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Abstract To improve operations commonly found in today's crossdocks, we offer a door
assignment optimization tool that will reduce the distance travelled by goods across the crossdock,
as well as workload and labor cost. The cross dock door assignment problem (CDAP) minimizes
total distance travelled by the goods inside the crossdock where door capacities are limited by the
time they can be used in a work day. Experience shows that blindly following CDAP
optimization results could negatively impact delivering goods efficiently. We therefore propose a
dynamic assignment scheme in which door assignment is reconsidered whenever a new trailer
arrives. Repeatedly updating and resolving for door assignments within a simulation experiment
is made feasible through the use of our advanced MatHeuristic solver, CHH, and this permits us
to compare the static and the dynamic assignments. Using simulation data based on data from an
actual crossdock, we demonstrate the superiority of the dynamic approach in terms of operations
efficiency and make managerial recommendations.

Keywords crossdock; dynamic optimization; simulation; matheuristic; door assignment;
turnaround

Introduction

Crossdocking is a practice in logistics that aims at reducing transportation and inventory
holding costs in the supply chain. Crossdocking involves receiving goods from suppliers or
manufacturers for several destinations and consolidating these shipments with those of other
suppliers for common delivery destinations, then loading them for shipment to their respective
destinations at the earliest opportunity. In crossdocking, goods from an incoming trailer are
unloaded, sorted and then loaded to outbound trailers, with little or no storage in between.
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Besides reducing transportation costs, crossdocking also focuses on reducing the level of
inventory held in the supply chain, and therefore inventory holding costs, and order cycle time.
This paper concentrates on the operations that take place inside a crossdock. It assumes that
the decisions about trailer contents, as well as their movements from the origins to the crossdock,
and the goods’ final destinations, are already made. Inbound doors, also called strip doors, are
the dock-doors of the building, where incoming full trailers are parked and unloaded. Outbound
doors, also called stack doors, are those where outgoing empty trailers are sent to collect freight
according to specific destinations. Often, strip doors are found on one side of a crossdock and
stack doors on another side. In practice, however, incoming trailers are sometimes unloaded on
the stack door side of the crossdock and outgoing trailers loaded on the strip door side.
Consolidation (or staging) areas are locations within the crossdock, where goods wait to be
loaded into outbound trailers. Figure 1 depicts a typical crossdock configuration and operations.
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Figure 1. Depiction of Cross-Docking Operations

In the Operations Research and transportation literature, optimization of operations in the
crossdock has been either static or dynamic. In static optimization, incoming trailer contents,
including destination volumes for the current period, are known and the door assignments are
optimized, usually to minimize travel of the goods through the crossdock. Optimized door
assignment, while beneficial, does not take into account the realities of the dynamic situation
actually encountered during the processing period. In the crossdock research that addresses the
changes occurring outside and inside the crossdock over the planning period, usually no more
than a day, arrival and/or departures of trailers are scheduled so as to optimize efficiency.
Optimization criteria differ (e.g., cost of labor, cost of delays, total busy time, etc.); as well as



assumptions (e.g., all incoming trailers are available at the beginning of the work period, or they
arrive at random times during that period -- outgoing trailers have a known schedule, or can be
called upon when needed). Most optimization approaches rely at least in part on heuristics and/or
simulations. We refer the reader to recent surveys [1], [2], [17] and references therein for a more
complete picture of the many considerations for crossdock optimization.

Our initial crossdock research focused on minimizing the cost of goods transfer in the
crossdock by optimizing the assignment of strip doors to incoming trailers and stack doors to
outgoing trailers. This static optimization problem is known as the Cross Dock Door Assignment
Problem (CDAP), described in Sections 2, 3 and 4. Different from other CDAP optimization
schemes, we imposed a time-related capacity constraint on each door, based on the maximum
time to unload or load a trailer. Two exact solvers that we developed have been applied to
achieve the optimal solutions of CDAP, solving respectively a Generalized Quadratic 3-
dimensional Assignment Problem (GQ3AP), described in [7] and based on [4a], and a
Generalized Quadratic Assignment Problem (GQAP) of approximately double size, described in
[5], and based on [4]. Beyond a certain size, however, exact solvers, including commercial
solvers, are unable to provide optimal solutions in an elapsed time small enough to allow frequent
calls to the solver. Thus, we adapted our Convex Hull MatHeuristic (CHH) CDAP solver, based
on convex hull relaxation [6] and on simplicial decomposition [6b], to solve the CDAP and
provide an approximate solution in much shorter times ([7] and [8]). A brief description of the
CHH CDAP solver is provided in [6] and [8], as well as in section 5.

Together with several teams of students from the University of Pennsylvania, the authors
have worked closely for several years with two firms managing crossdocks in the Eastern US.
The first of these firms handles goods coming from US manufacturers and from nearby seaports
and destined for a number of retail outlets. This firm's crossdock is of medium size. The second
firm manages a larger crossdock, dedicated to goods from a single supplier, which are then
shipped to several distribution centers. Our teams of students analyzed and simulated operations
in these crossdocks and were successful in finding operational improvements for both firms. It
became clear, in the first few months studying actual crossdock operations for firm one, that their
complexity would make a static optimization scheme of little or no use. Optimizing the distance
travelled by goods in the crossdock needs to be dynamic, as its solution depends not just on
incoming trailer contents, but also on the order in which incoming trailers arrive or are handled.
We are facing a large optimization problem with easy constraints related to assigning the doors in
a static manner taking door capacities into account, and difficult constraints that have to do with
assigning the loading/unloading work over time, in an efficient, timely manner. As explained in
section 3, as the work period progresses, the static solutions may become impractical because of
the difficult constraints that need to be satisfied in real operations, such as not assigning two
trailers to the same door at the same time. The following summarizes our observations that
govern the development in this paper.

First of all, the major objective is often to optimize the use of the workforce, and its cost.
According to [9], travel inside the crossdock is typically 20-30% of total dock labor costs, which
is not insignificant, and it has actually received a lot of attention in one form or the other in the
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crossdock literature. Instead of directly working on the labor cost, we concentrate on finding the
door assignment with the least travel cost of materials inside the crossdock. At the beginning of
the day, with the information available on the day’s workload, we produce the assignments of all
the inbound and outbound doors that minimize total distance by solving the CDAP model. We
refer to this scheme as the “static assignment strategy’.

Secondly, in view of the difficult constraints mentioned above, which are not addressed by
the CDAP model or the static assignment strategy, we dynamically update the information and
optimize the cross-docking assignments accordingly. To guarantee that we meet the time
requirements is our primary concern. Even if minimizing the cost of carrying the goods across the
crossdock is not the main objective, it is desirable to assign doors so that the total distance
travelled by goods in the crossdock is kept to a reasonable minimum. We are trying to keep a
balance between meeting the time requirement and keeping the total goods travel distance
reasonable, by minimizing the latter and imposing a limit on how much each door can handle
within a shift, this is what we call door capacity. This capacity will naturally decrease during the
day.

Our scheme is therefore to apply CDAP optimization repeatedly throughout the work period,
taking into account the state of occupancy of all crossdock doors at each new trailer arrival. This
is what we refer to as the ‘dynamic assignment strategy’. See more on this in particular in
sections 3, 4, 6 and 7. In our dynamic approach, the secondary objective of minimizing travel
distances is reconsidered repeatedly, with updated data each time. For assigning the next trailer(s)
to available doors, we use the heuristic door-trailer assignment (described in section 5) as a guide
in our simulation-based experiment. This is explained in detail in section 6.

In summary, on the one hand, we optimize the distance travelled by products within the
cross-docking facility. On the other hand, we dynamically reformulate and re-solve the distance
minimization problem as needed in real-time. By integrating the CDAP model inside a dynamic
scheduling of the crossdock, we overcome the CDAP's static limitations, guaranteeing timely
operations without having to know ahead of time when trailers will arrive.

The detailed plan of the paper is as follows:

In section 1, we briefly survey the large body of cross-docking research and identify the
literature relevant to our study.

In section 2, we mainly identify the assumptions we will make in our research, define the
cross-docking assignment problem, and briefly introduce the CDAP model.

In section 3, we focus on the inadequacy of the CDAP model for real practice and the
necessity of a dynamic assignment scheme.

In section 4, we formally define the CDAP model in our context, with the focus on linking its
parameters to the static and dynamic assignment strategy to give the reader a clear view of how
the CDAP model is utilized in the course of a work day.

In section 5, we consider solving the CDAP model by CHH. Due to its efficiency, we employ
this algorithm in our simulation experiments, and recommend it for real-world implementation of
a dynamic assignment strategy.



In section 6, we move on to the details of our dynamic assignment strategy, through the
introduction of the simulation procedure that mimics the real operation in practice.

In section 7, detailed results the dynamic and the static strategies are presented. Several
aspects are considered such as: To what extent do the dynamic assignments sacrifice the distance
travelled by goods in order to finish the work in a timely fashion? How many products are left
and not shipped in both schemes at the end of the day? How many inbound trailers have not been
handled? What are their respective impacts on workers?

1 Literature Survey and Different types of Crossdock Operations

There are many different types of crossdocks and many different management practices. A
good practical introduction can be found in Gue’s blog [9], and in his 2007 International
Commerce Review paper [10]. Part of the following description is taken from there.

The buildings used for crossdocking may have different shapes, in particular rectangular, L-
shaped, U-shaped, and T-shaped. Many crossdocks have been transformed into crossdocks from
their earlier purposes, and their shapes may be less than optimal. Crossdock sizes vary from a few
dozen doors to hundreds. The largest crossdock, of which we are aware, is situated near Dallas
and has about 550 doors. Crossdock managers handle differently the question of how to assign
outbound trailers to doors and where to put inbound trailers when they arrive. In [10], Gue
carefully compares the advantages and disadvantages of crossdocking vs. more traditional forms
of warehousing and highlights issues that may predict whether a crossdocking company will fail
or succeed. It is clear that careful attention to both costs and to operational strategies is needed for
a crossdock operation to succeed.

The crossdock optimization literature initially concentrated on door assignment, as in the
early paper by Tsui and Cheng [11]. More recently, attempts at integrating the loading and
unloading operations and the transportation of the goods through the crossdock have yielded a
variety of exact combinatorial models, which unfortunately cannot be solved optimally even for
problems of average size. Heuristic approaches have also been published that will more likely be
able to solve approximately problems of average and above average size. Recent survey papers,
or papers with an extended literature review, show that interest in crossdocking in the academic
literature has been increasing substantially over the years, see [12], [13], [14], [15] for instance,
producing a variety of approaches. Yet differences in crossdock layout and operating
environment seem to preclude a general solve-everything crossdock algorithm.

As mentioned earlier, we have been involved with two crossdocking firms that operate their
crossdocks very differently. In the first firm, trailers with known contents arrive at the facility at
irregular, mostly unpredictable, times during the day. For this firm, trying to optimize the
crossdock operations as a machine-scheduling problem is not feasible, as trailer arrival times are
not known ahead of time. However, at the start of the day, arriving trailer manifests are available
for trailers expected to arrive that day. For the second crossdock, trailers arrive in the yard prior
to the start of the planning period (typically a day) and thus are available for unloading whenever
appropriate, which is most often the assumption made in the literature. Furthermore, trailer
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content is known precisely ahead of trailer arrival. As these two crossdocking instances show,
scheduling trailer unloading, moving goods across the crossdock and then loading outgoing
trailers would best be optimized differently for different types of crossdock approaches. We
concentrate in this paper on ways to optimize crossdocks of the type of the first firm, where
trailers arrive at unknown or only approximately known times during the day and trailer content
is known at the start of the working day, but no earlier. A more detailed description is given in
the following sections.

Further, our paper draws a lot of emphasis on the simulation in the crossdocking operations in
order to compare the static and dynamic assignment strategies. There are some recent studies
dealing with the cross-docking simulation problem, for example [3], [27], and [28]. These studies,
however, are different from ours in both the purpose and the use of the simulation. In [27] and
[28], the authors work from the perspective of the supply chain in the outside of the crossdock,
and looks at the supply network which consists of the suppliers, crossdocks and the destinations.
The work aims at the study of transportation between a set of suppliers and a set of cross-dock
facilities to account for the timely delivery of the randomly generated orders from the suppliers.
The relevant metrics in the simulation are the average order cycle, truck utilization and service
level in their researches. The operations inside the crossdock as a whole, with which we are
directly concerned, are not treated in detail.

Similar to this simulation study, Konur and Golias are concerned with the scheduling and
assignments of inbound trailers. They use the total delay time of inbound trailers as the objective
function to construct a bi-objective bi-level optimization problem, and solve through Genetic
Algorithm. Simulation is used mainly as the way of generating arrival times of inbound trailers to
compare First Come First Serve principle and their model. The labor work inside the crossdock,
such as loading and unloading, is not directly simulated and accounted for but instead is treated as
random numbers. To the best of our knowledge, we are giving the most detailed simulation study
of the operations inside the crossdock.

2. Assumptions: The Cross-dock Door Assignment Problem under
Consideration

We consider crossdocks where a few trailers may already be in the yard at the beginning of
the day, and others arrive at irregular intervals during the day. Doors are not a priori assigned to
origins or destinations, and the destination of arriving goods is however known at the start of the
day. We specify the assumptions we make in the same style as in [16].

Al: The arriving goods may be packed in boxes of varying size, and we use volume as the
standard unit, thus in fact ignoring, as a first approximation, the problem of fitting boxes in
outgoing trailers. We hypothesize that all unloading work is done in an identical unit of time, per
unit of volume. Similarly, goods that are held in the staging area will take a number of time units
proportional to their volume to load into an outbound trailer.

Note that with this assumption we will be able to properly define the capacity of each
inbound or outbound door. Obviously, given the time required for fully unloading or loading a
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truck, as well as the time constraints that must be imposed on each working day, one can schedule
only a limited number of trailers at a door. Following this we introduce capacity in the problem to
represent this time limitation. More discussion of this issue will be given in sections 3, 4, 6 and
7.

A2: Our prior information on the arrival times of inbound trailers is limited in the sense that
we only know in advance which trailers will be arriving that day, but not their actual arriving
times. The contents of each trailer are known in advance, but individual item positions in the
trailer are not known.

A3: The unloading of the trailers is done using a FIFO policy, i.e., the first inbound trailer
arriving in the crossdock yard will be considered for assignment to one of the free inbound doors,
if any. Otherwise it will wait in the yard.

A4: The workforce at the crossdock is sized such that it can unload all the inbound trailers
and load them in the same work shift even if all the doors are occupied. At this point, we do not
try to directly minimize the cost of labor, even though this is of great concern to management.
This will be part of our ongoing research. Indirectly, we are trying to minimize the total time the
force must remain at work to process the goods arriving in the work period through the timely
assignments of trailers. As common in other research of this kind, the workers handling goods in
the cross-docking operation are assumed to be homogeneous in the sense that all workers handle
the same work with the same productivity.

A5: Goods are loaded into outbound trailers only after having been placed in one of possibly
many staging areas. The use of staging (consolidation) areas is a common practice in cross-
docking operations. The specific position of staging areas can vary in practice. They may be in
the middle of the cross-dock or closer to the stack door side. They may be divided into slots
corresponding to the destinations but not always. We do not make specific assumptions on their
positions organization. Instead, we only assume two things that should be easily satisfied in
practice. First, the amount of materials accumulated in the staging areas is known to us. Second,
the door-to-door distances we use already assume that the goods make a stop-over at a staging
area.

About the staging areas, we further assume that once the materials accumulated for one
destination exceed a certain threshold, which we assume to be 90% of a Full Truck load (FTL),
we consider the accumulation adequate and one outbound trailer assignment should be needed for
this particular destination.

A6: The outbound trailer fleet is well supplied with interchangeable standard trailers, so that
no time is lost waiting for the arrival of an outbound trailer.

AT7. Note that most of the time, the load will consist of goods coming from several incoming
trailers, and one has to wait until the last of these trailers is fully unloaded, as the loading patterns
inside incoming trailers are usually not known in advance. Thus for simplicity, the staging areas
will not be updated unless an inbound trailer has just finished unloading.

With these assumptions, we have essentially ignored the problem of minimizing labor cost
and focused on the distance optimization and on achieving timely operations. We now formally
define the problem under consideration. Facing the operation workload of a day, we need to
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decide, in advance or in the middle of the operation, how these incoming trailers are assigned
when they arrive, and how the outbound trailers should be assigned, when the amount of products
accumulated at the staging area reaches certain level and requires such an assignment. But we
also want to minimize to total distance travelled by materials. If no constraint on the capacity
requirement is imposed for doors, we may easily arrange all trailers at one pair of closest strip and
stack doors. But this is evidently impossible, since we have very limited operation time in a day.
We thus want to optimize the distance with this constraint to produce the assignments, although
we may use different rules in terms of how the problem is defined and how the solution will be
used, in the static or dynamic assignment strategy.

In terms of distance optimization, we shall consider the CDAP problem. The crossdock door
assignment problem (CDAP) will be modelled using the following parameters and data: the
number of origins M, the number of destinations N, the number of strip doors I, the number of
stack doors J, the number of trips required by the material handling equipment to move items
originating from a given origin to the crossdock door where freight destined for a given
destination is being loaded, the distance between a given strip door and a given stack door,
including the stopover in a staging area, the volume of goods from a given origin to a given
destination, the capacity of each strip and stack door and the demand from each destination. The
amounts of goods coming from one origin and tagged for one destination are stored in a matrix
that we will call the flow matrix in the rest of the paper. The above parameters hold for a period
of time (usually a day) during which the originating goods are processed by the crossdock and are
loaded onto trailers leaving for destinations. The objective of the CDAP is to minimize the total
distance travelled by all goods across the floor of the crossdock for the entire processing period,
subject to assignment and capacity constraints. It is a pure 0-1 bilinear generalized assignment-
type model.

In the next sections, we first describe in detail the CDAP model, and how we use it to assign
trailers to doors. We will then discuss the weakness of making these decisions only once at the
beginning of the working day. To deal with this weakness, we then propose a dynamic algorithm
that performs door reassignment and crossdock scheduling through the day. To illustrate the
concept and processes of the dynamic assignment, we first study a small artificial instance with
three incoming trailers in the work period, four destinations, and a crossdock with four doors on
both sides.

Then we will look at a realistic simulation problem to compare the dynamic and static
schemes, where the trailer loads are taken from volumes processed by the first company
mentioned above on a typical busy day. For ease of exposition hereafter, we will assume that
trailers start arriving at 7 am, and a standard ten-hour shift starts then and lasts until 5 pm. We
also consider the possibility that some trailers may already be stationed in the yard at the
beginning of the planning period, and that some goods from the previous day may have been left
in the staging areas, not making up sufficient volumes to justify sending out trailers the previous
evening.



In our dynamic algorithm, described in section 6, the CDAP problem is re-solved and its data
updated, after each new trailer arrival, while in the static model one waits until the infeasibility
resolves itself.

3. What is missing in the CDAP model and how we address some of it

The dynamic aspect of assigning trailers to available doors is not addressed by the CDAP, as
this optimization model considers only the total capacity of each door, incoming or outgoing,
over a given period of time. If we assume that one CDAP model is solved for the entire work
period before its start, strictly implementing its solution will usually not meet the timeliness
requirement in the cross-docking operations. As a consequence, precious labor resources may be
wasted. In addition, as we have learned from practitioners, who are forced by contract to deliver
the goods within a short period of time, usually 24 hours, at any rate not more than 48 hours,
missing a deadline implies that fines must be paid, and customer satisfaction decreases.
Similarly, the time inbound trailers stay in the yard is also not acceptable, and usually results in
fines.

Let us consider a simple illustrative example here, as more will be discussed in the
experiments in section 6 and 7. At 7 am, we use the information about the contents of all trailers
due to arrive that day to solve the static CDAP problem (we refer to the solution as the “planned
assignments”). We would like to make actual assignments that adhere strictly to the planned
assignments for all trailers that have already arrived before 7 am. This, however, may or may not
be possible if we want the work to be completed in a timely manner. If two trailers are planned to
be assigned to the same door then we have to either make one trailer-to-door assignment and
gueue the second trailer, or slightly adjust the assignment such that one of the two conflicting
trailers is assigned to a neighboring door. The first choice may be better in the long run, but this
fact is not known, as it depends on unpredictable arrivals later in the work period. Crossdock
managers would likely make the latter choice, as they care about timeliness. The distance saved,
which could be translated into time saved, and therefore labor cost saved, could hardly justify the
wait.

A more important concern is what happens after the first set of door assignments are made at
7 am. As stated in section 2, crossdock managers know the arrival times only in an ad-hoc
manner, i.e., after the trailers have actually arrived. Let us continue with the previous example.
Suppose that at 8 am, more trailers come in, and some of their pre-assigned inbound doors are
already occupied, then one could either wait until the planned assignments become feasible, or
run a new CDAP optimization with modified flow and distance matrices. In this case, since the
doors currently occupied cannot immediately be reassigned, to ensure timeliness, we may form a
new distance matrix without these conflict doors and form a new flow matrix with all previously
assigned trailers removed. The idea is that when we update the information in real time we could
reformulate and resolve the distance minimization problem accordingly, so that de facto we are
anticipating and optimizing the future operations without any assumption about the arrival
distributions.



What happens on the outbound (stack) door side is similar, thus it is necessary to dynamically
change the optimal assignment, or, and that is what we will do, dynamically optimize the
assignment rather than fixing them based on the solutions from the CDAP problem. Also, in this
part, we do as the first firm we studied does, that is, wait until a full load for a given destination
has been accumulated in the consolidation (staging) area before assigning a door to a destination.

Previous algorithmic research papers (for instance [14], [15], [16], [17], [18]) look either at
the static door assignment alone, or at the global crossdock problem. In this paper, we take a
dynamic approach, re-assessing crossdock door assignments over time, i.e., in practice, over an
entire work period, utilizing a CDAP solver. We override with reasonable logic those door
assignments that cannot be implemented because (for instance) a CDAP assigned door is
occupied, thus avoiding queuing delay. Anticipatory trailer-to-door assignments are re-computed
using a CDAP solver each time a new trailer is moved to a strip door. Accordingly, the flow
matrix is modified to remove all goods already assigned to strip doors and all goods no longer
staged for outgoing delivery. So is the distance matrix due to the currently unavailable doors.
The CDAP door capacities are modified to remove door capacity no longer available.

In section 4, we will first present in detail the CDAP model and in section 5, we describe the
way the convex hull heuristic (CHH) solves the CDAP problem and assigns trailers to doors.
Then in section 6, we show when we dynamically decide to run CDAP using CHH and how we
adjust its solution in case of conflicts with the current crossdock configuration.

4. The static CDAP model

We now present the mathematical model of Zhu et al. for the Crossdock Door Assignment
Problem (CDAP) [19]. This is a modification of the original model of Tsui and Chang [11].

Parameters:

M number of origins, N number of destinations, | number of strip doors, J number of stack
doors

Wmn, number of trips required by the material handling equipment to move items originating
from m to the crossdock door where freight destined for n is being consolidated,

di; distance between strip door i and stack door j,

Sm vVolume of goods from origin m.

S; capacity of strip door i,

r, volume of goods destined for destination n,

R; capacity of stack door j.

Decision Variables:

Xmi=1 if origin m is assigned to strip door i, O otherwise

ynj=1 if destination n is assigned to stack door j, 0 otherwise.

The new and generalized formulation of the CDAP is:
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(4.1) makes sure that the capacity S; of strip door i is not exceeded, (4.2) makes sure that each
arriving trailer gets assigned to only one receiving (strip) door, (4.3) makes sure that the capacity
R; of outbound (stack) door j is not exceeded, and (4.4) makes sure that each destination is
assigned only one stack door. In the original model proposed in [19], in the left hand of (4.2) and

i=1 j=1 m=1n=1
M
DS Xu <5, i=12,..1,
m=1
|
D Xy =1 m=12,..,M,
i=1
N
Doy <R, i=12..7,
)
Dy, =1 n=12,...N,
j=
X, =0orl m=12,...M,i=12,..1,
Y, =0orl n=12,..,N,j=12,..,J.

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.4), the parameters such as s,,, and r;, are taken as row and column sums of matrix (wy,,).
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With this model we are able to assign multiple origins to a single strip door, as long as its
capacity could accommodate them. It is also possible to assign multiple destinations to one stack
door, as long as its capacity could accommodate them.

Note that when we are considering the real-world operations, the door capacities should be
determined based on an estimate of total working time, and optimal trailer schedules will depend
on the numbers entered. If the number of hours chosen is too large, at the limit only one inbound
and one outbound door may be needed, but this is obviously not desirable.

If the capacities are too small, it may not be possible to take care of all shipments within the
time allotted. Figure 2 summarizes the results of solving a CDAP instance with 56 incoming
trailers, 16 destinations, and 25 inbound and 16 outbound doors. It assumes that all doors have the
same capacity, which varies between 10,000 and 47,000 ft*, the latter corresponding roughly to
24 hours of loading or unloading time. We made the simplifying assumption that one can load or
unload 2,000ft® in an hour. As can be seen, the distance travelled and CHH running time
decreases as capacity increases. On the second picture, one sees the maximum and minimum
number of trailers, as well as the average number, per inbound and outbound doors. Clearly, the
values taken for the capacities affect the solution of the CADP model. Care should therefore be
taken in determining these quantities.

Further, in the implementation of this model, we can determine the quantities such as s,,, and
1, in a flexible way. For example, once we are able to estimate the time needed to unload inbound
trailer m, we can use it as s,,. This would allow crossdock managers the flexibility of using
advanced statistical methods in the estimation, but this is beyond the scope of this paper.

In practice, since we are required to finish all the work within one shift in a day, we take the
capacity as the total time of a shift, i.e. 10 hours. Also, due to assumption Al, we set the time
needed for inbound trailer m as s,, proportional to s,, and r, proportional to r,;, and use them
instead in (4.2) and (4.4). More specifically, we have access to operational data from a cross-
docking facility, for instance the real flow matrix in the units of volume, and we learned from the
first firm that we studied that, on the average, unloading a trailer takes two hours and loading a
trailer takes one and a half hours®. Thus, based on the assumptions above, we determine s,, and
Ty aSSm = (ZM/szlsm)sm and r, = (ZN/ZrAllzlrn)rn-

It is important to point out here that the objective used in the CDAP model could be
modified, as the situation requires. Indeed, instead of using total distance travelled by the goods,
one could use the total cost of transferring the goods across the crossdock, or any other bilinear
objective function. If the objective function were linear, the optimization would be even further
simplified. In all cases, its optimization would be called repeatedly by the dynamic system
described in section 6.

*The reason that unloading takes longer than loading is due to the time it takes to identify destinations of
individual goods and assuring that the incoming manifest data is correct for the arriving goods.

12



5. Solving the static CDAP with the Convex Hull Heuristic (CHH)

As the objective function of the CDAP is a bilinear function, most likely nonconvex, it can be
convexified, for instance by SDP-based methods, called generically QCR or guadratic convex
reformulation. See for instance [23] for some of the latest results as well as references to earlier
work. Another option is to linearize the CDAP model (see for instance [24] and references
therein). Unfortunately neither of these approaches can be used to solve within a few minutes a
CDAP of practical size, even approximately. We have therefore chosen to adapt a Matheuristic
called CHH (short for Convex Hull Heuristic) to solve the CDAP repeatedly within our dynamic
approach. CHH is an adaptation to the nonconvex objective function case of the convex hull
relaxation, or CHR.

CHR is based on a concept that was independently introduced in [20] and [21] (see [6] for a
description of both QCR and CHR). It is an extension of the primal relaxation of [22], which
computes both a lower bound on the optimal value of a nonlinear convex integer minimization
program, and good integer feasible solutions. Suppose the vector of integer decision variables is
y, and the objective function value at y is f(y). A by-product of CHR is that it produces a number
of integer feasible solutions, y(1), ..., y(p), and we can compute f(y(1)), f(y(2))...., f(y(p)) and keep
the best point, call it y(*), as a best feasible solution. Whether the problem is convex or not, CHR
produces integer feasible solutions, and we call this use of it the convex hull heuristic, or CHH
for short. In the convex case, CHR produces both a valid bound on the optimum and a best found
feasible integer solution y(*). In the nonconvex case, it produces only one best feasible integer
solution.

CHR is generic, in the sense that it can be applied to any MINLP problem with linear
constraints, as long as linear problems subject to the same constraints are, by comparison, much
easier to solve. The algorithm is loosely based on simplicial decomposition, or SD for short, see
[6b]. It alternates between a continuous nonlinear problem with one linear constraint, whose
number of variables increases by at least one at each iteration, and one linear MIP problem
subject to all original constraints. The nonlinear problem (the restricted master problem, MP)
optimizes the original objective function over the convex hull of all (mixed-)integer feasible
solutions currently kept, and the variables of that problem are the weights associated with each
one of these points. The linear MIP problem (the subproblem, SP) optimizes the objective
function linearized at the point found by MP over the original constraint set. To speed up the
algorithm, SP can make use of advanced software features such as CPLEX’s solution pool, for
enlarging — and enhancing the quality of — the sample of integer feasible solutions found. Indeed
inferior incumbents for the linearized objective function problem may actually be superior for the
original nonlinear objective function. In practice, the best solution found in most instances comes
from a solution pool. CHR converges to a valid lower bound on the integer optimum for
pseudoconvex objective functions.

CHH, as it stands now, is a multi-start matheuristic, designed specifically for (possibly
mixed-) 0-1 nonlinear nonconvex optimization problems with linear constraints. In the
nonconvex objective function case, CHH uses a pattern similar to that of CHR, alternating
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between a restricted master problem and a subproblem. The restricted master is an essentially
unconstrained nonlinear optimization over the convex hull of all 0-1 feasible solutions found so
far, using the original nonlinear objective function. The resulting continuous feasible solution is
then used as the linearization point of the next subproblem, which consists in minimizing the
linearized objective function over the set of original constraints. Since this algorithm is used as a
heuristic whose purpose is to find a sizeable collection of 0-1 feasible solutions of the CDAP, we
consider all feasible solutions collected in the solution pool by CPLEX, and do not insist on
solving all MIP problems to optimality, since they are only local approximations of the original
problem.

In the nonconvex case, we allow at least two changes over a standard implementation of
simplicial decomposition. First it is not essential to solve every single intermediate subproblem
(SP) to optimality, since we know we cannot guarantee a valid bound. It does happen in practice
that out of maybe one hundred calls to the linear MIP solver, one or two take a very long time to
prove optimality, and to avoid this unnecessary time increase, we set a limit to the elapsed
solution time. Second, the NLP subproblem cannot be solved to guaranteed optimality in the
nonconvex case unless one uses a global NLP solver, yet we are simply using the final local
optimum provided by a standard NLP solver, such as MINOS or CONOPT. What actually
happens is that the optimality criterion of simplicial decomposition tends to be satisfied very
quickly, much more so than in the convex case, thus reducing the number of iterations and the
number of integer feasible solutions exhibited. We remedy this by restarting the SD algorithm
from a pre-selected set of initial linearization points. These were determined by trial and error and
may have to be redefined for different types of models.

With these simplifications, CHH runs quite quickly even for relatively large CDAP instances.
For the largest instance corresponding to the start of the working day in the first crossdock
company, which contains 56x25+16x16 (=1656) 0-1 variables, elapsed solution time on a Core 17
Intel Thinkpad X220 was 48 seconds. This makes it feasible for the dynamic system to call
repeatedly CHH to solve a variety of CDAP instances. In an actual crossdock setting, solving
approximately the current CDAP instance is actually do-able in real time. In addition elapsed
solution times should actually decrease towards the end of the day as the problems become
smaller.

6. The simulation study of static and dynamic Assignment

Several critical things could happen in the course of crossdocking operations and require
management actions.

B1. The arrival of an inbound truck. A strip door assignment is needed as soon as possible.

B2. The finish of unloading of a particular inbound trailer. Based on Assumption A7, the
amount of materials in the staging area increases. As a result, accumulated products at one of the
staging areas for a particular destination may exceed 90% of the FTL. This event would require
that we try to assign a trailer to a stack door. It is necessary to free the inbound trailer and the
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strip door, once the trailer is empty. If there is an unassigned inbound trailer in the queue, we
may need to make a strip door assignment.

B3. The finish of loading of a particular outbound trailer. When an outbound trailer is fully
loaded, it should be taken away from its stack door. In this case, indeed, one more stack door
shall be freed. If freeing that stack door occurs when outbound trailers are queued, the first
outbound trailer in queue may be moved to the freed door.

These three things will be formally defined as Events in the simulation as in Figure 3. To
clarify the process, here we have described them in words. It is worth mentioning that in the
description of the events above we used words such as ‘may’ instead of saying that an assignment
is bound to happen, since whether the door or trailer is assigned immediately depends on not only
the current needs from operations, but also the specific strategy, as will be elaborated later.
Regardless the nature of these events, we need two actions: inbound or outbound assignment. In
static and dynamic assignment scheme, we handle inbound and outbound assignment differently.

Faced with the problems of cross-docking assignment as defined in section 2, one scheme is
to use the static assignment strategy which can be simply described as follows. Recall that at the
very beginning of the work period, we already have the information needed for solving the CDAP
problem and what we lack to schedule a day is only the arrival sequence of incoming trucks.
Thus, we solve the CDAP problem by CHH and produce the recommended assignments of both
inbound and outbound trailers. Thereafter, whenever we need assignments, inbound or outbound,
we look at the particular doors recommended by the CDAP solution, and check for availability. If
it is available, then we will make assignment. Otherwise, nothing changes. The inbound truck or
the destination will be put into the queue, waiting for the next chances. In case of simultaneous
conflict, we use the FIFO principle, or randomly choose one in case of simultaneous events. The
unassigned one will be placed into the queue.

In the dynamic assignment scheme, to the contrary, we do the following in a flexible way,
depending on whether inbound or outbound assignments are needed. If the inbound assignments
are needed, we re-solve the reformulated CDAP problem. The flow matrix shall be changed, and
the assigned inbound trailers are removed from consideration. The strip doors currently occupied
cannot be accessed, so we disregard them as well. For all the available inbound doors, we
calculate their capacity in accordance with the remaining time of the shift. The stack doors being
occupied, however, could still be possibly used by the flows currently being considered. But their
capacities should be less than the capacity corresponding to the remaining time of the day
because of the work going on. We calculate their capacities based on the estimation of the time
need for work being done there, and the time remaining in which the door is available. For the
unoccupied stack doors, we simply do the same thing as we do for the unoccupied strip doors. We
will resolve conflict by assigning the trailer that arrives first to the optimal door, and choose the
closest one for the other one if available. In case of outbound door assignments needed, we find it
unnecessary to solve a CDAP problem. The part of materials to be shipped out comes from the
inbound trailers that have been assigned. Thus, we do what makes the most sense: we simply
utilize an available stack door that minimizes the total distances that goods would have to be
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moved across the crossdock floor. Conflicts are resolved the same way as for the strip door
assignments.

For more particulars about how the assignments are done, we will turn to the simulation,
which, although conducted under certain assumptions such as the total time needed for loading
and unloading is approximately proportional to volume, mimics the real operations in detail.

To compare the dynamic and static optimization of cross-docking operations, we have
developed a discrete event simulation, using MatLab©. Our simulation follows the general
principles of a standard discrete event simulation [26]. In the simulation, our purpose is to mimic
the real operations of cross-docking facilities to demonstrate efficacy of the dynamic optimization
compared with the static optimization, in several different aspects of performance. The details of
the comparison and some assumptions about the input data could be found in the next section. In
this section, we discuss the components of the simulation and the outline of simulation procedure.
Instead of giving all the details as pseudo codes, which could be overwhelming, we only indicate
the major parts that suffice to describe the dynamic of the system. Note that the simulation of two
systems using dynamic and static are essentially the same. The only differences will be
highlighted in the descriptions below.

As a dynamic, stochastic system, the cross-docking operations are simulated through a series
of events, which happen deterministically or randomly, noticed by Future Event List (FEL). In
the course of simulation, the changes of the system are described by the changes of the following
main system state variables.

Name Description

The state of strip door i at time t. It indicates whether strip door i is
StripSt(i), | currently occupied. If not, then StripSt (i), = 0; if it is occupied by inbound
trailer j, then StripSt(i); = j.

The state of stack door j at time t. It indicates whether stack door i is
StackSt(i); | currently occupied. If not, then StackSt (i), = 0; if it is occupied by the
outbound trailer destined for destination j, then StackSt(i); = j.

The state of inbound trailer i at time ¢t. If it is currently being assigned to
InTkSt(i); inbound door j, then it takes value j; if it has been fully unloaded at inbound
door j, then it takes value —j; if it has not arrived yet, then it takes value 0.

Staging area state for destination i at time ¢t. It indicates the amount of
StageSt(i), | products that have been accumulated for each destination i at the staging
area.

The state of worker i at time t. WorkerSt(i), = 0 if he is idle, or

WorkerSt(i), WorkerSt(i), = j if he is being assigned to door ;.

Table 1. The major state variables
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Corresponding to the three types of Events, there are three types of Activities in this
simulation system. Activity 1 is the interarrival of inbound trailers. As described in assumption
A2 in section 2, the exact arrival times of inbound trailers are not known to the managers of the
crossdock. Therefore we deal with the inter-arrival times as random variables, the distribution of
which will be discussed in the next section. Activity 2 is the unloading of an inbound trailer.
Based on assumption Al, the time taken to finish the unloading of a trailer is approximately
proportional to the volume of products in the trailer. For more detail please refer to section 4. To
keep the random nature of simulation, if the unloading time of trailer m is estimated as s;,,, then
we assume that the actual unloading time is s,, = sy, + &, Where &,,~ N(0, s;,,/10). Activity 3
is the loading of an outbound trailer. We determine the value of it in the same way above.

Based on these Stage variables and activities, we define the following three events and
system dynamic as described in Figure 3. Note that for the strip door assignment, we have two
possible options, AgnIn or AgnInFix in order to determine the proper inbound doors to be
assigned. If we are simulating the static assignment model, then in the beginning of a simulated
work period, we will solve the CDAP for the whole work period’s operation by CHH algorithm,
and AgnInFix will only allow us to strictly adhere to the door optimizations produced. In case
an optimal door is not available, we will leave the inbound trailer waiting in queue until the door
is available, which is only possible when Type 3 Event happens. All the inbound trailers waiting
for the same door will be queued in a FIFO basis.

However, in Agnln we solve the CDAP by invoking a reformulated CHH. All the flows
coming from the inbound trailers that have been assigned to the strip doors are removed. That is,
we are planning for only the trailers not yet parked at strip doors. All the strip doors currently
occupied will be ignored, in the sense that they will be removed from the distance matrix since
they are not available to the current strip door assignment. On the stack door side, since the goods
contained in trailers not yet parked at a strip door will not immediately be sent to the stack door
side of the crossdock, we may still possibly utilize the doors currently occupied. As we explain
the capacity as the time left for the day, we need to reduce the capacity for a door by the
estimated time for the current loading at that door. After we get the solution, Agn In assigns the
inbound trailers to the optimal strip doors if available. Otherwise, we will search for the closest
strip door available and make the assignment accordingly. If we can't find a convenient
unoccupied strip door, we will queue the trailer.

We use the AgnOut and AgnOutFix in asimilar fashion. AgnOut is used in the static
assignment, strictly adhering to the initial CHH in the assignment of stack doors. AgnOutFix
gives flexible assignments in the following way. For all the products accumulated at the staging
area, we always keep track of the doors from which they are coming. Once we decide we need a
stack door for destination k and unload the products to be shipped to a given destination,
amounting to LoadAmount, we calculate the total distance that would be travelled by these
products, if stack door i’ is to be assigned. If stack door i’ is already occupied, then we choose the
next best stack door. We don’t adhere to the solutions produced by solving a CDAP because the
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Type 1 Event: Finish of loading at an stack door

Finish of the loading

Free the outbound truck that has been fully
loaded and the corresponding stack door i:
StackSt(D), = 0;

Free the corresponding worker j working at
stack door i: WorkerSt(j), = 0.

(Possible) stack door assignment

If StageSt(k), = 0.9 x FTL for some k, we
need an stack door assignment. The amount of
products to be loaded into outbound trucks
LoadAmount = max(StageSt(k):, FTL) ;
run AgnOut or AgnOutFix;

If stack door i" and worker ;' are assigned for
loading, then update StageSt(k), =
StageSt(k), — LoadAmount, StackSt(i"), =
I and WorkerSt(j), =i’ ;

Calculate the time needed for the loading at
stack door i, schedule next Type 1 Event on
FEL.

Event 2: Finish of unloading at an strip door

Finish of the unloading (Possible) stack door assignment (Possible) strip door assignment

Free inbound truck ¢ that has been fully
unloaded at strip door j: StripSt(i), = 0,
InTrSt(j)e = —i:

Free the corresponding worker k working at
inbound door i: WorkerSt(k), = 0;

Let the flow on truck i to destination  be wy,.
Then we update the state of staging areas as
Stage(l), = Stage(D), + wy.

Event 3: Arrival of an inbound truck

(Possible) strip door assignment

Inbound truck i has just arrived. If there are strip
doors available, we need an strip door
assignment;

Run AgnIn or AgnInFix;

If strip door j and worker k are assigned for
unloading, then update StackSt(j), =iand
WorkerSt(k), = j:

Calculate the time needed for the unloading at
stack door j, schedule next Type 2 Event on
FEL.

Calculate the time needed for next inbound
truck arrival. Schedule next Type 1 Event on
FEL

If StageSt(k); = 0.9 X FTL for some k, we
need an stack door assignment. The amount of
products to be loaded into outbound trucks
LoadAmount = max(StageSt(k). FTL):

Run AgnOut or AgnOutFix;

1f stack door i' and worker j* are assigned for
loading, then update StageSt(k), =
StageSt(k), — LoadAmount,
StackSt(i"), = k and WorkerSt(j), =1i' ;

Calculate the time needed for the loading at
stack door {’, schedule next Type 1 Event on
FEL.

Figure 3. The events of simulation

If there are inbound trucks i” that have arrived
but not yet assigned, we need an strip door
assignment;

Run AgnIn or AgnInFix;

1f strip door j* and worker k" are assigned for
unloading, then update StackSt(;"); = i" and
WorkerSt(k"), =" ;

Calculate the time needed for the unloading at

stack door j”, and schedule next Type 2 Event
on FEL,

18



strip door assignments associated with these products are already decided and applied, and we are
now considering only the assignment on one side of the crossdock.

The philosophy here for AgnInFix and AgnOutFix, and hence the dynamic assignment is
that at any point of the decision making, we optimize the future without regard to the past. We
deem it as sunk cost; having no impact on future operations.

In the simulation, we assume that whenever the amounts accumulated for a destination
exceed 90% of FTL, we attempt to make a stack door assignment. We do so in order to fully
utilize the trailer capacity as guided by the prevailing cross-docking operation principles. But in
practice, we could be more flexible and intelligent and make assignment judiciously by taking
into consideration other factors. For example, we may try to fully utilize the trailer capacity in the
morning and make assignments only when there is more than 90% of full trailer load
accumulated, but in the afternoon we may lower the criterion to quickly clear out the floor before
the end of the work period.

Next we use a small example of one work period of operations to illustrate the dynamic
assignment scheme. Suppose in a small sized cross-docking facility we have three doors on each
side. We assume three inbound trailers will arrive in that work period carrying goods for just four
destinations. The flow matrix and arrival times are given by Table 2, and distance matrix given in
Table 3, where d;; corresponds to the distance from strip door i to stack door j.

I.Pg?:é r:;j Flow Arrival times
1 2 3 1 1 0
2 0 1 0 1 0
3 0 2 0 3 1

Table 2. The flow matrix and the arrival times

1 2 3
2 1 2
3 2 1

Table 3. The distance matrix
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The initial state of the staging area is given by the (1, 1, 4, 0) which is the amount of products
left from yesterday. All these products were coming from strip door 1. Let’s assume the FTL is 5.
All the loading and unloading takes exactly two units of time. That is, for ease of exposition,
suppose we don’t have randomness in unloading or loading. We make unbound door assignments
only when the accumulated products exceed 90% of FTL. Also, we assume the optimal
assignment at time click 0 is given by Table 4.

Inbound trailers Destinations

Door Assignment 2 3 3 2 2 3 3

Table 4. The Optimal Assignment at time O

Then for the Type 1 Event at time click 0, the arrival of trailers 1 and 2, we make actual
assignments according to the optimal solution of CDAP, as depicted in Figure 2. Note that no
other changes should happen at this time. According to our assumption, we schedule Type 2
Event at time click 2. Then at time click 1, one more inbound trailer is coming in, and is
recommended to be assigned to strip door 1 by CDAP. Then one more Type 2 Event shall be
scheduled at time 3.

At time click 2, we free the trailers 1 and 2 from the strip doors, and therefore we have the
state of staging area changing to(3, 5, 5, 2). And the details of their strip doors of origin are in
Table 5.

Destination 1 Destination 2 Destination 3 Destination 3
Amount Strip Amount Strip Amount Strip Amount Strip
Door Door Door Door
1 1 1 1 2 1
2 2 3 2 1 2 1 2
1 3 2 3 1 3

Table 5. The details of staging area

Now the products accumulated at the staging area require two outbound trailers, for

destinations 2 and 3 respectively. If we assign destination 2 to stack door 1, the total distance
travelled will be 1 x 1 + 3 x 2 + 1 x 3 = 10. Similar calculation tells us that the total distance
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will be 7 and 10 respectively if we assign the outbound trailer going to destination 1 to stack door
2 and 3. Similar calculation says that stack door 1 is optimal for destination 3. Thus these
calculations result in the indicated stack door assignments at time 3 in Figure 4. The unhandled
materials left in the staging area will therefore become (3, 0, 0, 2). We schedule Type 3 Event at
time click 4 and release these two outbound trailers.

At time click 4, we finish the unloading of inbound trailer 3. The staging area state therefore
becomes(3, 2,0, 5). We need one outbound door assignment for destination 4. The total distances
will be 8, 9 and 12 for three possible stack assignments. Since the first and second best
assignments are not available, we use stack door 3. So finally the staging area state becomes
(3,2,0,0). Since there will be inbound trailers coming in, and no further increase of the materials
at the staging area is possible, we will no longer have stack door assignment.

Time click 0 Time click 1

gl sglilglelg

HUN e A

Time click 2 Time click 3

I b A
BEERG! JUENCIEC

Figure 4. A simple illustration

7. Simulation experiment protocols and results

We compare the impact of our dynamic model and static CDAP model through controlled
experiments and the resultant operations statistics. The data used in the experiment are taken and
modified from the one-day operational data of the first cross-docking firm with which we were
working. The original data set specifies the 25 inbound and 16 outbound doors available, as well
as the size 25x16 distance matrix. Also, the flow matrix of size 56x16 as given in the original
data represents the typical operation of the cross-docking facility of the first firm.

Besides the flow matrix, we still need to construct other inputs of experiments under certain
assumptions. To simulate and demonstrate the superiority of our dynamic model in the real
operations, we consider the cumulative effect in 5 consecutive days of both schemes in a
controlled experiment. The control group — the group with static assignment — has exactly the
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same flows and arrival times as the group of dynamic assignment in each single day. In each day,
we introduce random disturbance on the original flow matrix to mimic the reality. For example,
based on (F);; in the original flow matrix, at day t, we let (Ft)ij = max((F);; + sf] 0) be the
flow fromi to j, where sfj is a random normal distribution with mean 0 and standard deviation
(F)i;/10. This arrangement allows us to keep the pattern of the original data, while the random
nature of real operations is taken into account. The communication with operations managers in
the cross-docking facility indicates that, although we have the full knowledge about the content of
the arriving trailers prior to a day, we are uncertain about their arrival times. Recall that we
assume that one work period’s shift consists of ten working hours. In our first experiment, we
assumed that the arrival time of all the incoming trailers is uniformly distributed in the first eight
hours, as can be seen in Figure 5.

400 T T T

350 -

Count

250 500

Time click

Figure 5. The arrival times of inbound trailers
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Figure 6. The flows assigned to doors

Then our experiment leads us to typical materials accumulated at each door as presented in
Figure 6, which shows the material accumulation at both strip and stack doors at four different
time clicks of a work period. Once an inbound trailer with certain amount of materials has been
assigned to a particular strip door, the amount of materials at this door will be immediately
increased by this amount. Therefore these flows would be reflected in the figure thereafter. We
employ similar calculation to the stack doors. The left represents the dynamic strategy well the
right represents the static strategy.

Figure 7. Actual flow movement diagrams

It first can be seen that both strategies are helpful in achieving our secondary goal -- saving
the distance travelled by products. Note that our cross-dock has this special structure -- on the left
side, the stack doors are relatively far from each other and the strip doors. Both strategies help us
escape from that region and make more assignments on the right side. Further, it is easy to
observe from the figure that the dynamic CHH CDAP solver better utilizes the doors, as the flows
are more evenly distributed to both inbound and outbound doors. This allows us to better use door
capacity to work efficiently. In fact, from time click 480 to time click 600, no new inbound
assignments are produced in the dynamic assignment strategy, since all trailers have been
assigned to the strip doors before time click 480 (as opposed to what happens in the static
strategy). This flow pattern resulted from dynamic strategy not only helps us to better utilize the
doors so that work can be finished in a timely manner, it also avoids the over-crowded operations
in one small region. [10a]

Figure 7 gives another representation of the operations of a work period in our experiment.
The line widths are proportional to the magnitude of the flow. The diagram on the top shows how
the flows travel inside the cross-dock when dynamic assignment strategy is assumed while the
bottom shows what happens in static assignment strategy is employed. It can clearly be observed
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from the static assignment strategy that the CDAP problem helps us to keep the large flows from
long distance travel. The salient thick lines almost directly connect the doors directly opposite to
each other. In the dynamic assignment strategy however, although the thick lines still appear to be
vertical or nearly vertical, the flows are more evenly dispersed across doors. (But note that in fact

Dynamic
T T

Distance

e e e e
I I I I I I I I
7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm
Time

Static

Distance

50 | | i i i i i
Tam B8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm
Time

more flows, to be exact three more inbound trucks, are handled this day in the dynamic
assignment.)

Figure 8. The actual distance travelled by each unit of material

Intuitively, with the observation of flow diagrams, it seems that the static assignment helps us
to save distance travelled. We naturally wonder if this is truly the case. In Figure 8, we present
the average distance travelled by each unit of goods. The bar in the top and the bar in the bottom
represent the maximum and minimum value respectively. For example, at time ¢, the total amount
of flow from strip door i and stack door j is given by fiﬁ- while the distance of these two doors is
given by d;;, we have the average distance equals to 3; ; f5d;; /. f;%. The bar on the top
indicates the maximum value, and the bar on the bottom is the minimum. One can see that the
average distance is relatively steady for both the static and dynamic strategy, and that indeed the
static strategy appears to be superior. But with the passage of time, the average distance travelled
by materials is gradually growing. This is intuitively clear: we have many stack doors occupied,
as more and more materials accumulated at the staging area, and more and more outbound
operations required. To facilitate the operations, (to achieve our primary goal), we have to
sacrifice the distance to some extent. But to the contrary, in the static situation, we have the

opposite trend since at the beginning of the work period, we still have some materials left from an
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earlier work period in the staging area not cleared out. While the CDAP solver CHH is
optimizing the distance travelled by the products from all the inbound trucks to be handled today,
these leftovers are unaccounted for. With time passing, this effect wears out and we see the
average distance go down. It is also interesting to notice larger variations of distance in the
simulations with static assignment. This seems to indicate that the average distance travelled
depends a lot on the quality of the solution of CDAP in the static assignment strategy, which
might not be stable because 1) CHH in essence is a heuristic algorithm, and 2) it does not take
into account the material left from the day before. The dynamic assignment strategy on the other
hand, on the average is less sensitive to what happened before and to the quality of the solution.

For comparison purposes, to get a sense of the distance saving of the static strategy, one can
look at Figure 9. The distance from strip door 1 to stack door 1 is 53 while the distance from strip
door 1 to stack door 3 is 64. It seems that, practically speaking, the difference of these two
strategies is not very significant in terms of the distance being saved.

53 64
L_- L_I

Figure 9. Door distances

We now move on to other aspects of the comparison of the static and dynamic strategies.
Recall that our primary goal is to finish the work in a timely manner. We display the relative
measures in Table 6. All results are the average across of ten repetitions of five work periods of
operation. Note that from the table the superiority of the dynamic assignment strategy is clear in
terms of our primary objective. Flows move faster inside the cross-dock. More materials and
inbound trucks are left unhandled in the static assignment strategy. The door capacity of the
cross-dock in the dynamic assignment strategy is better utilized.

With more doors being utilized in the dynamic assignment strategy, naturally more workers
are needed in the operations. Our communication with firms one and two indicate the following
facts. Efficiently employing the human resources is important. In the typical cross-docking
operations of the two companies we are working with, about 80% of the workers are temporary
and reserved from agencies. Once workers are called in for crossdocking work, the crossdock
managers hope these workers could be better scheduled, so they could be better utilized in their
shift, since they still need to be paid even when idle. According to Table 6, our dynamic
assignment helps us to better achieve these goals. The workers worked longer on average and
were less idle. The worker utilization rate in the dynamic situation is better than the one in the
static situation.
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Measure Dynamic Static
Qvte;]r:%t;)[/)ercentage of material unshipped at the end 13.04% 93.94%
Q\ée(;:ge number of trucks unhandled at the end of 0.08 2 88
Average inbound trailer turn-around time* 3.42hr 5.23hr
Maximum inbound trailer turn-around time 19.23hr 20.84hr
Average material turn-around time> 5.23hr 8.17hr
Maximum material turn-around time 23.31hr 25.89hr
Average door utilization rate® 0.25 0.29
Average worker number 28.60 18.00
Average worker idle time 1.41hr 1.57hr
Average worker working time 5.70hr 4.84hr
Average worker utilization rate’ 0.82 0.78

Table. 6 Comparison of different measures of simulation of dynamic and static assignment
strategy

The above results correspond only to uniformly distributed arrival times. We postulate that
the arrival time distribution could also be an important factor. If the arrival times are more
concentrated at certain hours of a day, we expect the dynamic assignment strategy to perform
even better, as in such situation the cross-dock would be more jammed with inbound trucks
awaiting for handle, and the dynamic assignment strategy could more efficiently use the door
capacities. To demonstrate this point, we perform two additional sets of experiments with
different arrival time distributions of inbound trucks. In one set of experiment, we make the
assumption that the arrival time distribution is truncated from normal distribution N (240, 120) so

* The inbound truck turn-around time is defined as the time starting from the truck arriving at the facility to
the finish of its unloading.

® The material turn-around time starts from the arrival to the facility, and ends when it’s been loaded to the
outbound truck.

® The door utilization rate is the ratio defined by occupation time/time of a shift (= 10 hours)

" The worker utilization rate is the ratio defined by woking time/(idle time + working time)
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that the support of the distribution is [0, 480], as displayed in Figure 10. In another set of
experiments, we only allow arrival times uniformed distributed in the segment[180, 300]. We

call these two groups of experiments Experiment 2 and 3. Similar to Experiment 1, in both groups
of experiments we repeat the simulations of five days of operation for ten times.
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Figure 10. The arrival time distribution of inbound trucks in experiment 2.

Experiment 2

Experiment 3

Measure j } ] }
Dynamic Static Dynamic Static
Average percentage of material 0 0 0 0
unshipped at the end of the day 13.67% 25.18% 14.01% 27.33%
Average number of trucks
unhandled at the end of the day 0.08 3.44 0.12 4.62
ﬁr‘{]eerage inbound truck turn-around | 5 g1, 6.02.hr 3.93hr 7.52hr
Maximum inbound truck turn- 1921hr | 2245hr | 2054hr | 23.28hr
round time
Average material turn-around time 5.38hr 8.83hr 5.82hr 10.95hr
praximum material turn-around 28.31hr | 28.89hr 2031hr | 29.06hr
Average door utilization rate 0.29 0.23 0.26 0.23
Average worker number per day 30.00 17.20 34.42 18.32
Average worker idle time 1.38hr 1.54hr 1.15hr 1.57hr
Average worker working time 5.16hr 4.64hr 4.14hr 4.23hr
Average worker utilization rate 0.78 0.75 0.80 0.73

Table. 7 Comparison of different simulation measures of dynamic and static assignment strategy

of Experiment 2 and 3
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It is clear from Table 7 that the more concentrated the arrival times, the more difficult the
operations would be. The congestion resulting from the large number of arrivals in a short time
interval has a negative impact on various aspects of operations. For both static and dynamic
assignment schemes, more trailers and materials are left unhandled at the end of the day when
more concentrated arrivals take place. Operations get slower, as the inbound truck turn-around
time and material turn-around time increase. This effect is more prevalent in the static situation,
as can be readily observed in Table 7.

Dynamic assignment strategy, through flexibly using the capacity of the crossdock, handles
this congestion better. But this comes at a certain price: we can observe the salient increment in
the number of workers needed in the dynamic assignment strategy in experiment 2 and 3. But the
number of workers required and working for the static assignment scheme remains steady.
Especially, workers work for considerably shorter time on average in the dynamic scheme in
Experiment 3. This observation may suggest precaution to the crossdock managers in considering
using the dynamic assignment scheme. Only in Experiment 3, we observe for the first time that a
dynamic assignment may result in shorter labor hours than for the static strategy.

When we are facing operations where the arrival times tend to be concentrated at certain
hours of a day, and the efficient run of cross-dock is the most important concern, a dynamic
assignment strategy becomes even more valuable.

One final result we are going to present, in Table 8, is the average running times of the CHH
algorithm in simulations. We are only presenting the running times for some problem sizes as an
illustration. The size of the instances is measured by the number of origins (inbound trailers) by
the number of destinations, by the number of strip doors by the number of stack doors. These
running times are small enough to allow operations managers to solve these problems on the fly
whenever an inbound trailer assignment is needed.

Size Running time Size Running time
63x16x25x16 219.54 34x16x8x16 144.40
60x16x25x16 211.09 30x16x15x16 149.33
56x16x25x16 208.31 24x16x11x16 110.03
51x16x20x16 230.22 21x16x14x16 125.62
48x16x19x16 191.23 16x16x10x16 35.39
44x16x16x16 171.12 13x16x15x16 19.91
40x16x15x16 158.40 8x16x9x16 7.00
37x16x13x16 115.71 4x16x15x16 2.04

Table 8. The average running time of CHH algorithm in the simulation
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8. Conclusions

We are proposing to handle the dynamic assignment of doors to trailers in a crossdock by
using repeated solutions of the static CDAP model obtained by running the CHH MatHeuristic
and reassigning doors dynamically, whenever there are real-time changes in the cross-dock and
the CDAP problem previously defined is no-longer representative of the situation in the
crossdock. We briefly recap the necessity and essence of the dynamic assignment strategy in the
following.

To improve the experience-based operations commonly found in today's crossdocks, we offer
a door assignment optimization tool for crossdock managers that will reduce the distance
travelled by goods across the crossdock as well as the workload and even the labor cost. CDAP
optimization is defined to minimize the total distance travelled by the materials inside the
crossdock subject to the constraint that one trailer can only be assigned to one door, and the door
capacities are limited by the time we can utilize them in a working day. While CDAP is a useful
guide, our close cooperation with two firms managing crossdocks indicates that to blindly follow
CDAP optimization by itself could negatively impact delivering goods efficiently.

Some key guiding principles regarding this are the following rules-of-thumb from crossdock
managers. First of all, materials need to be sent out from the facility efficiently. Sometimes
crossdock managers will have to pay fines for goods not shipped out within 48 hours. When the
customers evaluate the services provided by the crossdock, they sometimes consider the
efficiency of processing the materials as the most important factor. In either case, our
communications with the two firms with which we have worked indicates that this is always the
most important performance measure in their operations. The inbound trailers should also be
returned efficiently. Delay in doing this may result in fines. In view of this, and considering that
the situation changes constantly in the course of cross-docking operations, maybe to the extent
that it becomes very different from our original planning, we introduce a dynamic assignment
scheme to efficiently utilize the solutions from CDAP as the guide of the door assignment.

In summary, we do as follows in the dynamic assignment scheme. Whenever a strip door
assignment is needed, we look at our cross-dock and check for available strip doors by removing
all the doors that cannot be of immediate use, calculate their remaining capacities, and solve the
CDAP problem in real-time. On the stack door side, however, when an assignment is required,
since all the origin doors of the flows that need to go across the cross-dock are already assigned,
we only search the best stack door in terms of distances. Note that this scheme is made possible
by the Convex Hull Heuristic (CHH) to solve the CDAP problem, which is a nonlinear integer
problem and is NP-complete. Our dynamic scheme requires solving the problem for a dozen
times in practice and no delay of assignment should happen due to the long time of solving
CDAP, thus to implement this scheme we need a good heuristic such as CHH to find a
satisfactory door assignment in a very short time. The reassignment rules are simple to implement
and the CH heuristic takes only one or two minutes on a PC. This dynamic scheme thus gives us a
holistic solution to the trailer-to-door assignment problem in the cross-dock.
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To compare both schemes, static and dynamic, we resort to simulations and test this approach
on a fictitious but realistic example crossdock. Our simulation input data are taken and modified
from operations observed at a freight company with whom we are collaborating, and we make
different assumptions on the inbound trailer arrival distributions. We do observe that the average
distance travelled by the materials is not increasing much in the dynamic scheme, compared to
the static scheme. It shows that the dynamic assignments remain to be a practical guidance of the
real operations to reduce the distance travelled by the products. To our delight, we find out that
the saving on other aspects in the dynamic scheme is evident: no matter what arrival distribution
we are assuming, only about a half of the materials are left to handle for each day. Nearly no
inbound trucks are left and unhandled. Both trucks and materials are staying far much shorter
times. The advantage becomes even more obvious when we assume more concentrated arrivals of
inbound trucks.

It is observed in all the experiments that more workers are needed for the dynamic
assignment strategy. When the arrival distribution is assumed to be uniform, we see that workers,
once called in, work for a relatively long time, which is a desired operations feature of cross-
docking. But when a more concentrated inbound distribution is introduced, we see workers work
for shorter times in the cross-dock. In the most extreme case, as we considered in Experiment 3,
workers on average work for shorter times than their counterparts in the static assignment scheme.
This may suggest precaution for managers to judiciously choose the right scheme for the
operations.

With the ongoing cooperation with practitioners, which allows us the access to more of the
accurate operations data and the opportunity to apply our model, we are considering the following
aspects.

Within the framework of our current distance-based dynamic CDAP model, we are
considering developing a more complete solution. Workers in our simulation are called in on an
ex-post basis. We produce the number of workers needed in the course of the simulation. But in
reality, practitioners will have to plan ahead. Based on the results of simulation, we will try to
control the worker numbers and move our research to a more direct approach -- a labor cost based
approach, -- while the time related constraints are still satisfied and the distance is still being
optimized.

The relationships between distances and time, and between distances and labor costs, are not
directly defined in our current research. With the access to the operations data, and with certain
statistics, we will be able to solve the model with these relationships clearly defined. Another
promising direction to pursue is that, without changing the structure of the CDAP problem, we
might alter the meaning of coefficients of the CDAP model. Instead of the flow timed by
distances travelled, the coefficients could directly be the time taken by the operations once certain
assignment is hypothesized.

The CDAP problem could also be modified in other directions. Instead of assuming one
destination could only be handled at one stack door, we may relax the problem and allow
fractional numbers. In this fashion, the CDAP problem will better mimic the real operations.
Inside congestion is also an important problem to be considered, as discussed in [10a]. Directly
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modeling the congestion based on empirical methods and having the CDAP problem modified
accordingly are also possible. We should mention to the reader that these changes should cause
no difficulty for solving. CHH is designed to tackle general non-linear objectives [21a] [21b]
[22]. We could modify the algorithms accordingly to suit these formulations.

Future research might also involve an extended CDAP model with time-indexed variables.
Such a model may be impaossible to solve exactly, but the CH heuristic can likely be extended to
handle this enlarged model, albeit requiring longer solution time. However it will need to be
executed only if there is an unexpected change in the arrival schedule.
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