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on the shop-floor where space is notoriously scare, the transport vehicles that deliver
the materials serve as mobile storages, either while waiting in the trailer yard or while
docking at inbound delivery gates. We investigate a vehicle scheduling problem under
the WOW policy between a single distribution center and a production facility. Multiple
containers of parts each associated with an individual delivery date and a - potentially
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Computational complexity of the most urgent container up to that of the least urgent one. Only then, a vehicle
Dynamic programming may return to the distribution center to transship another subset of containers. We

formalize the resulting vehicle scheduling problem under different objectives, investigate
the computational complexity of the problem and develop efficient solution procedures for
important problem variants.
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1. Introduction

In the wake of the Toyota production system (see [ 16]), the just-in-time principle took its triumphal procession all around
the globe. One specific concept to realize just-in-time material supply is the warehouse-on-wheels (WOW) policy. Instead
of storing part inventories directly on the shop-floor where space is notoriously scarce, the transport vehicles themselves
are employed as mobile storages either while waiting in the trailer yard or while docking at inbound delivery gates at the
factory. In this context, we encountered the following WOW setting at a major German car manufacturer.

A distribution center located in vicinity of an assembly plant receives part deliveries from distant suppliers
(predominantly from Far East), which are too far away to allow a concerted just-in-time supply directly to the factory. Three
to four days before the start of production, the final assembly sequence of cars is fixed [3] and submitted to the distribution
center. Here, the required parts are sorted into the sequence of their assembly and packed into transport containers of
approximately similar sizes. Each of these containers has a delivery date that defines the exact point in time the part is
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required in the assembly process. Container transshipment between distribution center and factory is executed by a fleet
of trucks that is employed according to the WOW policy. The storage space in the old factory building is extremely scarce,
so that trucks remain docked with open trailer doors at their delivery gate and each container is removed not before it is
actually required in the assembly process. Thus, each truck has to arrive no later than the delivery date of the most urgent
container and remain docked up until the delivery date of the least urgent one. Only once this container has been removed,
the truck is finally released and may return to the distribution center in order to deliver the next truckload.

This paper aims to solve the resulting vehicle scheduling problem from the point of view of the car manufacturer. A static
set of containers is to be partitioned into truckloads, such that capacity constraints are met and the trucks’ docking times at
the gates are reduced. We formalize the WOW vehicle scheduling problem and provide a thorough analysis of computational
complexity for different capacity situations and alternative objective functions.

The remainder of the paper is structured as follows. Section 2 surveys the relevant literature and Section 3 formalizes
the WOW vehicle scheduling problem. Then, Sections 4 and 5 analyze the computational complexity of different problem
variants and provide efficient exact solution procedures for most of them. Finally, Section 6 concludes the paper.

2. Literature review

Neglecting the WOW aspect, the vehicle scheduling discussed in this work is a special bin packing problem, in that
differently sized items (containers) have to be stored in homogeneous bins (vehicles) subject to a particular objective
(e.g. minimizing the number of vehicles). Bin packing is among the most elementary problems of operations research, so that
plenty of work has accumulated over the decades. A survey is, for instance, provided by Coffman et al. [6]. Extensions of bin
packing are denoted as generalized bin packing problems, which have also received a lot of attention. For instance, multi-
dimensional problems [15], bins of variable size [12], fragile items [5], items occupying more than one bin [4], restrictions
on the number of items per bin [13], and conflicts among items [8,14,17,18] have been considered. In a certain sense the
problem studied in this paper can be seen as a special bin packing problem with soft conflicts among items on the basis
of their delivery dates. However, we further model time dependencies with respect to the availability of bins and consider
different time dependent objectives.

Time dependencies and especially a just-in-time focus are often treated in the domain of machine scheduling. An in-depth
review on just-in-time machine scheduling is, for instance, provided by Jozefowska [11]. In the problem at hand however,
we have no processing times directly associated with each job (container). Instead the processing time (docking time) is
rather the result of a minimum and maximum function on the subset of jobs (containers) jointly transported by a vehicle
(machine), which has - to the best knowledge of the authors - not been investigated thus far.

Finally, we take a look into the domain of part supply in the automotive industry. A survey on the decision problems
relevant in this field is provided by Boysen et al. [3]. While the peculiarities of the WOW policy have not been considered
yet, arecent paper of Boysen et al. [2] treats a special vehicle scheduling problem of supplying an assembly plant from a dis-
tribution center. There, however, another delivery policy is considered where a truck is unloaded once it reaches the factory.
The earliest delivery date of all transported containers determines the arrival (and unloading) time of each truck. Further
the aim there is to minimize the total earliness of container deliveries, which leads to a very different problem structure.

3. Problem statement

Consider a set of items I = {1, ..., n}, e.g., containers, boxes, or pallets filled with parts, that are to be transported from
a single distribution center to a manufacturer’s factory. Each item i is assigned to a delivery date d;, determining the exact
point in time at which it is needed at the factory, and a weight c; that represents the space requirement of the item in the
transporting vehicle. In the following we assume that items are sorted according to non-decreasing delivery dates, so that
dy < d, < --- < d,. Note that this is just for convenience of notation, so that we will nonetheless consider a sorting
operation necessary, whenever a particular order of items is required in the algorithmic discussion. Item transshipment
is executed by a homogeneous fleet of vehicles each with a total loading capacity of C. A single trip from the distribution
center to the factory is assumed to last exactly § units of transit time and is supposed to be the same for the way back. Each
vehicle serves as a WOW, so that it has to arrive at the factory to timely supply the item with the smallest delivery date and
cannot leave before the largest delivery date of any transported item is due. We will write s(i) = d; — § and e(i) = d; + &
for short and refer to them as the start and end date of an item, since any trip that includes item i will need to start no later
than s(i) and end no earlier than e(i) at the distribution center. We further define a trip J C I as a subset of items that are
transported to the factory together by the same vehicle. For convenience we will refer to the minimum and maximum item
indices contained in a trip as min(J) and max(J). The start time and end time of any trip J is denoted as s(J) = min;¢; {s(i)}
and e(J) = max;g {e(i)}, respectively.

Thus, the total utilization time for a trip consists of the travel time from the distribution center to the factory, the vehicle’s
docking time spanning from the delivery date of the smallest to the highest item index plus the time on its way back,
ie.e(J) —s(J) = 26 + maxig {d;} — minig; {di}.
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