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efficiency by reducing inventory holding and shortening delivery lead times.
In a cross-docking terminal, products are generally moved directly from an
incoming truck to an outgoing truck without entering long-term storage.
While there have been several studies on truck scheduling decisions at
cross-docking terminals, most emphasize door assignments, truck
sequencing, and temporary storage. The internal processing operations that
take place between unloading and loading are often simplified or assumed
to be continuously available. To help address this limitation, a new mixed-
integer linear programming (MILP) model is proposed for a multiple-door
cross-docking terminal equipped with reconfigurable processing machines.
In the proposed cross-docking system, products should first undergo
internal operations (e.g., labeling, repacking, and inspection) to be
configured for the machine, and then be transferred to the appropriate door
for loading onto an outgoing truck. The results indicate that integrated
coordination among dock-door assignment, truck scheduling, and internal
processing is essential for reducing the tardiness penalty of outbound
trucks. The sensitivity analysis shows that internal processing time is the
most critical operational bottleneck in the system, while increasing the
number of dock doors has only a limited marginal effect beyond a certain
level. In addition, reconfigurable machines can improve terminal
performance by increasing flexibility in assigning product batches to
processing resources. It was also shown that when processing machines are
modeled as simple non-reconfigurable machines, they impose, on average,
34% higher cost on the model compared with the case in which
reconfigurable processing machines are considered.
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1. Introduction

In recent decades, competitive pressures from global
supply chains with multiple options; an increase in
the types of products offered (i.e., a wide variety);
shorter lead times for product delivery; and
increasingly high expectations for an organization’s
logistics service levels have led companies to
implement more flexible logistics services, and
logistics has become one of the widely applied topics
in this field (Noushi & Sabouhi, 2026; Chargui et al.,
2022; Coindreau et al., 2021; Sayed et al., 2020). As a
result, cross-docking has become a popular method
of minimizing product dwell time, reducing
inventory costs, and accelerating the flow of
materials through a distribution system. In a cross-
dock terminal, inbound shipments are unloaded,
sorted, or consolidated according to their
destinations, and then loaded onto outbound trucks
with little or no long-term storage (Yu & Egbeluy,
2008). By eliminating, or at least reducing, storage
and retrieval operations, cross-docking can shorten
order turnaround time, decrease inventory-related
costs, and improve the flow of products through the
supply chain (Boysen, 2010).

Although Cross-Docking (CD) can provide many
advantages, the efficient operation of a cross-dock
terminal requires careful operational decision-
making. One of the most fundamental decisions is
assigning inbound and outbound trucks to the
appropriate dock doors. One of the most important
decisions made by facility managers is which
inbound and outbound trucks are assigned to which
dock doors, because these decisions influence
internal transportation distances of material
between docks, material handling costs, congestion
at resource locations, and labor productivity
(Bartholdi Il & Gue, 2000). Consequently, the dock-
door assignment problem has been widely studied as
a core and challenging optimization problem in
cross-docking, where the main objective is to assign
trucks or destinations to inbound and outbound
doors to minimize internal handling costs (Guemri et
al., 2019). Moreover, the layout and service policy of
dock doors may significantly influence terminal
performance. For instance, mixed door-layout
policies can provide additional flexibility, although
they may also lead to more ambiguous material
flows and higher internal congestion (Stephan &
Boysen, 2011).

In addition to dock-door assignment, truck
scheduling plays a crucial role in cross-docking
operations. In this problem, the decision-maker
must determine when and where each truck should
be processed while maintaining synchronization
among inbound unloading, internal transfer, and
outbound loading activities (Boysen, 2010). Poor
coordination among these decisions may increase
the total completion time, truck waiting time,
temporary inventory, and shipment delays (Yu &
Egbelu, 2008). For this reason, recent studies have

emphasized that solving dock-door assignment and
truck scheduling separately often yields suboptimal
or even infeasible solutions, because spatial and
temporal decisions in cross-dock terminals are
strongly interdependent (Rijal et al., 2019).
Nevertheless, a considerable part of the cross-
docking literature still simplifies internal terminal
operations. In many models, the transfer of products
from inbound to outbound doors is represented by a
fixed travel time or handling cost. In real-world
terminals, however, products may require
inspection, sorting, repacking, labeling,
consolidation, temporary storage, or additional
internal processing (Fanti et al, 2014). Logistics
environments suggest that cross-dock terminals
should no longer be viewed merely as transshipment
points, but rather as multi-stage operational systems
with limited internal resources and diverse
processing activities. Thus, the minimization of
tardiness for cross-dock operations is very
important, since a high tardiness increases the
length of time that products remain in the cross-
dock, increases operational costs, and decreases
service performance (Nogueira et al., 2020). In
addition, reducing double-handling is critical in
some cross-dock settings, as unnecessary repeated
movements consume labor, equipment, and internal
handling capacity (Maknoon et al, 2016).
Consequently, models that can adequately
coordinate product flows, truck schedules, assign
doors to trucks, and coordinate internal activities
would be highly valuable tools for bridging the gap
between simplified theoretical models and practical
operations at cross-dock facilities.

Despite the aforementioned advances, there is still
room for a more integrated modeling framework.
Most cross-docking studies have focused either on
dock-door assignment, truck scheduling, or the
limited incorporation of internal operations and
temporary inventory into the model. However, the
reviewed studies have rarely brought these
components together within a single integrated
modeling framework. More specifically, few studies
have examined a multi-door, multi-product cross-
docking terminal in  which  truck-to-door
assignment, inbound and outbound truck
scheduling, product-batch assignment to internal
processing resources, processing sequences, and
setup or reconfiguration times are all considered
simultaneously.

Accordingly, this study aims to address part of this
gap by developing an integrated framework for
planning and assignment in a multi-door, multi-
product cross-docking terminal. The main objective
of the proposed model is to minimize the tardiness
penalty of outbound trucks by coordinating
decisions related to dock doors, trucks, product
flows, and internal processing resources. To this end,
a mixed-integer linear programming model is first
proposed. Then, the performance of the model is
thoroughly evaluated using generated instances of
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different sizes and through parameter sensitivity
analyses. Real-world examples of reconfigurability in
cross-docking environments may include modular
sortation  systems, programmable conveyors,
reassignable  chutes, mobile robots  with
interchangeable modules, flexible palletizing robots,
and modular packaging or labeling stations. Practical
implementations of such technologies can be
observed in solutions offered by companies such as
ABB, Swisslog, Honeywell, and other providers of
automated logistics and warehouse systems.

2. Methodology

This study proposes an integrated optimization
framework for a multiple-door cross-docking
terminal equipped with reconfigurable process
machines. The considered system includes inbound
trucks, outbound trucks, inbound and outbound
doors, product types, and reconfigurable machines.
After unloading at inbound doors, product batches
must be processed by eligible machines under
compatible configurations and then transferred to
outbound trucks for loading. Since changing the
configuration of a machine requires setup time, the
model simultaneously considers truck scheduling,
dock-door assignment, product-to-machine
assignment, configuration selection, and processing
sequence decisions.

A mixed-integer linear programming model is first
developed to formulate the problem. The objective is
to minimize the cost of tardiness. The constraints
ensure that each truck is assigned to an appropriate
door, a feasible machine-configuration combination
processes each product batch, and no two operations
overlap on the same door or machine. The model also
enforces precedence relations among unloading,
internal processing, reconfiguration, and outbound
loading operations. Accordingly, an outbound truck
can depart only after all its required products have
been unloaded, processed, and loaded.

The model coordinates seven groups of decisions:

e Assignment of inbound trucks to inbound
doors;

e Assignment of outbound trucks to
outbound doors;

e Sequencing of trucks at inbound and
outbound doors;

e Assignment of product batches to eligible
reconfigurable machines;

e Selection of the appropriate machine
configuration for each product batch;

e Sequencing of product batches on each
reconfigurable machine;

e Determination of unloading, processing,
reconfiguration, and loading start and
completion times.

To evaluate the proposed models, a set of test
instances with gradually increasing dimensions is
generated. The instances vary in terms of the number
of trucks, doors, machines, and product types, while
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scalar parameters are kept fixed and the number of
configurations for each machine is set to three.
Finally, a sensitivity analysis is conducted on
processing time, reconfiguration time, number of
configurations, and number of doors to identify the
main operational Dbottlenecks and provide
managerial insights for capacity planning in cross-
docking terminals.

3. Results and Discussion

The proposed MILP model was evaluated using
generated instances with different problem sizes.
The instances vary in terms of the number of
inbound and outbound trucks, dock doors,
reconfigurable process machines, and product types.
This design allows the computational behavior of the
model to be examined as the operational complexity
of the terminal increases. The results show that the
model can coordinate the main decisions of the
cross-docking terminal in an integrated manner,
including  truck-to-door  assignment,  truck
sequencing, product-batch assignment to eligible
machines, configuration selection, and batch
sequencing on reconfigurable process machines. For
small-sized instances, the model obtained optimal
solutions within a reasonable computational time.
However, as the problem size increased, the solution
time and optimality gap also increased. This
behavior is expected, since the model combines
several interdependent decisions that are often
treated separately in the cross-docking literature.

A key observation is that explicitly modeling internal
processing operations makes the problem more
realistic, but also more computationally challenging.
In the proposed system, product batches must be
processed on eligible reconfigurable machines before
being transferred to outbound trucks. This structure
reflects terminals in which products require value-
added operations such as labeling, inspection,
repacking, or sorting before shipment. However, it
also requires the coordination of truck schedules,
dock-door availability, machine capacity,
configuration feasibility, and processing sequences.
The sensitivity analysis indicates that internal
processing time has the strongest effect on the
objective value. Longer processing times delay the
availability of product batches for outbound loading
and may increase the tardiness penalties of
outbound trucks. This suggests that the processing
stage can become the main bottleneck in cross-
docking terminals with internal operations.
Therefore, improving processing efficiency may be
more effective than focusing only on dock-door
capacity. Reconfiguration time shows a more
moderate effect in the tested instances, but it
remains relevant when product variety is high or
configuration changes occur frequently.
Reconfigurable machines provide useful flexibility by
allowing different product types to be processed
under different configurations. Nevertheless, this
flexibility should be managed carefully, since poor
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sequencing decisions may lead to unnecessary
reconfigurations and reduce the benefits of
reconfigurable resources.

The results also show that increasing the number of
available machine configurations can improve
system performance by expanding the feasible
assignment options for product batches. Similarly,
increasing the number of dock doors can reduce
congestion in unloading and loading operations.
However, the benefit of adding more doors decreases
after a certain point because the bottleneck may shift
from the dock area to internal processing. This
highlights the need for a balanced capacity strategy
that considers dock capacity, processing capacity,
and machine flexibility together.

Overall, the findings show that the performance of a
cross-docking terminal with internal processing
operations depends on the joint coordination of
spatial, temporal, and processing-related decisions.
Treating dock-door assignment, truck scheduling,
and internal processing separately may lead to
inefficient schedules or may simply transfer
congestion from one part of the terminal to another.
The proposed model can therefore support decision-
makers in evaluating how processing time,
reconfiguration capability, and dock capacity affect
outbound truck tardiness and terminal performance.

4. Conclusions

This study proposed an integrated MILP model for
planning and scheduling operations in a multi-door,
multi-product cross-docking terminal equipped with
reconfigurable process machines. The model jointly
coordinates truck-to-door assignment, inbound and
outbound truck sequencing, product-batch
assignment to eligible processing machines,
configuration selection, batch sequencing, and
sequence-dependent reconfiguration decisions. By
explicitly  incorporating internal  processing
operations, the proposed framework extends
conventional cross-docking models in which internal
activities are often represented only through
simplified transfer times or temporary storage
assumptions.

The main contribution of this study is the
development of an integrated modeling framework
that links dock operations, truck scheduling, product
flows, and reconfigurable internal processing
resources within a single decision structure. This
integration is important because operational
decisions in cross-docking terminals are highly
interdependent. A schedule that appears efficient
from the perspective of dock-door assignment may
become inefficient once processing capacity,
machine eligibility, and configuration changes are
considered. Therefore, the proposed model provides
a more realistic representation of cross-docking
terminals in which products require value-added
operations before outbound shipment.

From a managerial perspective, the findings suggest
that improving terminal performance requires a

balanced view of dock capacity, internal processing
capacity, and resource flexibility. Expanding the
number of dock doors alone may not be sufficient if
internal processing resources remain limited.
Similarly, the benefits of reconfigurable machines
depend on how well product batches are assigned
and sequenced. The proposed model can therefore
support managers in evaluating alternative capacity-
expansion strategies, comparing investments in dock
doors and processing resources, and determining an
appropriate level of reconfigurability for the
terminal.

This study also has several limitations. The
numerical experiments were based on generated
instances, and future studies can strengthen the
practical validity of the model by applying it to real
data from an actual cross-docking terminal.
Moreover, the current formulation is deterministic,
while real terminal operations are often affected by
uncertainty in truck arrival times, processing times,
reconfiguration times, and outbound demand.
Future research can therefore extend the proposed
framework using stochastic, robust, or data-driven
optimization approaches. In addition, practical
constraints such as limited labor availability,
material-handling equipment capacity, temporary
storage capacity, and internal congestion can be
incorporated. Finally, because the MILP model
becomes computationally challenging for large-scale
instances, developing efficient heuristic,
metaheuristicc  matheuristicc, or  constraint-
programming-based solution methods is a
promising direction for further research.
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Figure 1. Overview of a cross-dock terminal including internal operations.
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Figure 3. Impact of processing time variations on the objective function.
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