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a b s t r a c t

This paper introduces the pickup and delivery problem with time windows and handling operations. In
this problem, the loading compartment of a vehicle is modeled as a linear LIFO stack. When an item is
picked up, it is positioned on top of the stack. When it is on top of the stack, it can be delivered without
additional handling. Otherwise, items on top must be unloaded before the delivery and reloaded after-
wards, which requires time. We define two rehandling policies. For both policies, rehandling is only
allowed at delivery locations and there is no specific reloading order for the rehandled items. Under the
first policy, only compulsory rehandling is allowed. Under the second policy, in addition to compulsory
rehandling, preventive rehandling is allowed. For each policy, we propose a branch-price-and-cut al-
gorithm with an ad hoc dominance criterion for the labeling algorithm used to generate routes. Com-
putational results are reported on benchmark instances for the pickup and delivery problem with time
windows.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In pickup and delivery problems, a fleet of vehicles based at a
depot is used to complete a set of requests. A request consists of
transporting an item (which can consist of multiple units) from a
specific location, where the item is loaded, to a specific location,
where it is unloaded. A time window is given for each pickup or
delivery location, specifying the time interval during which service
must start. We consider a fleet of homogeneous vehicles of limited
capacity, where the compartment is rear-loaded and operated in a
last-in-first-out (LIFO) fashion. The compartment is modeled as a
linear LIFO stack. This implies that when an item is picked up, it is
positioned on top of the stack. Therefore, an item is accessible for
delivery if it is on top of the stack. Otherwise, the items on top
must be unloaded before the delivery of the item and reloaded
afterwards, which requires supplementary time. We define a re-
handling operation as the unloading and reloading operations of
an item at a pickup or delivery location. A handling operation can
refer to a rehandling operation, loading an item at its pickup

location, or unloading an item at its delivery location. We indicate
this problem in the remainder as the pickup and delivery problem
with time windows and handling operations (PDPTWH). Let 0, +i
and −i denote the depot, and the pickup and delivery locations
corresponding to request i, respectively. Fig. 1 illustrates two
routes, where route (a) does not require rehandling, whereas in
route (b) item 2 needs to be rehandled before delivering item 1.

We introduce and analyze two different rehandling policies.
Because an item needs to be delivered at a delivery location, the
customer will allow items to be rehandled if its item is not on top
of the stack. On the other hand, at a pickup location, because other
vehicles from different suppliers may wait to load or unload, the
customer might not allow items to be rehandled. Therefore, re-
handling operations are only allowed at delivery locations for both
policies. We assume that it is not possible to stop at a random
location in the route to do the rehandling, which implies that
eventual rehandling operations begin at the same time as the
service. Therefore, rehandling operations must start within the
time window of the delivery location where rehandling occurs. For
both policies, there is no specific reloading order for the rehandled
items. We define two items i and j to be at the same level if the
most recent handling operation for both items occurred at the
same location. Item i is said to be on top of item j if the most recent
handling operation for item i occurred after the most recent
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handling operation for item j. Under the first rehandling policy,
called policy 1, only compulsory rehandling is allowed, i.e., all and
only the items on top of the delivered item must be rehandled.
Note that policy 1 forbids the rehandling of items that are on the
same level as, or below, the delivered item. The second rehandling
policy, called policy 2, is a generalization of policy 1. Under policy
2, compulsory rehandling must be done and preventive rehandling
is allowed, i.e., all items can be rehandled at once. Fig. 2 depicts a
route and its corresponding vehicle configuration under policy 1,
while Fig. 3 depicts the same route and an example of a corre-
sponding vehicle configuration under policy 2. In Fig. 2, two items
are rehandled upon delivering item 1, namely items 2 and 3. Item
4 is rehandled upon delivering item 2 and again upon delivering
item 3. In Fig. 3, two items are rehandled upon delivering item 1,
namely items 2 and 3 and two items are rehandled upon deli-
vering item 2, namely items 3 and 4. Since items 2 and 3 are on the
same level when delivering item 2, rehandling item 3 is done
preventively. Since preventive rehandling operations are not
allowed under policy 1, the vehicle configuration in Fig. 3 is in-
feasible under policy 1. Because each rehandling operation
requires additional time, it may happen that the time windows are
respected under policy 2, but not under policy 1. A vehicle route is
feasible if (i) the capacity of the vehicle is always respected, (ii) the
time windows are respected, (iii) the pickup location of a request
is visited before its corresponding delivery location, and (iv) the
rehandling policy is respected. We denote by PDPTWH-1 and
PDPTWH-2 the PDPTWH under policies 1 and 2, respectively. The
goal of the PDPTWH is to compute feasible routes that first
minimize the number of vehicles and then the total travel costs.

The PDPTWH arises in the transportation of heavy, dangerous
or large items in a less-than-truckload setting. To our knowledge,
the PDPTWH has not previously been studied, but several variants
of this problem have been investigated, such as the pickup and
delivery problem (see Berbeglia et al. [2], Parragh et al. [14,15], and
Savelsbergh and Sol [18], for surveys), the pickup and delivery
problem with time windows (PDPTW), the pickup and delivery
problem with time windows and LIFO loading (PDPTWL), which
prohibits rehandling operations, the traveling salesman problem
with pickups and deliveries and handling costs (TSPPD-H), where
two types of items are considered, those transported from the
depot to customers and those transported from customers to the
depot, and the pickup and delivery traveling salesman problem
with handling costs (PDTSPH), where only compulsory rehandling
is allowed and the reloading sequence is given.

Ropke et al. [17] proposed a branch-price-and-cut algorithm for
the PDPTW that solves instances with up to 96 requests to

optimality within two hours, on a computer equipped with an
AMD Opteron 250 processor (2.4 GHz). State-of-the-art algorithms
for the PDPTWL were developed by Cherkesly et al. [5,6]. Cher-
kesly et al. [5] proposed branch-price-and-cut algorithms that can
solve instances with up to 75 requests to optimality within one
hour, on a computer equipped with an Intel Core i7-3770 pro-
cessor (3.4 GHz), while Cherkesly et al. [6] developed a popula-
tion-based metaheuristic that solves instances with up to 300
requests within three hours, on a computer equipped with an Intel
(R) Xeon(R) X5675 processor (3.07 GHz). For the instances with
known optimal values, the average optimality gap obtained with
their algorithm ranges between 0.17% and 0.34%. Battarra et al. [1]
proposed two exact algorithms to solve the TSPPD-H under dif-
ferent handling policies: the first one is a branch-and-cut ap-
proach, while the second one combines Benders decomposition
and branch-and-cut. The tests were run on a computer equipped
with an AMD Athlon 64 × 2 Dual processor (2.20 GHz), and in-
stances with up to 25 customers were solved within two hours.
Erdoğan et al. [10] developed heuristics for the TSPPD-H that can
solve instances with up to 200 customers. The experiments were
performed on a computer equipped with an Intel Core 2 Quad
processor (2.83 GHz). The combination of tabu search and exact
dynamic programming performs best, resulting in an average
percentage deviation of 0.07% from the best known solutions. The
largest instances were solved in approximately one hour on
average. Veenstra et al. [19] proposed a heuristic for the PDTSPH,
but the authors did not report optimality gaps for the larger
instances.

This work is rooted in two different streams of research,
namely, pickup and delivery routing with LIFO loading, and pickup
and delivery routing with handling operations. Ropke and Cordeau
[16] developed a branch-price-and-cut algorithm for the PDPTW,
in which several families of valid inequalities are introduced.
Cherkesly et al. [5] developed three branch-price-and-cut algo-
rithms for the PDPTWL. They proposed an ad hoc dominance
criterion and a labeling algorithm for the elementary shortest path
problem with pickups and deliveries, time windows, capacity, and
LIFO constraints. Cherkesly et al. [4] introduced the pickup and
delivery problem with multiple stacks (PDPTWMS) and im-
plemented two branch-price-and-cut algorithms. They adapted
the hybrid branch-price-and-cut algorithm of Cherkesly et al. [5]
for the PDPTWL to the PDPTWMS. Battarra et al. [1] proposed
three handling policies for the TSPPD-H. Under the first policy, all
items delivered at the depot are positioned on top of the items
delivered at the customers, whereas under the second policy all
items delivered at customers are positioned on top of the items
delivered at the depot. The third policy is a hybrid between the
first two. We extend these ideas to develop rehandling policies for
our problem where items are transported from specific pickup
locations to specific delivery locations. We propose branch-price-
and-cut algorithms based on those of Ropke and Cordeau [16] and
Cherkesly et al. [4,5].

The goal of this paper is to model the PDPTWH and to develop

Fig. 1. Route (a) does not require rehandling and route (b) requires one rehandling
operation before delivering item 1.

Fig. 2. Example of a route with its corresponding vehicle configuration under policy 1. There is no separation line between items at the same level.
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