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Abstract: Reclaiming-loading operations in dry bulk terminals often face conflicts and delays due to
limitations in equipment processing capacity and operational line accessibility, which significantly
compromise the safety and efficiency of these operations. This paper aims to optimize the reclaiming-
loading schedule for each incoming vessel by considering parallel equipment operations and potential
conflicts, with the goal of enhancing both the safety and efficiency of the loading processes. Through
a detailed analysis of bulk reclaiming and reclaiming-loading mechanisms, we formulate the dry
bulk terminal loading scheduling problem to minimize the total operational time for all loading
tasks, taking into account constraints such as parallel reclaiming, collaborative loading, operational
conflicts, and line accessibility. In order to obtain a good solution, including task execution sequences
and allocation of reclaimers and shiploaders, a knowledge-driven memetic algorithm is developed
by integrating knowledge-driven mechanisms with problem-specific operators within a memetic
computing framework. Finally, numerical experiments for various scales are conducted using the
layout and operational data from the Huanghua Port’s coal port area. The experimental results
demonstrate the effectiveness of the proposed optimization algorithm.

Keywords: dry bulk terminal; reclaiming-loading operation; scheduling optimization; parallel
reclaiming; memetic algorithm

1. Introduction

Dry bulk ports and terminals are critical components of the global economy, facilitating
approximately 50% of the world’s seaborne trade [1]. These facilities, either dedicated
or multipurpose, handle a variety of dry bulk commodities, including bulk minerals,
agricultural products, fertilizers, and biomass, and serve as essential nodes in the logistics
supply chain. In China, coal plays a dominant role in the national energy structure. Due to
geographical imbalances between coal supply and demand, large-scale coal transportation
from the west to the east and north to the south is essential. Ports, as vital hubs in this
network, ensure the efficient operation of the coal transport system. With increasing
demand for coal transport, enhancing the dispatching capacity and scheduling efficiency
of dry bulk coal terminals has become a pressing need.

The coal loading process at export terminals is highly specialized. It involves re-
claimers positioned along reclaimer lines to retrieve coal from stockpiles, transporting it
via conveyors to the shiploading line, and completing the loading onto the vessel by a
shiploader. Terminal productivity and efficiency are directly influenced by infrastructure,
handling equipment, and operational practices. Given the discrepancy between vessel
demands and stockpile arrangements, a single vessel often requires coal from multiple
stockpiles. To meet blending requirements, terminals typically configure “dual reclaimers
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on a single line”, wherein two reclaimers retrieve coal from different stockpiles in speci-
fied proportions, blending them before loading. Additionally, mobile shiploaders, when
feasible, load coal to adjacent berths, either individually or cooperatively.

Effective planning is crucial for improving the efficiency of reclaiming and loading
operations. In the context of shiploading operations at container terminals, Ref. [2] pro-
vides a comprehensive literature review on the shiploading problem, emphasizing the
integration of stowage planning with loading sequencing and scheduling to enhance ship
handling efficiency. Iris et al. [3] further advance this integration by combining operational
stowage planning with transport vehicle assignment and scheduling, and propose a GRASP
heuristic based on greedy randomized adaptive search to obtain efficient, near-optimal
solutions for complex terminal operations. To address the integrated berth allocation and
quay crane assignment problem in container terminals, Iris et al. [4] propose novel set
partitioning models and variable reduction techniques, while Iris et al. [5] introduce an
Adaptive Large Neighborhood Search (ALNS) heuristic that improves known bounds and
outperforms state-of-the-art heuristics on larger benchmarks. Although research related
to container terminals provides valuable insights for optimizing shiploading [2], trans-
portation operations [6], and storage yard management [7], bulk cargo terminals present
unique characteristics. These include variable stockpile sizes, the limitation of bucket-wheel
reclaimers to linear tracks, and greater flexibility in the movement of container carriers [8].
For bulk cargo terminals, the production department must devise appropriate loading
schemes based on the vessel demand schedule and the stockpile distribution within the
yard. Ships require varying coal types for different cabins, with products stored across
multiple stockpile locations. This increases the number of potential loading schemes and
could result in operational conflicts between reclaimers or shiploaders, leading to interrup-
tions and delays. Such disruptions not only extend loading times but also negatively affect
subsequent vessel schedules.

The complexity of bulk cargo port operations and the critical need for efficient schedul-
ing have attracted substantial research interest. To address the comprehensive scheduling
challenges in dry bulk ports, several methods have been proposed, including meta-heuristic
algorithms [9,10], mixed-integer programming (MIP) with rule-based heuristics [11], MIP
with Benders decomposition [12], MIP with meta-heuristics [13], as well as constraint
programming enhanced by meta-heuristics [14]. De Paula et al. [9] introduced an inte-
grated scheduling strategy for the Hunter Valley coal export system, utilizing a parallel
genetic algorithm to concurrently schedule train and vessel arrivals, stockpile buildup,
and reclaim periods across three coal export terminals. To tackle the integrated problem
of planning, scheduling, yard allocation, and berth assignment in dry bulk terminals, De
Andrade et al. [13] proposed a solution based on column generation, which accounted
for conflicts in equipment usage. In the context of dry bulk terminals handling fertilizers,
Cheimanoff et al. [11] developed a mixed-integer linear programming model incorporating
production scheduling, berth allocation, and yard storage. This model was solved using a
multi-start GRASP-ILS meta-heuristic algorithm. Lu et al. [14] focused on coal blending
operations and proposed an integrated scheduling solution for coal port inbound and
outbound operations. This solution employed a two-stage method that combined con-
straint programming with adaptive local search. Unsal et al. [12] addressed berth allocation,
reclaimer scheduling, and stockyard allocation at export dry bulk terminals by proposing a
logic-driven Benders decomposition algorithm. Improving energy efficiency and reducing
carbon emissions in ports have become critical focus areas for the port industry. Ref. [15]
conducts a systematic literature review to analyze operational strategies, technology usage,
renewable energy, alternative fuels, and more, aimed at enhancing the energy efficiency
of ports and terminals. To minimize total scheduling time, maximize berth allocation
efficiency, and reduce carbon emissions, Jiang et al. [10] developed a multi-objective opti-
mization model integrating channel vessel scheduling, berth loading, and yard unloading,
solved using the NSGA-II-DPGR algorithm.
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Recently, integrated challenges within dry bulk terminals and coal export supply
chains have attracted significant research attention [16-19]. However, several of these
studies simplify key aspects of reclaimer operations by assuming, for instance, that each
rail track is served by a single reclaimer [16,17]. In practice, most dry bulk terminals enable
more flexible configurations where shiploaders can move to adjacent berths for collaborative
loading, and two reclaimers operating on the same track can perform parallel reclaiming
or blending operations simultaneously. Collaborative loading [20] and parallel reclaim-
ing [8] significantly enhance operational efficiency and reduce vessel berthing wait times.
To address the scheduling of collaborative shiploader operations, an optimization problem
was formulated in [20] to minimize both the energy consumption of operational lines and
the berthing times of vessels at coal export terminals, utilizing a mixed-integer program-
ming (MIP) model and a simulation-based decoding scheme. Additionally, Wang et al. [8]
demonstrated that deploying two reclaimers for simultaneous material reclaiming from the
same stockpile notably boosts efficiency, although this introduces potential collision risks
between reclaimers.

In practice, while multiple reclaimers might operate on the same rail track, they
cannot pass each other. Avoiding equipment conflicts during collaborative loading and
parallel reclaiming thus becomes a critical research issue. Recognizing the presence of
multiple reclaimers on a single track, recent studies [10,12,21] have incorporated reclaimer
cross-operational conflict constraints into the scheduling optimization problem at dry bulk
terminals. However, these studies assume that each vessel only loads a single type of
bulk material, overlooking the complexity of reclaiming from multiple stockpiles and the
potential for parallel reclaiming to further enhance efficiency. Burdett et al. [17] addressed
reclaimer conflicts by adapting a collision detection strategy from the train scheduling
domain, dividing each reclaiming line into smaller regions and applying a penalty to the
objective function when conflicts were detected. Lu et al. [14] accounted for reclaimer
conflicts in blending operations to meet ship demands. While Li et al. [22] introduced
stockyard scheduling into the reclaiming-loading process, they restricted operations to
single-machine modes for both reclaimers and shiploaders, significantly reducing opera-
tional efficiency.

The reclaiming-loading scheduling (RLS) problems in dry bulk ports are unequivo-
cally classified as NP-hard problems since they contain multiple subproblems, including
task sequencing, reclaimer selection, and shiploader selection [23]. Due to the exponential
growth in the number of variables and constraints of the proposed mathematical mod-
els, the model-based exact algorithms are unable to yield optimal solutions within an
acceptable time. When attempting to address this issue within a reasonable duration,
traditional heuristics often fail to produce satisfactory scheduling solutions. In this context,
the memetic algorithm (MA), a robust optimization technique that integrates evolution-
ary mechanisms with problem-specific local intensification, holds promise for effectively
solving complex scheduling problems.

Inspired by Darwinian principles of natural evolution and Dawkins’ concept of the
meme, the algorithm incorporates both evolutionary search and local refinements, consti-
tuting what is termed a memetic algorithm [24,25]. As a versatile optimization framework,
MAs have been successfully applied for various problem domains, including the traveling
salesman problem and the shop scheduling problem [25], as well as the graph biparti-
tion problem [26]. A review of the literature on MAs applied to scheduling problems
reveals that the specially designed problem-specific algorithms in the memetic computing
framework can solve complex problems effectively. Specifically, the analysis of problem
characteristics, the extraction and application of knowledge, and the adoption of a reason-
able cooperative approach are fundamental to successfully addressing intricate scheduling
challenges. Consequently, it is anticipated that a superior performance can be achieved
by merging knowledge-driven mechanisms with problem-specific operators within the
memetic computing framework.
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This paper addresses the RLS problem within real-world coal port operations us-
ing a memetic algorithm framework that incorporates factors such as parallel reclaiming,
collaborative loading, and equipment conflicts. To minimize the total operational time
across all loading tasks, we developed a calculation model that accounts for key opera-
tional constraints, including task sequencing, reclaimer selection, and shiploader selection.
Based on this model, we propose an innovative knowledge-driven memetic algorithm
(KDMA), which integrates domain-specific knowledge with problem-specific operators
within a memetic computing framework. A comprehensive series of multi-scale and
multi-parameter experimental analyses demonstrates the effectiveness of the KDMA in
solving the RLS problem. Comparisons with a genetic algorithm and a non-parallel opera-
tion strategy reveal the distinct advantages of the KDMA, underscoring the potential of
knowledge-driven memetic algorithms to enhance scheduling efficiency in coal port opera-
tions.

The remainder of this paper is organized as follows. Section 2 analyzes the characteris-
tics of scheduling in dry bulk ports. Section 3 formulates the reclaiming-loading scheduling
problem. The design of the knowledge-driven memetic algorithm is detailed in Section 4.
Section 5 presents and analyzes the results of multi-scale experimental studies. Finally,
Section 6 concludes the paper with a summary of key findings.

2. Characteristics of Dry Bulk Port Reclaiming-Loading Scheduling

In the context of a specialized dry bulk port for coal exports, such a facility exhibits a
high degree of specialization. Figure 1 illustrates the layout of a dry bulk port in northern
China, which includes three berths: #1, #2, and #3. The reclaiming—loading operation
consists of three types of operational lines and two types of equipment: reclaiming lines
(BQ1, BQ2, and BQ3), conveyor lines (BC1 and BC2), ship conveyor lines (BM1, BM2,
and BM3), as well as reclaimers (R1 to R5) and shiploaders (BL1, BL2, and BL3). Typically,
vessels have multiple cabins, each corresponding to one product type. The definition of
each cabin’s material requirements—both types and quantities—is referred to as a loading
task. Each loading task utilizes a set of operational lines, including one reclaiming line, one
conveyor line, and one shiploading line, for continuous operations. Based on the vessel’s
task requirements and the distribution of material types within the stockyard, the reclaimer
performs material reclaiming operations at the designated stockpile positions. The conveyor
lines use a belt conveyor system to transport dry bulk cargo from the reclaiming lines to the
shiploading lines. On the shiploading lines, the shiploaders execute the loading operations
according to the specific tasks assigned to each cabin position on the vessel.
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Figure 1. Layout of the reclaiming-loading operation in a dry bulk port.

2.1. Parallel Operation of Reclaimers and Operational Conflicts

For a specific shiploading task, the reclaimer scheduling involves stockpile selection
and reclaimer selection. As shown in Figure 1, the stockyard contains 40 stockpiles, each
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designated for storing a specific type of dry bulk cargo. With a total of 12 types of dry bulk
cargo, one or more stockpiles can be used for material reclaiming for each specific shipload-
ing task. On the reclaiming lines, there may be one or two reclaimers that can reclaim from
different stockpiles. To enhance loading efficiency, a “dual-reclaimers single-loader” oper-
ational mode is implemented, where two reclaimers operate in parallel on the same line.
Specifically, for each loading task, either a single reclaimer or both reclaimers may be used
to perform the material reclaiming, while one shiploader executes the loading operation.

In optimizing the reclaiming-loading operation planning, the primary principle is
to avoid operational conflicts. When multiple reclaimers are present on the same track,
and each reclaimer can only perform reclaiming operations on one side of the track, it
is crucial to consider the potential for conflicts between these reclaimers. For instance,
as illustrated in Figure 2, when material reclaiming is being conducted for material 8,
reclaimer R2 reclaims from stockpile position 205, while reclaimer R3 reclaims from stock-
pile position 304. In this scenario, R2 and R3 experience cross-side operational conflicts.
Similarly, when reclaiming material 10, reclaimer R4 performs reclaiming from stockpile
position 506, and reclaimer R5 reclaims from stockpile position 505. Here, R4 and R5 face
same-side operational conflicts. Meanwhile, to ensure safety, it is common practice not to
use two reclaimers to extract material from the same stockpile simultaneously. Avoiding
reclaimer conflicts is essential to ensure efficient and uninterrupted operations.

11
(406 407 (408)
g

(
@aa

Figure 2. Crossing operation conflicts of reclaimers.

203 \>

2.2. Collaborative Operations of Shiploaders and Operational Conflicts

To improve operational efficiency, the port is equipped with mobile shiploaders,
which, under suitable conditions, can load ships at adjacent berths. These loaders can
operate both independently and in a collaborative manner.

When multiple shiploaders are situated on the same track near a berth, and each
loader can only perform loading operations on the seaside, it is essential to consider
potential crossing operation conflicts among these loaders. As illustrated in Figure 3, when
shiploader SL2 is engaged in loading operations for a ship at berth 2# and shiploader SL3
is engaged in loading operations for a ship at berth 1#, conflicts arise due to the crossing
operations of SL2 and SL3. This crossing operation conflict of shiploaders must be managed
to ensure smooth and efficient loading processes.

IiiSibeg
BL1 BL2 BL3

Figure 3. Crossing operation conflicts among shiploaders.

The objective of developing a reclaiming-loading plan is to ensure that the cargo
loading process is efficient and orderly by appropriately allocating the existing storage
resources and loading equipment at dry bulk port ports. For dry bulk port ports, reclaimers
and shiploaders are the primary loading equipment. When preparing the reclaiming—
loading plan, the following principles should be considered:
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(1) Safety: the primary principle is to avoid conflicts between loading equipment
during operation, ensuring that cross-operation conflicts do not occur.

(2) Efficiency: aim to maximize the loading efficiency per unit time while ensuring
that the loading process remains uninterrupted.

In the context of parallel operation of reclaimers and collaborative operation of
shiploaders, the key to optimizing the loading plan is to allocate a rational reclaiming—
loading scheme and equipment to all ships waiting at the berth during the planning period.
The goal is to minimize the total loading completion time for all ships.

3. Reclaiming-Loading Scheduling Problem Formulation
3.1. Problem Formulation

According to Section 2, each loading task can be accomplished by selecting from
various stockpiles that meet the material type requirements and by choosing among dif-
ferent reclaimers and shiploaders, which utilize different reclaiming lines, conveyor lines,

and shiploading lines to perform the loading operations. The objective of optimizing the

loading operation schedule is to enhance loading efficiency and minimize vessel berthing

time, while accounting for parallel reclaiming operations of reclaimers, collaborative load-

ing operations of shiploaders, and potential equipment conflicts during these operations.
The problem definition is based on the following assumptions:

—  The arrival time and corresponding berth of each vessel are known in advance.

—  Thevessel’s time in port is measured from the vessel’s arrival in port to the completion
of untying and disembarkation.

—  Theloading task requirements are predefined, with each task corresponding to a spe-
cific material type present in the stockpile, eliminating the need for blending operations.

—  The operating efficiency of the reclaimer and the rate of the belt conveyor system are
known, and the loading rate of the shiploader matches the parallel reclaiming rate of
the reclaimer.

—  No other loading tasks can be performed on the rail track occupied by a ongoing
loading task until that task is completed.

—  Equipment failures related to the reclaiming—loading process are not considered.

Additionally, notations for sets, parameters, intermediate variables, and decision
variables are illustrated in Table 1.

Table 1. Notations.

Notation Meaning

Sets:

S Set of vessels, S = {1,2,---,s,--- ,ns}, where s is the index of vessels ordered by their arrival time, and #;
represents the total number of vessels.

P Set of stockpiles, P={1,2,--- ,p,-- -, np}, where p is the index of stockpiles numbered from top to bottom
and left to right as shown in Figure 4, and 1, represents the total number of stockpiles.

K Set of berths, K = {1,2,--- ,k,- - - ,n;}, where k is the index of berths numbered by their distance from the
stockyard, and n represents the total number of berths.

R Set of reclaimers, R = {1,2,--- ,r,--- ,n,}, where r is the index of reclaimers numbered from bottom to
top and left to right, and n, represents the total number of reclaimers.

u Set of reclaiming lines, U = {1,2,--- ,u,- -+, ny,}, where u is the index of reclaiming lines numbered from
bottom to top, and n, represents the total number of reclaiming lines.

v Set of conveyor lines, V = {1,2,--- ,v,- -+ , 1, }, where v is the index of conveyor lines numbered from left
to right, and n, represents the total number of conveyor lines.

W Set of shiploading lines, W = {1,2,--- ,w, - - - , 1y }, where w is the index of shiploading lines numbered

from top to bottom, and 1, represents the total number of shiploading lines.
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Table 1. Cont.

Notation Meaning

C Set of types of dry bulk, C = {1,2,- - ,¢,-- - ,nc}, where c is the index of types, and . represents the total
number of types.

M Set of shiploading tasks, M = {1,2,--- ,m,- -+ 1y }, where m is the index of tasks, and n,, represents the
total number of tasks.

P Set of stockpiles meeting the material type demand of shiploading task m, Py, = {1,2,-- - , 1, }, where

" np,, represents the total number of stockpiles satisfying task m.

Parameters:

d The dry bulk quantity required for task m.

Cm The dry bulk type required for task m.

Ok Accessibility between shiploading task 72 and berth k.

Bs Vessel s docks at berth k.

Os,m Vessel s executes task m.

Ym,p Accessibility between shiploading task m and stockpile position p.

Aur Accessibility between reclaiming line u# and reclaimer r.

mZ% Accessibility between reclaiming line u and stockpile position p.

Dczbﬁ Accessibility between shiploading line w and berth k.

Dchvlw Accessibility among reclaiming line u, conveyor line v, and shiploading line w.

zgﬁ, Berthing priority of vessel s and §'; if the former is higher, zzﬁ, = 1; else, zzﬁ, =0.

Ky p Reclaimers r and ' are on the same reclaiming line.

Dty The material transportation time from reclaiming stockpile p to berth k, where the vessel is located.

Uy Operational efficiency of reclaimer r.

£ Arrival time at port of vessel s.

Tl Turnaround time of vessel s.

T Casting-off time of vessel s.

T Auxiliary operation time of vessel s.

T k! Travel time for shiploader from berth k to k'

T Time interval to optimize.

M A sufficiently large positive number.

Intermediate variables:

T The duration to complete task m.

Rty Reclaiming time during the execution of task .

Dty Dry bulk transporting time during the execution of task m.

ther Berthing time of vessel s.

t5, The start time of operation for task m.

tf“’ Departure time of vessel s.

xf,’j/t 1 if task m operates at time ¢; 0 otherwise.

(o~ Time interval between task m and m’.

Ymr 1 if task m adopts reclaimer r to reclaim dry bulk; 0 otherwise.

ybmq,u 1 if task m adopts reclaiming line #; 0 otherwise.

Decision variables:

Xm,p 1 if task m reclaims dry bulk from stockpile p; 0 otherwise.

Ymrp 1 if task m adopts reclaimer r to reclaim dry bulk from stockpile p; 0 otherwise.

yﬁf/v 1 if task m adopts conveyor line v; 0 otherwise.

ybm"fw 1 if task m adopts shiploading line w; 0 otherwise.

zfq‘j,m, 1 If the loading task m has a higher priority than task m’; 0 otherwise.

3.2. Optimization Objective and Constraints

Using the notations provided in Table 1, the optimization problem for loading opera-
tions in dry bulk ports, considering various constraints, is formulated as follows.

MinF =} (t?e” - t;‘”) (1)
seS
Subject to:

1< ) xpp <2
pEPy

Ym e M ()
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Z Ymyrp = Xmp Vm € M,p € Py (3)
rerR

Y Ymrp =Ymr YmeEMreR @)
pEPy
T-Mx(1—yn) < ¥ xmp xald, < Mxysl, VmeMuel (5)
pPEPy
b b
Xom,p + xm,p/ < Z (]/m,r,p X )\u,r X ocu?p + ym,r’,p’ X /\u,r’ X au?p,)
uel (6)
Vm e M,r<7,p,p € Pu,p<yp
Kep Y Ymrp X P <Ky Y YmppXp+MA=yyy) VmeMr<r (7)
pGPm Pepm
d
Rtyy=—"  VYmeM )
Y Ymy X Oy
reR
Dt,, = max (xmp X Ok X Dtpk) Vm e M,k € K (10)
Pe m
tbe’ > max( ar 4 Tt,’, tdeP M x (1 — zzhs,)) Vs # ' (11)
B, 4 Mx(1—05,) >t +79% VYseSmeM (12)
$P = max (15, + Tn) X bom] + 7" Vs €S (13)
b b b
ZZ,m/ + ZiZ’,m =maxvp,u,o,w (xm,p X Xl ,pr qu,u X yﬂ?/,ur yfrf,v X yzf/,v' ]/fn?tlw X ym'1’1,w) (14)
Vm £ m'
B = b+ T = Mx (120 ) 4 @ m (15)
Pmm = Z (yg,Tw X yfn"f,w X 2 Z mk X awk’ X Oé kX (Sm’k’ X nkk’)) Vm 7& m' (16)
weW keKk'eK
t+Mx (1—xpp) >t Vme Mt (17)
t—Mx (1—xip) <t5,+Tw Vme Mt (18)
met =Tn Vm e M (19)
( mu) ( >x<zy%>=1 vYm e M (20)
uel veV weW
nf < Z'ympxaqu Vme M,uecl (21)
pPEPy
Voo < X Yubu XYty Xl ¥mEMoveEV (22)
uel weW
vty <Y O x i VmeMuweW (23)

kek
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+M><<1— metxymw/> vt w < w
meM

(24)

‘w_w,‘ < (1 - Z ( mtymw65m> Z (xiﬁtl,tyffw’gs,m)>M+l Vt/w < wl (25)
meM meM

The objective function (1) aims to minimize the total port stay time, which can also be
considered as the total loading time, for all vessels.

For parallel reclaiming, Constraint (2) specifies that each shiploading task m involves
either a single reclaiming operation from one stockpile or a parallel reclaiming operation
from two stockpiles. Constraints (3) and (4) state that, for each reclaimer performing task
m, it can only reclaim from one stockpile; likewise, for each stockpile occupied by the task,
only one reclaimer can perform the reclaiming operation. Constraint (5) indicates that the
reclaiming line used by the reclaimer is occupied.

To prevent operational conflicts between parallel reclaimers, stockpile positions in the
stockyard are renumbered from top to bottom and from left to right, as shown in Figure 4.
Constraints (6) and (7) describe that when two reclaimers operate in parallel on the same
reclaiming line, their sequence aligns with the sequence of the corresponding stockpile
positions. This alignment helps avoid conflicts between the two reclaimers operating in
parallel on the same reclaiming line.

e (3 (AN (2a)(5) B RETT)
) )@ 1n) 122 (32)) | (37)

1) 2) (&) (6) 1) (10)
BQ2 ((3)) (13) \09) (@39) \@28439) (69)
@) ) (9 (@) @ (39)

’7\ (1) (12 (5 )
BQL & 10 15 ) @ (30) (35) &O)}

Figure 4. Renumbered stockpile position in stockyard.

Time constraints are crucial for the smooth and efficient execution of shiploading tasks.
For any loading operation task, the total loading duration consists of two key components:
the material reclaiming time and the transportation operation time, as defined by Con-
straints (8-10). Constraint (11) indicates that the berthing time of any vessel is scheduled
after the later of two times: the departure time of the preceding vessel at the same berth
and the turnaround time required after this vessel arrives in port. Constraint (12) states that
the vessel begins its operations only after completing auxiliary tasks, and Constraint (13)
calculates the vessel’s departure time. For two loading tasks that occupy the same stock-
pile position, reclaiming line, conveyor line, or shiploading line, Constraint (14) defines
the priority constraint. Constraint (15) explains that for two loading tasks with priority
constraints, the task with the lower priority can only start after the higher-priority task has
been completed. Additionally, if both tasks use the same shiploader and are at different
berths, Constraint (16) clarifies that the shiploader has completed the travel between the
two berths. Constraints (17-19) describe that the operational process of the same loading
task is uninterrupted.
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Regarding the use of operation lines, Constraint (20) describes that a loading task requires
only one reclaiming line, one conveyor line, and one shiploading line. Constraints (21)—(23)
represent the accessibility constraints between the stockpile position, reclaiming line, conveyor
line, shiploading line, and berth occupied by the loading task.

To prevent operational conflicts between collaborative loaders, Constraints (24) and (25)
impose constraints on the shiploading lines, where Constraint (24) states that loaders cannot
perform cross-line operations, and Constraint (25) describes that collaborative operation is
allowed only between adjacent loaders.

Since this calculation model is nonlinear and non-convex, it is challenging and time-
consuming to obtain the optimal solution by model solvers such as Gurobi and CPLEX for
the extensive and complex scheduling problems. Consequently, based on the calculation
model, the next section will present the development of a heuristic algorithm to obtain an
approximate optimal solution within a reasonable computation time.

4. Knowledge-Driven Memetic Algorithm

In this section, a knowledge-driven memetic algorithm is proposed, featuring com-
ponents such as encoding and decoding, population initialization, a knowledge-driven
evolutionary mechanism, and local intensification.

4.1. Encoding and Initialization

Effective encoding and decoding methods can directly influence the search space and
search efficiency. For the operation scheduling in a dry bulk port, the task sequence of each
vessel, stockpile selection, reclaimer selection, and shiploader selection for each task should
be determined together. Thus, a four-layer string is used to represent an encoded solution.
The length of each of the four strings is the number of the tasks 7,,. The first string with 7,
task sequence IT = {7t!; 77%;...; 71"} is used to represent the task sequence of each vessel,
where 7t° represents the task sequence belonging to vessel s, s = 1,...,ns. The second
string is represented by ¢ = {0y, 0, ..., 0y, }, where ¢, denotes the assigned stockpiles
for task 7. The third string is represented by { = {1, (2, .- ., {n,, }, Where {,, denotes the
assigned reclaimer for task 71". The fourth string is represented by o = {0y, 02,...,00,,},
where 0, denotes the assigned shiploader/shiploading lines for task 7t™. Considering
the task constraints, each task occurs once and only once in the IT and each task 7° must
belong to the corresponding vessel. Meanwhile, due to the constraints of different operation
lines, the stockpiles should be selected in the available set of each task 7°. Furthermore,
the reclaimer and shiploader should be selected in the available set, considering accessibility.
Therefore, the solution can be ensured to be feasible according the the above rules.

To obtain high-quality schedules based on the encoded solutions, the decoding method
is designed considering parallel reclaiming, collaborative operation between adjacent
loaders, and conflicts between reclaimers and loaders. To improve reclaiming efficiency;,
if there is more than one reclaimer on the assigned reclaiming lines and multiple available
stockpiles, parallel reclaiming can be performed. To ensure the parallel reclaiming can
reduce the task operation time, the available time of the parallel reclaimers should also
be taken into account. If the completion time of parallel reclaimers is more than that of
one reclaimer, parallel reclaiming will not be executed. To speed up the operation time,
collaborative operation between adjacent loaders is also incorporated into the decoding
process. If the adjacent loader is idle, the task assigned to it can be operated simultaneously.
In addition, the conflicts between reclaimers and loaders are also considered during the
decoding process to satisfying the constraints developed in the calculation model.

In the initialization phase, the population with PS solutions is generated randomly,
considering the various constraints and decoded to the schedules. During the search
process, the best solution is retained.
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4.2. Knowledge-Driven Evolutionary Mechanism

To improve search efficiency, a knowledge-driven evolutionary mechanism is designed
to enable inferior solutions to learn from elite solutions. First, two solutions in the popula-
tion are selected randomly. Second, the inferior solution x; learns from elite solution x,
based on their performance. Specifically, the difference in operation time for each vessel
between solutions x; and x; is calculated, and the vessel with largest time difference is
selected due to the huge space improvement. Third, the task schedule of the selected vessel
of solution x, is transplanted to the corresponding vessel of solution x;. Thus, solution x;,
can be improved by learning from the better solution.

To enhance the population diversity, a mutation operator is developed for the im-
proved solution xj with a mutation probability p,, = 0.5. The mutation operator is
implemented by randomly selecting a vessel and regenerating its task sequence, stock-
pile, reclaimer, and shiploader. Consequently, the KDMA can improve convergence while
mitigating the risk of local optima.

4.3. Local Intensification

To enhance the exploitation capability, a knowledge-driven local intensification is
designed to further refine promising solutions. To reduce the total loading time for all
vessels, three local search operators with prior knowledge are designed for adjusting the
task sequence, reclaimer selection, and loader selection, including critical task swap (TS),
task insertion (TI), reclaimer selection (CS), and loader selection (LS). Suppose the vessel s
is selected to adjust the three subproblems:

TS: For the tasks belonging to the vessel s, select two tasks randomly and then
swap them.

TI: For the tasks belonging to the vessel s, select two tasks randomly and then insert
one task before another one.

CS: For all tasks belonging to the vessel s, select two stockpiles with two available
reclaimers. If there are no stockpiles satisfying the condition, then randomly select one
stockpile and reclaimer.

LS: For all tasks belonging to the vessel s, select a different available and adjacent
loader from the loaders of previous task to improve the possibility of collaborative opera-
tion.

The procedure of local intensification is shown as Algorithm 1, where /s denotes the
depth of local intensification.

Algorithm 1 Local Intensification

1: Designate an elite solution x, among the top 10% solutions;
2: flag = true, k = 0.
3: while k < Is do
4:  if flag == true then
5 Select the vessel s with largest operation time.
6: else

7 Select the vessel s randomly.

8 end if

9:  Randomly perform TS(x;) or TI(x,) to get x/s.
10:  Perform CS(x/;) and LS(x';) to get x”/,.
11:  if x”; is better than x; then

12: X, =x",.
13:  else

14: flag = !flag.
15:  end if

16: k=k+1;

17: end while
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4.4. Algorithm Framework

The pseudo-code of the knowledge-driven memetic algorithm (KDMA) is delineated
in Algorithm 2, including the population initialization, knowledge-driven evolutionary
mechanism, and local intensification scheme. Through the several problem-specific designs,
it is expected to achieve a superior performance via a balance of exploration and exploita-
tion.

Algorithm 2 Knowledge-driven Memetic Algorithm

1: Initialize the population size PS, local search depth LS and maximum iterations
MAXGEN, generations g = 0.

2: Initialize the population.

3: while g < MAXGEN do

4:  fori < PSdo

5: Select two solutions x, and xj, randomly.
6: Perform learning operator for solutions x, and x;, to obtain new solution x’,.
7: if rand > 0.5 %rand denotes a random number in (0,1); then
8: Perform mutation operator for solution x’,.
9: end if
10: Sort all the solutions and select the best PS solutions as new population.
11: Perform local intensification.
12: Update the best solution.

13:  end for
14: end while

5. Experimental Results and Analysis

As a case study, this paper compares and analyzes the scheduling plan derived from
the proposed optimization problem with the results obtained from genetic algorithm
optimization at a coal export terminal in China, thereby validating the effectiveness of
the proposed optimization algorithm. The layout of the entire shiploading operation is
illustrated in Figure 1. Without considering the collaborative operation of shiploaders,
the accessibility between the designated berth and the three conveyor lines—the reclaiming
line, horizontal line, and shiploading line—is detailed in Table 2. Additionally, the reclaim-
ing speeds of reclaimers R1 to R5 are 6000, 6000, 3000, 6000, and 3000 t per hout, respectively.
The distances from berths 1# to 3# to the stockyard are 450, 750, and 1000 m, respectively.

Table 2. Accessibility among berths and reclaiming line, conveyor line, and shiploading line.

Berth Reclaiming Line u Conveyor Line v Shiploading Line w
1 - 1
1# 2 1 1
3 1 1
2 1 2
3 1 2
2# 2 2 2
3 2 2
1 - 3
3# 2 2 3
3 2 3

This experiment considers the optimization of the shiploading tasks for 60 vessels
during the planning period. Table 3 provides detailed information on vessel arrival times,
dock assignments, and the types and quantities of bulk cargo required.



Electronics 2024, 13, 4558 13 of 18

Table 3. Basic information about arrival vessels and corresponding tasks.

Vessel Arrival  Arrival Docking Task . Required Quantity

Number Date Time Berth Number Required Type x10% t

1 01/19 01:15 2# 1-6 [8,7,8,9,8,8] [0.84,0.81,0.84,0.81,0.84,0.81]

2 01/19 04:09 3# 7-10 [6,11,6,4] [1.16,1.16,1.19,1.16]

3 01/19 06:37 1# 11-16 [8,8,8,8,8,8] [1.02,1.02,1.02,1.02,1.02,1.02]

4 01/20 15:51 3# 17-23 [2,5,2,5,9,2,9] [0.82,0.82,0.82,0.81,0.82,0.82,0.82]

5 01/20 20:36 3# 24-28 [2,2,7,11,7] [1,1.01,1,1.02,1.02]

6 01/21 01:17 1# 29-32 [10,9,10,9] [0.85,0.84,0.82,0.85]

7 01/21 04:48 3# 33-41 [44,4,4/4,4/4,44] [0.98,0.98,0.96,0.96,0.96,0.97,0.97,0.97,0.97]

8 01/22 08:27 3# 42-48 [2,10,2,2,10,2,2] [1.17,1.17,1.16,1.2,1.16,1.17,1.2]

9 01/22 15:32 3# 49-56 [8,6,8,6,7,8,7,6] [1.05,1.01,1.01,1.05,1.01,1.01,1.05,1.05]

10 01/22 19:28 1# 57-64 [2,2,2,2,10,10,10,10] [0.94,0.92,0.92,0.94,0.91,0.91,0.91,0.92]

11 01/23 00:41 2% 65-70 [4,4,6,6,4,6] [1,1.03,1,1,1.03,1]

12 01/23 02:02 2# 71-76 [8,10,7,10,7,8] [1.17,1.15,1.17,1.16,1.16,1.15]

13 01/24 04:03 2# 77-84 [6,5,6,6,6,5,6,6] [0.86,0.84,0.86,0.84,0.86,0.86,0.86,0.84]

14 01/24 09:38 3# 85-88 [5,5,7,5] [1.19,1.2,1.19,1.2]

15 01/24  12:50 24 89-90 [7,7] [1.09,1.1]

For the scheduling optimization of 30 vessels and their corresponding 185 tasks over a
15-day period, Figures 5 and 6 present the results obtained using the KDMA proposed in
this paper. Due to space constraints, only the optimization results for the first six days are
shown, with each subplot displaying results for two days or 48 h. Figure 5 illustrates the
outcomes under a conventional single reclaimer operation, while Figure 6 demonstrates
the performance of the proposed parallel reclaiming operation, where two reclaimers can
simultaneously handle the same type of bulk cargo from different stockpiles. For each
loading task, Table 4 details the utilization of the stockpiles, reclaimers, and the three
operational lines under both conditions: with and without the reclaimer parallel strategy.
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Figure 5. Scheduling optimization plan using the proposed KDMA without parallel reclaiming.
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Figure 6. Scheduling optimization plan using the proposed KDMA with parallel reclaiming.

Taking vessel 51 as an example, we illustrate the scheduling result adopting the
traditional approach of using a single reclaimer for a loading task, as shown in Figure 5.
The vertical lines on either side of the unfilled rectangular box represent the vessel’s docking
and departure times. The vessel S1 docks at berth 2# at 01:15 on day 1. After completing
the turnaround operations, it sequentially performs its six loading tasks (T5, T2, T6, T1,
T3, T4) during the following time intervals: T5 from 02:30 to 04:01, T2 from 02:30 to 03:58,
T6 from 04:01 to 06:54, T1 from 03:58 to 06:52, T3 from 06:52 to 08:21, and T4 from 06:54
to 09:41. Once the final task, T4, and the auxiliary operations are completed, the vessel
departs at 10:04. It is important to note that due to the collaborative loading mechanism,
shiploader BL1 executes the loading tasks (12, T1, T3), while shiploader BL2 executes the
tasks (T5, T6, T4) simultaneously.

Using the parallel reclaiming strategy, as shown in Table 4 and Figure 6, vessel S1
performs its six reclaiming tasks as follows: Task T3 is reclaimed from stockpile 2 by
reclaimer R4 and from stockpile 32 by reclaimer R5 in parallel between 02:30 and 03:31.
Task T5 is reclaimed from stockpile 18 by reclaimer R2 and from stockpile 24 by reclaimer
R3 in parallel between 02:30 and 03:31. Tasks T6, T4, T2, and T1 are reclaimed in a similar
manner, either in parallel or individually. Finally, Task T1 is reclaimed from stockpile 2 by
reclaimer R4 and from stockpile 32 by reclaimer R5 in parallel between 05:01 and 06:08.
After completing the final task T1, vessel 51 is unfastened and departs at 06:31.

Due to the implementation of the parallel reclaiming operation mechanism, the dock-
ing duration of vessel S1 was reduced by 40.36%, from 8.824 h to 5.263 h. As a result of the
expedited completion of tasks for vessel S1, the waiting time for vessel S2 decreased by
60.03%, from 3.959 h to 1.581 h. This improvement is clearly illustrated on day 4 to day 6
in Figure 5, where inefficient completion of earlier shiploading tasks caused delays and
accumulations for subsequent vessels S10 to S15—at least six consecutive ships. However,
by adopting the parallel strategy, as shown in Figure 6, only the loading tasks for vessels
510 and S11 were affected, while operations for S12 and those following were restored
to normal. Overall, for all 30 vessels, the total loading time F was reduced by 33.3%,
from 329.64 h to 219.66 h, significantly enhancing the efficiency of port loading operations.
Meanwhile, ship-based emissions—particularly during port stay time—constitute a signifi-
cant portion of the total energy consumption in container and dry bulk terminals [15,27].
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By converting energy consumption into monetary terms, the analysis shows that the unit
port stay cost is RMB 1416 per hour, as reported by Tian [27]. Following optimization,
the port stay cost for 30 vessels decreased from RMB 466,770 to RMB 311,038, achieving a
savings of RMB 155,731.

Table 4. Comparison of stockpile, reclaimer, and operational line utilization with and without parallel
reclaiming by KDMA.

KDMA with Parallel Reclaiming KDMA Without Parallel Reclaiming
Task p r u v w p r u v w
1 [2,32] [45] 3 3 2 18 3 2 2 1
2 14 2 2 2 1 5 1 1 1 1
3 [2,32] [45] 3 0 1 32 4 3 0 1
4 27 4 3 2 2 28 3 2 3 2
5 [18,24] [2,3] 2 3 2 18 2 2 3 2
6 [18,24] [2,3] 2 2 1 2 5 3 2 2
7 [23,39] [2,3] 2 2 2 39 2 2 2 2
8 37 4 3 2 3 37 5 3 2 3
9 [23,39] [2,3] 2 2 2 23 2 2 2 2
10 [4,13] [2,3] 2 0 3 4 1 2 0 3
11 [18,24] [2,3] 2 3 2 32 4 3 0 1
12 [2,32] [45] 3 0 1 18 3 2 2 1
13 [18,24] [2,3] 2 3 2 18 3 2 2 2
14 [2,32] [4,5] 3 0 1 24 2 2 2 2
15 [18,24] [2,3] 2 2 2 2 4 3 3 2

On the other hand, Table 4 illustrates that, when employing the parallel reclaiming
strategy, the number orders of the adopted reclaimers and the stockpiles are consistent,
indicating that the proposed algorithm can effectively avoid conflicts in parallel reclaiming
operations. Meanwhile, as shown in Figure 6, on the third day, shiploader BL3 is assigned
to perform the T28 loading task for the vessel S5 docked at berth 3#, while shiploader
BL2 is assigned to perform the T30 loading task for the vessel S6 docked at berth 1#.
The consistency in the number order of the selected shiploaders and the berths indicates
that the proposed scheme can effectively avoid conflicts of shiploaders in the collaborative
loading operations.

To further validate the effectiveness of the proposed KDMA, the genetic algorithm
(GA) was used to solve the bulk cargo terminal loading scheduling optimization problem.
For the scheduling of 30 vessels, the convergence effects of the algorithms are compared
as shown in Figure 7. Although the GA converges after only 42 iterations, its optimal
solution of 299.05 h is significantly worse than the KDMA'’s optimal solution of 218.20 h.
Additionally, the GA’s computation time of 416.52 s is notably longer than the KDMA'’s
244.6 s.
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Figure 7. Comparison of convergence trends across different algorithms.
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As shown in Table 5, extensive experiments with scheduling tasks ranging from 5
to 60 vessels clearly demonstrate the consistent advantages of the KDMA, achieving an
average reduction in optimal loading time of 20.3% and a reduction in computation time of
45.84%.

Table 5. Comparison of GA and KDMA associated with different numbers of vessels.

Vessels F (h) Times (s)

GA KDMA GA KDMA
5 30.2135 28.5021 19.966 10.9236
10 71.7059 63.7912 42.0657 22.4642
15 110.8879 92.2647 56.9569 31.3387
20 150.6207 128.1613 79.2701 44.095
25 224.1702 175.2687 97.7102 51.8397
30 269.715 211.7763 115.2442 62.0685
35 296.2862 240.0483 127.0462 69.2657
40 374.0326 258.8444 139.5676 75.5036
45 391.7848 280.525 157.0455 83.3358
50 407.3474 316.6845 174.3478 98.4672
55 478.5709 359.4233 194.1541 102.9267
60 548.3081 402.4422 211.172 112.1439

ANOVA (two-way analysis of variance) was conducted to evaluate the impact of
two factors: LS (depth of local intensification) and PS (population size) on the best solution
in the proposed KDMA. Five different settings of LS were selected: 60, 80, 100, 120, and 140.
Similarly, five different settings for PS were chosen: 30, 40, 50, 60, and 70. Each combination
of factors was repeated 50 times to ensure data reliability and stability. The ANOVA results
are presented in Table 6.

The p-values for both PS and LS, and their interaction, are all greater than 0.05,
indicating that neither the single factors nor their interaction significantly influence the
best solution, thereby demonstrating the robustness of the proposed KDMA.

Table 6. ANOVA results regarding parameters in KDMA.

Source SS df MS F p-Value
PS 208.9 4 52.2198 1.14 0.3368
LS 54.2 4 13.5389 0.3 0.8800
Interaction 193.0 16 12.0638 0.26 0.9982
Error 6273.3 225 27.9 - -
Total 6729.4 249 - - -

Opverall, by formulating the RLS problem to incorporate parallel reclaiming, collabora-
tive loading, and operational conflicts, we have significantly enhanced loading efficiency.
Additionally, the proposed KDMA not only delivers superior solutions but also requires
less computation time compared to the traditional GA. The robustness of the parameters
within this algorithm has also been effectively demonstrated. Notably, this approach is
adaptable beyond the specific port setup described in this study, making it suitable for a
wide range of bulk cargo terminal layouts and operational requirements.

6. Conclusions

Through an in-depth analysis of the dry bulk terminal loading process, focusing
on practical constraints such as loading plans, parallel reclaiming, collaborative loading,
and equipment conflict, we formulated an optimization problem aimed at minimizing total
loading time. Within a memetic computing framework, we designed a novel knowledge-
driven memory algorithm that combines knowledge-based mechanisms with problem-
specific operators to effectively optimize the calculation model. Analysis of the loading
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schedule obtained for 30 vessels reveals that the proposed parallel reclaiming and collab-
orative loading mechanisms significantly enhance loading efficiency. Compared to the
traditional single-reclaimer approach, the total loading time was reduced by approximately
33.3%, with no operational conflicts between reclaimers or shiploaders, validating the
effectiveness of the optimization algorithm. Simulations conducted across 12 different
scales of vessel numbers show that the proposed algorithm reduces total loading time by
20.3% compared to the GA, along with a computational efficiency gain of approximately
45.84%. The loading scheduling method proposed in this paper offers terminal managers
valuable decision support for loading operations, enhancing operational efficiency and
service quality at bulk cargo ports. In the future, we will focus on studying the mathe-
matical model of reclaiming-loading scheduling in dry bulk terminals and developing
efficient exact solution algorithms. Additionally, future research will explore loading tasks
that involve blending operations, as well as the integrated optimization of equipment
maintenance and loading schedules, with the goal of further improving loading efficiency
at dry bulk terminals.
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