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container terminals is an important mixed-integer programming problem in maritime logistics
whose computational performance is strongly affected by the structure of the mathematical
formulation. This study develops and compares two approaches for modeling precedence

relationships: a general sequencing approach and an equipment-dependent sequencing approach.
In the general sequencing formulation, sequencing variables are defined independently of handling
equipment, whereas in the equipment-dependent sequencing formulation these variables are
explicitly associated with operational equipment.

Structural analysis shows that although both formulations have a similar order of growth for
constraints, their main difference lies in the number of variables. Specifically, the number of
sequencing variables grows as O( |C|?) in the general sequencing model and as O |C|?(|Q| +
|T| + |Y]) in the equipment-dependent sequencing model. Therefore, the equipment-dependent
sequencing formulation depends not only on the number of containers but also on the number of
operational equipment, resulting in a faster increase in model size as the number of equipment
SrOws.

To evaluate computational performance, both formulations were implemented in CPLEX and
tested on benchmark instances of different sizes. The results indicate that both models are capable
of obtaining optimal solutions; however, as the problem size increases, the equipment-dependent
sequencing formulation requires longer solution times due to the larger number of variables
generated. These findings highlight the importance of structural formulation analysis for selecting
suitable models and improving the scalability of integrated optimization problems.

Extended Abstract

1. Introduction

ontainer terminals are critical nodes in maritime logistics systems, where efficient coordination of handling equipment

directly affects operational performance. The increasing volume of containerized trade and the growing size of vessels

have intensified terminal operations, making the reduction of vessel turnaround time and improvement of resource
utilization essential objectives for port managers.
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Terminal operations involve multiple interrelated components, including quay cranes, yard trucks, yard cranes, and storage
space decisions. The performance of each component influences the others, and lack of coordination may lead to congestion,
increased handling time, and higher operational costs. In particular, equipment scheduling and container storage space
allocation are strongly interconnected decisions that significantly impact overall terminal efficiency.

This study focuses on an integrated equipment scheduling and container storage space allocation problem. Two distinct
modeling approaches are developed to represent sequencing relationships within the system a General Sequencing (GS)
formulation and an Equipment Dependent Sequencing (EDS) formulation. The proposed models are compared in terms of
structural complexity and computational performance in order to evaluate the impact of sequencing representation on model
size and solution efficiency.

2. Modeling and formulation

Two mixed-integer linear programming formulations are developed for the integrated equipment scheduling and container
storage space allocation problem. In both formulations, quay crane scheduling, yard truck scheduling, yard crane scheduling,
and storage assignment are determined simultaneously. The objective is to minimize the makespan:

Min C,,

The first formulation, denoted by GS, uses equipment-independent sequencing variables. It includes constraints for
equipment assignment, storage allocation, sequencing at the three handling stages, temporal linking, precedence relations,
storage capacity, compatibility, and makespan definition.

The second formulation, denoted by EDS, uses equipment-dependent sequencing variables. It includes storage allocation,
equipment-specific sequencing, path continuity, flow conservation, non-overlapping, precedence, compatibility, and makespan
definition constraints.

The main difference between the two formulations lies in the structure of sequencing decisions. The GS
model employs equipment-independent precedence variables and therefore yields a more compact
representation. In contrast, the EDS model captures equipment-level operational paths and provides a more
detailed description of the handling process. In terms of model size, the variable growth order is
o(|C|®) for GS and O |C|?(|Q] +IT|+|Y]) for EDS, while the constraint growth order is identical for both
formulations, i.e., O(|C|?(|Q| + IT||B| + |Y||L|). Therefore, the comparison between the two models is mainly
based on the trade-off between compactness and representational accuracy.

3. Implementation of the models and analysis

In this section, the computational results of the proposed formulations are presented using GAMS and CPLEX. To evaluate
the performance of the models, 15 test instances with different sizes were solved. In all experiments, MIPGap was set to zero
and the time limit was fixed at 3600 seconds. The results obtained were without gaps, and both models reached optimal
solutions for all instances.

The computational results of the GS and EDS models are summarized in Table 9. The table reports the problem number,
the number of containers C, the numbers of quay cranes, yard trucks, and yard cranes Q /T /Y, the numbers of yard blocks and
storage locations (B/L), the number of decision variables, the solution time of each model, and the time ratio of EDS to GS.

Table 9 Computational results obtained for the GS and EDS models

No. of Variables Computational Time (s)
Instance C Q/T/Y B/L Gs EDS GS EDS
1 6 1/2/1 2/2 151 205 4 2
2 7 1/1/11 2/3 190 225 38 64
3 7 121 2/3 204 281 43 97
4 8 121 2/3 257 353 64 156
5 8 1/2/2 2/4 297 457 38 260
6 9 2/3/2 3/5 433 793 111 319
7 9 2/4/2 3/5 460 892 132 365
8 10 2/5/2 3/6 591 1221 156 598
9 10 3/5/2 3/6 601 1321 169 613
10 10 3/7/2 3/7 681 1591 178 629
11 11 3/72 3/6 760 1849 245 987
12 11 3/7/2 3/7 782 1882 278 1124
13 11 3/7/3 3/7 859 2069 302 1256
14 12 3/9/4 3/7 1129 2965 392 2145
15 12 3/9/4 4/9 1333 3205 456 2300

As shown in Table 9, the EDS model is larger than GS in all instances, with about 1.5 to 2 times more variables on average.
Although both models solve all instances optimally, GS requires less computational time. For medium-sized instances, the
runtime of EDS is about 2 to 3 times that of GS, while for larger instances this ratio exceeds 5. Therefore, GS shows better
computational efficiency and scalability.

4. Conclusion

This paper compares GS and EDS formulations for the integrated equipment scheduling and storage space allocation
problem in container terminals. Although both models show similar constraint growth, EDS generates more variables and
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requires higher computational effort. The results indicate that GS is more scalable and computationally efficient, while EDS
offers a more detailed equipment-dependent representation.
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