Pt < Pi—1 1 St;
10 o1« 0¢—1[LAST(pr—1) < t];
1 T —{pel | FIRST(p— pr_1) = s };
12 else p — pi—1;
13 Ot < Ot—1;
14 I' — T' U GENERATESOLUTIONS(p¢, 0¢, At);

15 return (pp, op);

GENERATESOLUTIONS(py, 0, A¢)

I T« 0

2 repeat

3 R — SAMPLE(t);

4 F(_FU{O(ptaa'taAth)};
5 until time ¢ + 1

6 return’;

Figure 1: Online Stochastic Routing

a pair (y~,07), O(y~,07, R) returns a routing plan v+ =
(py : pfyeeeypm t pi) maximizing |cust(y")| and satisfy-
ing C~(y™), where C~ denotes the problem-specific con-
straints C' where the time windows of each customer c in
cust(y~) \ {LAST(p1),...,LAST(py,)} have been tightened
to [0~ (¢),07(c)]. The online algorithms also use a proce-
dure SAMPLE(t) to conditionally sample the request distribu-
tion from time ¢ to the time horizon.

The rest of this paper describes the online stochastic algo-
rithms in stepwise refinements using the algorithms of [Bent
and Van Hentenryck, 2004a] as a basis to clearly identify our
contributions. The algorithms are presented for a single ve-
hicle, their generalization to multiple vehicles being obtained
naturally using pointwise decisions [Bent and Van Henten-
ryck, 2004al.

4 Online Vehicle Routing

We now present the generic online routing algorithm. Since
there is only one vehicle, a routing plan is simply the vehi-
cle route and we use both terms interchangeably. The generic
online algorithm is depicted in Figure 1. It maintains a set of
plans I' representing scenario solutions that are used to make
decisions over the course of the computation. At every time
t, the algorithm also maintains a partial routing plan py, its
associated departure times oy, and R; the requests that be-
come available. Finally, the algorithm assumes that the set of
requests R; is available before the start of the computation.
The implementation also includes service guarantees: Once a
request is accepted, it must be served.

Lines 1-2 initialize the partial routing plan and the depar-
ture times, while line 3 generates the initial set of plans used
in the decisions. The body of the algorithm (lines 5-15) first

CHOOSEREQUEST-C(p, R, T)

F Ule Ri;

forr ¢ I

do f(r) < 0;

forpeT

do r «+ FIRST(FILTER(p — pt, F));
fr) = fr)+ 1

return argmax(r € F') f(r);

Nk W~

Figure 2: Consensus for Online Stochastic Routing.

determines whether to accept any new requests that have ar-
rived. Next those plans that cannot accommodate the new
accepted requests A (line 6) are removed from I'. It is im-
portant to stress that a least one plan p € I' should be able
to accommodate the requests in A, (through insertion or re-
placement of an equivalent sampled customer) since other-
wise the algorithm cannot provide the necessary service guar-
antees. In this paper, customers are accepted greedily when-
ever a routing plan can accommodate them. Using stochastic
information for accepting/rejecting did not bring significant
improvements. The algorithm then determines whether the
vehicle is idle, that is whether service is completed for the
last customer in p;_; given the departure times in oy_;. If
the vehicle is busy traveling or servicing the last customer in
pt—1, the routing plan and departure times remain the same
(lines 12—13) and the algorithm simply continues generating
plans (line 14). Otherwise, the vehicle is idle and the algo-
rithm chooses a request s; to serve using the plans in I' (line
8), augments the routing plan (line 9) and the departure times
(line 10), and updates I' to remove the plans incompatible
with the decisions (line 11). It is useful to review some of the
details of the algorithm.

e a vehicle is idle at time ¢ for a plan (sq,...
departure times o if

,Si) and

k=0Vmax(o(sg_1)+d(sk—1,5k),e(sk))+p(si) < t.

In other words, a vehicle is idle when its route has no
customers or when it has finished serving its last cus-
tomer sy by time ¢.

e The algorithm assigns the departure time of the last cus-
tomer in p;_1 to time ¢ in line 10. The vehicle thus de-
parts for customer s; at time ¢.

e A routing plan p that next visits a customer other than s;
must be removed from I since its decisions are incom-
patible with p; (line 11).

Figure 1 also depicts how to generate plans. Line 3 of func-
tion GENERATESOLUTIONS generates a scenario by sam-
pling the distribution from time ¢ to the horizon (the time
in which the vehicles must return to the depot). Line 4
calls the optimization algorithm with the routing plan and
departure times at time ¢. It remains to specify how to
make decisions. Figure 2 shows how to implement function
CHOOSEREQUEST to obtain the consensus algorithm C from
[Bent and Van Hentenryck, 2004d] where the details can be
found. Algorithm C considers all known requests F' (line 1)
and initializes their evaluations (lines 2-3). It then considers
each routing plan p € I' (line 4), retrieves the request served
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CHOOSEREQUEST-CW(p;, A, T)
1 F— UE:l Ai;

2 forre FU{Ll}

3 do f(r) < 0;

4 forpel

5 dor « FIRST(p — py);
6 ifreF

7 then f(r) — f(r)+1;

8 else f(L)«— f(L)+1;

9 return argmaz(r € FU{L}) f(r);

Figure 3: The Consensus Algorithm with a Waiting Strategy.

next in p, and increments its credit (line 6). The request in F’
with the best evaluation is selected in line 7.

It is important to emphasize a critical point in this imple-
mentation. A solution p € I"is a routing plan p = p;_1 : p*
starting with partial route p;_; followed by a sequence of re-
quests coming from F' and the sampling. As a consequence,
there is no guarantee that the request s served next on the ve-
hicle, i.e., s = FIRST(p™), is an actual request (s € F), not
a sampled customer (s ¢ F'). This is precisely why the im-
plementation in Figure 2 uses FILTER(p™, F') to prune plan
p+ and keep only the requests in F'. This guarantees that
FIRST(FILTER(p™, F)) returns a real customer and that the
vehicle departs for a customer who requested service.

5 A Waiting Strategy

The algorithm by [Bent and Van Hentenryck, 2004c] filters
sampled customers before selecting the request. This conser-
vative approach ensures that the vehicle always moves to a
known customer, not a sampled request. This section investi-
gates a waiting strategy based on the recognition that it may
be beneficial for the vehicle to wait at its current location in-
stead of serving customers too eagerly. For instance, the fact
that the solution p to a scenario at time ¢ starts with a sampled
customer, that is

p=pi—1:p" A FRsT(p") ¢ F,

indicates that it may be beneficial to wait since the sampled
request may materialize, in which case it must be served be-
fore the first accepted customer. The difficulty is to decide
when to wait in a systematic fashion given that the algorithm
has solved multiple scenarios, all of which may have differ-
ent customers to serve next in their routing plans. Figure 3
depicts a natural implementation. Its key idea is to add a wait
action _L to the accepted requests. When considering a plan
p € T, the algorithm retrieves the request r to serve next
in the scenario (line 5). In the case of an accepted request
(r € F)), the evaluation of r is incremented. Otherwise, if 7 is
a sampled customer (r ¢ F'), the evaluation of the wait action
is incremented. The implementation then selects the element
of F''U { L} with the best evaluation, which may be either an
accepted request or the wait action. The online generic rout-
ing algorithm must also be generalized slightly to wait. When
the request is the wait action, the algorithm modifies neither
the routing plan nor the departure times.

Waiting heuristics have attracted considerable attention
recently (see, for instance, [Mitrovic-Minic et al., 2004,

CHOOSEREQUEST-CR(p;, A¢,T)
for r € Customers
do f(r) < 0;
forpel
do r «+ FIRST(p — p;);
fr) = f(r)+1

return argmax(r € Customers) f(r);

()W, BSOS O R

Figure 4: Consensus with a Relocation Strategy.

Mitrovic-Minic and Laporte, 2004]). The beauty in the al-
gorithm presented here is that the choice of when and where
to wait is fully automatic and guided by the scenarios.

6 A Relocation Strategy

The waiting strategy recognizes that it may be beneficial to
wait at the current location instead of serving an accepted
request. It is especially appropriate for problems in which
the bottleneck is to minimize travel times and it is reason-
ably easy to serve the customers. When the challenge is in
maximizing the number of served requests, it is appealing to
explore a relocation strategy and to consider moving to the
location of sampled customers. Once again, the difficulty is
to determine when and where to move. Figure 4 proposes a
natural relocation strategy. Its fundamental idea is to avoid
differentiating between accepted and sampled customers: the
vehicle simply moves to the request with the best evaluation.
Lines 1-2 initialize the evaluation of all customers, lines 4—
5 increments the first request, and line 6 selects the request
with the best evaluation. The selected request may be either
an accepted or a sampled request.

A relocation strategy may be beneficial for improving the
number of served requests because it anticipates future re-
quests and positions the vehicle to serve them quickly. It is
never advantageous when minimizing travel times, since it
may move to locations where no requests will ever materi-
alize. Observe also that when and where to relocate is also
fully automatic and systematically derived from the scenario
solutions. This contrasts with other approaches (e.g., [Larsen
et al., 2004; van Hemert, 2004]) where relocation points are
created using heuristics based on a priori information for spe-
cific problems, instances, and distributions.

7 Experimental Results

We now describe the experiments that compare our algo-
rithms with those of [Bent and Van Hentenryck, 2004c].

The Benchmarks The online vehicle-routing problems are
generated from the Solomon benchmarks [Solomon, 1987], a
collection of very challenging vehicle-routing problems with
100 customers, many of which have yet to be solved opti-
mally. The stochastic versions were developed by [Bent and
Van Hentenryck, 2004c] where the details are found. We re-
view the salient features of these benchmarks. The problems
are divided into classes 1 through 5. The degree of a dy-
namism (DOD) of a problem is the ratio of the number of
stochastic customers over the number of total customers. The
class 1 problems are characterized by early arriving requests.
and class 2 problems by more late arriving requests. The third
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class mixes class 1 and 2. For these three classes, the aver-
age DOD is 44%. Class 4 considers problems with more late
arriving customers than class 2 and have an average DOD of
59%. Class 5 considers problems with a higher proportion
of stochastic customers, i.e. an average DOD of 81%. In all
problems, the expected number of customers is 100.

The Algorithms The results compare local optimization
(LO) with the consensus and regret algorithms which may in-
clude the waiting and relocation strategies. Algorithm LO is
a generalization of the parallel tabu-search algorithm in [Gen-
dreau ef al., 1999]. It generates multiple routing plans on the
accepted customers. These plans are then used to accept or
reject new customers and to select the decisions at each time
step. LO is thus close to algorithm C, the main difference
being that no stochastic information is exploited. The con-
sensus algorithms C, CW, and CR have been fully described
in this paper: C is the algorithm originally proposed by [Bent
and Van Hentenryck, 2004c], while CW and C'R respectively
include the waiting and relocation strategies. The regret al-
gorithms, R, RW, and R'R, improved upon the consensus
algorithms by using a sub-optimality approximation to eval-
uate the value of scheduling each request next on the vehi-
cles and are described in detail in [Bent and Van Hentenryck,
2004b]. They use a simple and fast sub-optimality approx-
imation whose details are described in [Bent et al., 2005].
Consider the decision of choosing which customer to serve
next on vehicle v and let s; be the next customer on the route
of vehicle v at time ¢. To evaluate the regret of another cus-
tomer r on the same vehicle v, the sub-optimality approxima-
tion determines whether there is a feasible swap of r and s;
on v, in which case the regret is zero. Otherwise, if such a
swap violates the time-window constraints, the regret is 1.

Initial Plans and Online Process The online stochastic al-
gorithms generate and solve 50 scenarios to select the deci-
sions at time 0. The algorithms also generate and solve 50
additional samples to create plans given the set of decisions at
time 0. As these scenarios are generated and solved ahead of
time, the number of scenarios can be arbitrarily large depend-
ing on the application. Each such optimization is allocated
one minute. During the online execution, each optimization
runs for 10 seconds and uses the LNS procedure from [Shaw,
1998]. All algorithms are executed on an AMD Athlon 64
3000 processor with 512MB of RAM running Linux. Each
of the instances is run 50 times to account for the nondeter-
ministic nature of the algorithms. In the results, we often omit
the words “in the average” for brevity.

The Results Figures 5 and 6 summarize all the results for
the regret and consensus algorithms regarding the number of
unserviced customers. (All customers can be served in the
offline, a posteriori problems.) The figures depict the results
for the specific instances and a linear regression for each class
of algorithms. Some specific results are cropped by the graph
extent to maintain its readability. The main result is the out-
standing behavior of R'R, i.e., the regret algorithm with a re-
location strategy. From the interpolations, it can be seen that
algorithm R'R dominates all the algorithms for DODs over
50% and that the improvements increase substantially as the

Classes 1 - 5 - Regret

20 + 2

18
g 16 i > + LO
g 14 = R
@ 12 7 » RW
3 K 2 Yl e rr

10 a2
§ . " aet . — Linear (LO)
H s |— Linear (R)
° - = Linear (RW)
5 —— Linear (RR)

T T T T T
0.34 0.44 0.54 0.64 0.74 0.84

Degree of Dynamism

Figure 5: Unserviced Customers for Regret.

Classes 1 -5 - Consensus

+ LO

= C

s CW

e CR

Linear (LO)
— Linear (C)
= = Linear (CW)
——— Linear (CR)

Unserviced Customers

34.00% 44.00% 54.00% 64.00% 74.00%  84.00%
Degree of Dynamism

Figure 6: Unserviced Customers for Consensus.

DOD grows. The improvement over R is significant, indicat-
ing the importance of using relocation on this set of instances.
Subsequent results will characterize more precisely when the
relocation strategy is of paramount importance. Algorithm
RW is also quite effective in general, but it is dominated by
R'R as the DOD increases. Similar results can be observed
for the consensus algorithms C, CW, and CR but, in general,
they serve fewer customers than their regret counterparts.

Results on Class 4 Figure 7 depicts the results on class 4.
We highlight the best and second best result for each problem
in boldface and italics respectively. Algorithms R'R and RW
are reasonably close. For small DODs, R performs the best,

DOD LO C [%% CR R RW RR
101-1 46.3% 2.08 224 4.16 3.30 1.94 3.72 2.68
101-2 45.8% 6.78 542 5.94 3.62 3.50 4.18 344
101-3 50.0% 3.06 2.06 3.06 2.28 1.66 3.46 342
101-4 45.6% 2.90 3.16 4.30 5.54 3.28 4.86 4.58
101-5 47.4% 7.70 4.02 5.48 5.12 338 5.82 4.58
102-1 59.0% 1.74 1.78 1.22 0.54 0.92 1.10 1.34
102-2 57.5% 4.28 1.94 3.44 276 212 2.86 2.60
102-3 56.0% 8.70 324 5.06 3.32 3.38 4.14 324

102-4 52.0% 2.18 0.92 1.48 1.84 1.64 1.96 1.78
102-5 57.6% 3.76 2.46 2.90 2.02 1.52 2.68 228
104-1 76.1% 21.1 19.7 144 13.8 8.64 11.1 11.4
104-2 75.6% 25.6 28.6 13.9 11.7 20.1 11.9 10.5
104-3 76.1% 20.9 16.6 104 8.84 7.88 7.80 9.06
104-4 72.2% 19.6 19.3 14.1 6.36 9.80 8.74 7.38
104-5 74.4% 15.9 19.0 14.0 9.94 11.7 10.1 8.72

Figure 7: Unserviced Customers on Class 4.
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DOD LO C CW CR R RW RR
101-1 75.4% 526 4.52 4.82 2.96 3.20 4.54 2.28
101-2 74.7% 532 8.08 5.04 1.92 558 426 1.40
101-3 69.7% 222 2.36 2.76 2.18 1.20 2.16 1.52
101-4 71.7% 3.90 6.14 2.06 1.56 372 248 1.24
101-5 76.3% 6.14 5.56 6.54 6.00 4.66 598 3.36

102-1 77.2% 4.56 2.36 2.40 1.40 1.50 2.36 1.48
102-2 86.7% 5.88 5.38 254 2.54 3.30 3.52 2.56
102-3 81.4% 3.84 2.40 1.06 0.16 1.72 0.84 0.40
102-4 752% 542 2.40 1.38 1.44 1.62 1.46 2.06
102-5 82.4% 1.32 1.38 1.58 0.76 1.22 1.18 0.62
104-1 89.4% 25.3 26.9 23.0 8.76 26.1 15.3 8.12
104-2 90.6% 25.0 28.9 31.3 17.3 35.0 19.7 12.0

104-3 89.1% 26.3 27.3 19.5 7.88 24.5 12.0 6.98
104-4 89.7% 30.2 31.2 22.0 12.4 339 114 7.44
104-5 87.0% 22.7 31.8 18.3 10.6 28.3 7.74 3.66

Figure 8: Unserviced Customers on Class 5.

however, what is noteworthy is the significant gain R'R and
RV show as the DOD increases. These results show the sig-
nificance of the waiting and relocation strategies on class 4.
Observe that LO misses more than 25 customers on instance
rc104-2, while only about 10 customers are not served by
R'R. Their consensus counterparts also behave well.

Results on Class 5 Class 5 contains the most difficult in-
stances and the experimental results are depicted in figure
8. On these instances, some algorithms may miss up to 30
customers. This is the case of algorithms LO, C, and R on
rcl04-4. Once again, algorithm R'R is the most effective
algorithm overall and only misses 7 customers on rc104-4.
The improvements of R R over other algorithms are quite
dramatic on class 5 and grow with the degree of dynamism.
They clearly demonstrate the value of a relocation strategy on
online vehicle routing with time windows.

It is important to point out that the relocation is completely
guided by the stochastic information and does not include any
problem-specific knowledge: a vehicle simply moves to the
selected customer whether this is an accepted customer or a
sampled customer. As a consequence, the relocation strategy
is simple to implement, yet it is critical to obtain high-quality
solutions on these instances. The regret algorithm RV with a
waiting strategy is also effective and provides significant over
the other algorithms, but it is dominated by RR.

8 Conclusion

This paper considered the online vehicle routing problem
where customer requests arrive dynamically. It demonstrated
the effectiveness of two novel strategies to further exploit
stochastic information: waiting and relocation. The strate-
gies were shown as natural instantiations of the generic
stochastic optimization framework by making available ac-
tions that are sub-optimal in an offline setting. The effective-
ness of the strategies were demonstrated and validated in the
experimental results. As future work, it will be interesting to
see the performance of these techniques on classes of VRPs
where waiting and relocation may have more impact on cost.
Finally, as the decision to relocate or wait solely relies on sce-
nario solutions, not on any prior knowledge of the problem or
distribution, the results should naturally extend to a variety of
applications in planning and scheduling.

Acknowledgments

This research is partly supported by NSF Award DMI-
0600384 and ONR DEPSCOR Award N000140610607.

References

[Benoist et al., 2001] T. Benoist, E. Bourreau, Y. Caseau,
and B. Rottembourg. Towards Stochastic Constraint Pro-
gramming: A Study of On-line Multi-Choice Knapsack
with Deadlines. In CP-01, 61-76,2001.

[Bent and Van Hentenryck, 2003] R. Bent and P. Van Hen-
tenryck. Dynamic Vehicle Routing with Stochastic Re-
quests. In IJCAI’03,2003.

[Bent and Van Hentenryck, 2004a] R. Bent and P. Van Hen-
tenryck. Online Stochastic and Robust Optimization. In
ASIAN-04, 286-300, 2004.

[Bent and Van Hentenryck, 2004b] R. Bent and P. Van Hen-
tenryck. Regrets Only! Online Stochastic Optimization
Under Time Constraints. In AAAI-04, 501-506, 2004.

[Bent and Van Hentenryck, 2004c] R. Bent and P. Van Hen-
tenryck. Scenario-Based Planning for Partially Dynamic
Vehicle Routing with Stochastic Customers. Operations
Research, 52 (6):977-987,2004.

[Bent and Van Hentenryck, 2004d] R. Bent and P. Van Hen-
tenryck. The Value of Consensus in Online Stochastic
Scheduling. In ICAPS-04,219-226, 2004.

[Bent et al., 2005] R. Bent, 1. Katriel, and P. Van Hentenrck.
Sub-Optimality Approximation. In CP-05, 2005.

[Chang et al., 2000] H. Chang, R. Givan, and E. Chong. On-
line Scheduling Via Sampling. In AIPS-00, 62-71, 2000.

[Gendreau et al., 1999] M. Gendreau, F. Guertin, J. Potvin,
and E. Taillard. Parallel Tabu Search for Real-Time Vehi-
cle Routing and Dispatching. Transportation Science, 33
(4):381-390, 1999.

[Larsen et al., 2004] A. Larsen, O. Madsen, and
M. Solomon. The A-priori Dynamic Traveling Salesman
Problem With Time Windows. Transportation Science,
38:459-472,2004.

[Mitrovic-Minic and Laporte, 2004] M. Mitrovic-Minic and
G. Laporte. Waiting Strategies for the Dynamic Pickup
and Delivery Problem With Time Windows. Transporta-
tion Research Record Part B, 38:635-655, 2004.

[Mitrovic-Minic et al., 2004] M. Mitrovic-Minic, R. Krish-
namurti, and G. Laporte. Double-Horizon Based Heuris-
tics for the Dynamic Pickup and Delivery Problems With
Time Windows. Transportation Research Record Part B,
38:669-685, 2004.

[Shaw, 1998] P. Shaw. Using Constraint Programming and
Local Search Methods to Solve Vehicle Routing Problems.
In CP-98, 417-431, 1998.

[Solomon, 1987] M. Solomon. Algorithms for the Vehi-
cle Routing and Scheduling Problems with Time Window
Constraints. Operations Research, 35 (2):254-265, 1987.

[van Hemert, 2004] J. van Hemert. Dynamic Routing With
Fruitful Regions: Models and Evolutionary Computation.
Parallel Problem Solving from Nature VIII, 2004.

I[JCAIO7
1821




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


