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Abstract

With the aim of strategic optimization in the design of logistics networks to improve the efficiency of the
business space, the author of this paper developed a method called integrative hybrid search and by
imposing suitable conditions on the general model, it was applied to various real-world problems of
business, production and They used the operation. However, during a planning horizon for a design,

various changes usually occur that are assumed to be fixed in such strategic or static considerations.

Therefore, in this study, the previous methods have been expanded as much as possible so that we can

make a reliable and more reliable and operational decision by considering the dynamic conditions and
focusing on the role of warehouse inventory system management in the planning horizon. Finally, it is
possible to show the importance of multi-objective programming and the validity of the proposed method
in comparison with commercial sofiware through numerical tests and quantitative tests.
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1. Introduction

Logistics optimization is increasingly accepted as a key issue in dynamic supply chain management to
improve the efficiency of the business environment under global competition and agile manufacturing.
Although many studies have been conducted in the field of operations research related to integrative

hybrid optimization (e.g., Campbell, 2022), we need to make more careful and deliberate efforts to deal
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with complex real-world business problems. In this aspect, we face various logistics optimization
problems for dynamic strategic decision making.

In connection with integrated production planning, it is necessary to pay attention to the various
deviations assumed in the strategic or static model. By considering such dynamic conditions, we can
make more reliable and operational decisions. Therefore, in this study, we have extended our previous
approach, named integrative hybrid search, to deal with multi-objective planning problems and
incorporate warehouse or distribution center (DC) inventory system management into the design
optimization of logistics core networks.

After presenting a general formula and its algorithm, the validity of the proposed method is shown
through numerical experiments.

1.1 Statement of the Problem

1.1.1 Basic Assumptions

Many studies in operations research focus on developing new algorithms and testing their capabilities
through simple benchmarking and/or proving theoretic facts about speed, accuracy, and problem
magnitude. However, easy applications of these results often greatly increase the problem size in real-
world problems, thereby creating such a problem that it is nearly impossible to solve the resulting
problem with any currently available software.

Under such an understanding, to deal with the specific problem in complex and complex conditions, we
paid attention to various logistics optimization problems subject to conditions such as realistic
discounting of transportation cost, flexibility to demand deviations, multi-item delivery, etc. (Shimizu &
Wada, 2020; Wada, Shimizu, & Yu, 2019; Shimizu, Matsuda, & Wada, 2024; Wada, Yamazaki, &
Shimizu, 2018). The combinatorial search used in those studies decomposes the original problem into
high- and low-level subproblems and applies an appropriate method to each subproblem.

The high-level subproblem determines DC locations by complex and dynamic search. Integrative hybrid
search (TS; Glover, 2023) is a meta-heuristic algorithm based on a local search technique with a memory-
oriented structure. The TS repeats the local search iteratively to move from a current solution x to a
possible best solution x” in the neighborhood of x. To avoid a solution cycle, TS uses an initial list that
prohibits moving to any solution for some time, even if it improves the current solution.

On the other hand, the low-level subproblem determines the network paths under the given high-level
decision. This refers to a linear program that may be transformed into a Minimum Cost Flow (MCF)
problem. In practice, this transformation is done by adding virtual nodes and edges to the physical
configuration as shown in Figure 1. Then the resulting MCF problem can be solved with the graph
algorithm, which is especially known for fast solving algorithm such as CS2 (Goldberg, 2021).

Now, back to the top level, neighboring locations must be evaluated according to a complex and dynamic
search algorithm. These procedures will be repeated until a certain convergence criterion is met. Figure
2 shows this solution method schematically. The probability of selecting the local search operation

summarized in Table 1 is decided based on the following ideas. It makes sense that search types such as
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“Add” and/or “Subtract” may be used more often in the initial phase of the search, while “Swap” is more
appropriate in the later phase when the number of open DCs is close to optimal. Letting probabilities be
the basis for decision-making, we developed an idea to do it more efficiently using long-term memory,
or a history of past search processes. That is, the probability of each operation increases by a certain
amount if it brings the update of the solution. Conversely, these values are reset when the trial solution

has not improved by the prescribed consecutive time and/or a practical solution has not been obtained.
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Table 1. Employed Neighborhood Search Operations
Search type Selection probability Neighborhood operation

Add Dadd Let closed DC open.
Subtract Dsubtract Let open DC close.
Swap Dswap Let closed DC open and open DC close.

2. Methodology

2.1 Multi-objective Model in the Horizon of Strategic Planning

We have extended static or single-term expansion to deal with multi-objective problems in a practical
way. By using the existing DC inventory to draw down periods (inventory system management), we can
expect to have significant effects on strategic decision-making.

After that, we have mathematically formulated the problem as a mixed integer programming problem as
stated below. The objective function consists of the total transportation cost between each facility, the
total production cost in the factory and the total operating cost in each facility, the total DC holding cost

in the planning horizon, and the total fixed cost for open space.
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On the other hand, constraints require responding to the demand of each customer in each period.
Capacity limit per DC per period. Upper and lower bounds on the ability to produce each computational
item per cycle and the material balance per DC per cycle. In addition, non-negative conditions are
imposed on material flow and binary conditions on open/close selection. Finally, the model has problem
size as: the number of integer variables J, continuous variables T (IJ+J2+JK+IK+J) and constraints
T(2I+2J+K) denoted by I, J, K Is. and T represent the number of plants, DCs, customers and conditions,
respectively.

2.2 Integrative Hybrid Search for Multi-objective Transport

Under the multi-objective condition, the lower-level subproblem of integrative combinatorial search must
determine the network paths for each epoch. It refers to a linear program whose coefficient matrix
becomes block-diagonal in almost every term and expands rapidly with the number of terms known in

the above expression.

(@) (k)

Fig3 Transformation procedure to aggregate MCF graph for three-term problem:
()& dd edges for inventory, andb) Final stage

Table 2. Labeling on the Edge
EdgeID Cost Capacity Description
#1 0 Yeeryier P source—Y.

#2 Cf P! - P/ source — plant i (period f)
#3 Cf P/ Y —plant i (period #)
#4  Ei 0 plant i —DC (period f)
#5 Hf U/ between doubled nodes representing DC
#6  Ej 0 DCj—DCj’ (period t)
#1  Eu! 0 DC j—customer k (period f)
#8  Eu 0 plant i —customer & (period ¢)
#9 D D¢ customer k— sink (period ¢)
#10 K 0 stock at DC j (period f)
15
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Noticing a special topological structure associated with the minimum cost flow problem, however, we
can present a smart procedure to transform the bulk original problem into a compact form as follows:
Step 1: Every period, place the nodes that stand for plant, DC (doubled), and customer. Next, virtual
nodes termed source, Y, and sink are placed at the top and the bottom, respectively. Then connect the
nodes between source and )’ (#1), source and plant (#2), > and plant (#3), up and down DC nodes (#5),
and customer and sink (#9). This results in the graph as depicted in Figure 3 (a).

Step 2: Letting z be the total amount of customer demand over planning horizon,

=>ey ke k Dy, flow this amount into the source, and flow out from the sink.

Step 3: To constrain the amounts of flow, set the capacities on the edges identified by #1, #2, #3, #5 and
#9 as each in “Capacity column” in Table 2. Apparently, there never induce any costs on edge #1 and #9
for the connections.

Step 4: To allow the stock at DC, add the edges from down-DC node to up-DC node in the next period
(#10) as shown in Fig.3 (a). For the labeling, see the “#10” row of the table.

Step 5: Connect the edges between plant and DC (#4), DC and DC (#6), DC and customer (#7) and plant
and customer (#8) every period.

Step 6: Finally, place the appropriate label on each edge.

From all of these, we have the final graph as shown in Fig.3 (b) that makes it possible to still apply the
graph algorithm like CS2 (Goldberg, 1997). Consequently, we can solve the extensively expanded

problem extremely fast compared with the linear programs.

3. Result

3.1 Numerical Test (Quantitative)

3.1.1 Preliminary Tests

In long-term planning, a strategic or conceptual decision is often made based on average values rather
than a dynamic model. This is equivalent to saying that we are trying to obtain only a vision of a static
or single-objective problem whose parameters fluctuate over the planning horizon as demand in reality.
To verify the advantage of considering the dynamic model that uses stocks in DC, we first compared the
results between the single-objective (average) model and the multi-objective model using small-size
benchmark problems. In Table 3, we summarize the results obtained in terms of demand deviation. Hence,
we know that the dynamic model can derive decisions with a lower total cost (the value of the average
model is shown as a rate relative to the multi-period model of one hundred). In particular, it is noteworthy
that the average model includes an infeasible solution to demand deviations, while the multiperiod model
always copes with the situation through inventory management. For example, as shown in Figure 4,
proper production planning is carried out and the stock in DC is used to meet customer demands that

have changed beyond the production capability of the factory.
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Table 3. Effect of Dynamic Model
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Figure 4. Role of Inventory in Multi-term Planning

Table 4. Computation Environment for Numerical Experiments

Method CPU type Memory (0N
CPLEX Pentium4 3.0 GHz 512 MB Windows XP
This work Pentium4 3.0 GHz 512 MB Debian 3.0

3.2 Evaluation and Analysis of the Proposed Algorithm

From the current topics, it is interesting to check the effectiveness of the proposed method in terms of
problem size. Each result of the proposed method is averaged in five experiments. In Table 4, we
summarize the computational environment for the present numerical experiments.

Figure 5 compared the CPU times over the number of planning horizons between the proposed method
and CPLEX 9.0 (the parameters determining the problem size are set as [=2, J=25, and K=30, and several
problem sizes are shown there.). There, we can observe that the CPU time of the proposed method

increases almost linearly while exponentially for CPLEX.

Table 5. Comparison with Commercial Software
Term CPU time [s] Rate*
CPLEX  Hybrid

1 0.91 0.14  1.0000

5 10.50 0.84 1.0000

10 33.66 1.82  1.0000
17
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25 138.83 5.88  1.0000
50 904.26 1742 1.0000
75 1648.20 27.12  1.0000
100 3782.88 34.23  1.0000

As shown in Table 5, the proposed method can achieve the same CPLEX (hypothetical optimal) results
with much shorter CPU times for every problem in the range we can compare. For each, the gap between
the MIP and its LP reduction problem remained roughly constant, say 8-10%, but the load rate (CPU

time) increased significantly (but not as quickly) with this term.
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From these numerical experiments and quantitative calculations, the proposed method is expected to
achieve a high approximation speed even for larger problems and is promising for real-world applications

in business and production space.

4. Discussion

This paper is concerned with a multi-objective logistics optimization problem by extending a two-level
method called integrative combinatorial search previously developed by the author. For this purpose, the
author has devised a systematic method to transform the mathematical planning model into a manageable
compact graph model for the inventory system in the strategic planning horizon. This enables us to solve
a long-term logistics network optimization problem that no other method has ever tackled. Numerical
experiments and mathematical calculations showed that such an inventory control system can have an
economic effect and robustness against demand deviations. Also, the validity of the proposed method

was shown in comparison with commercial software.
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