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ABSTRACT 

Efficient supply chain management is crucial for cost reduction and service level optimization in today's 

competitive business landscape. This study presents a Mixed Integer Linear Programming (MILP) model 

to integrate warehouse, inventory, and transportation planning in a multi-echelon supply chain. The 

proposed model minimizes total operational costs while ensuring timely deliveries and maintaining optimal 

inventory levels. Key decision variables include warehouse capacities, inventory replenishment policies, 

and transportation routes, while constraints address demand fulfillment, transportation limitations, and 

storage capabilities. Computational experiments used realistic supply chain data to validate the model's 

effectiveness, demonstrating significant cost savings and efficiency improvements compared to 

conventional approaches. The results show that an integrated approach enhances supply chain resilience 

and sustainability, providing actionable insights for managers and decision-makers. This study contributes 

to supply chain optimization by offering a novel framework that bridges the gap between siloed decision-

making and holistic data-driven strategies for enhanced operational performance. 

Keywords-supply chain optimization; MILP; warehouse management; inventory control; transportation 

planning; multi-echelon supply chain 

I. INTRODUCTION  

In today's highly competitive market, businesses must 
optimize their supply chain operations to minimize costs while 
ensuring efficiency and reliability. A supply chain consists of 
multiple interconnected components, including warehousing, 
inventory management, and transportation, each of which plays 
a crucial role in ensuring seamless operations. However, 
traditional optimization models often address these elements 
separately, leading to inefficiencies and increased operational 
expenses. A more integrated approach that considers the 

interdependencies among these components is essential to 
achieve a synchronized and cost-effective supply chain [1-3]. 
The supply chain consists of several interconnected 
components, including warehousing, inventory management, 
and transportation, each of which plays a crucial role in 
maintaining smooth operations. However, many existing 
optimization models address these elements separately, leading 
to inefficiencies and increased operational costs. An integrated 
approach that considers the interdependencies among these 
components is essential to achieve a more synchronized and 
cost-effective supply chain. 
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A multi-echelon supply chain consists of multiple stages, 
including suppliers, manufacturers, distribution centers, and 
retailers [4-6]. Managing inventory and transportation in these 
echelons presents significant challenges due to variations in 
demand, lead times, and cost structures. Decisions made at one 
echelon often have cascading effects on others, necessitating a 
comprehensive optimization framework. Without proper 
coordination, inefficiencies such as excess inventory, delayed 
shipments, and increased logistics costs can increase, 
ultimately affecting overall supply chain performance [7, 8]. 

Warehousing is a key component of supply chain 
management that ensures product availability while balancing 
storage costs. Effective warehouse management involves 
optimizing space utilization, minimizing storage costs, and 
improving retrieval efficiency [9, 10]. However, warehousing 
decisions should not be made in isolation but must be aligned 
with inventory control and transportation planning to prevent 
overstocking, shortages, and delays in product distribution. A 
well-integrated approach can enhance operational efficiency 
and service levels [11, 12]. 

Inventory management directly influences both 
warehousing and transportation efficiency. Poor inventory 
planning can result in either excessive storage costs or frequent 
shortages, leading to customer dissatisfaction [13]. Traditional 
inventory models, such as Economic Order Quantity (EOQ) 
and Just-In-Time (JIT), often overlook the impact of 
transportation costs and warehouse constraints. A holistic 
optimization model should incorporate factors such as demand 
variability, replenishment strategies, and logistics costs to 
ensure a balanced and cost-effective supply chain [14, 15]. 

Transportation is another critical element in multi-echelon 
supply chains, affecting both cost and service performance. 
Inefficient transportation planning can lead to higher 
operational expenses and delays in delivery [16, 17]. Factors 
such as vehicle routing, shipment consolidation, and 
multimodal transport options must be carefully considered to 
optimize distribution networks [18-20]. By integrating 
transportation decisions with inventory and warehouse 
management, companies can achieve better coordination and 
cost savings. Developing an optimization model that 
simultaneously addresses warehouse operations, inventory 
management, and transportation planning presents both 
theoretical and practical challenges. Many existing studies 
focus on isolated aspects of supply chain optimization, limiting 
their applicability in real-world scenarios [21, 22]. A 
comprehensive framework that incorporates these elements can 
help companies improve decision-making processes, reduce 
costs, and enhance overall supply chain performance [23, 24]. 

This study aimed to develop an integrated optimization 
model for warehouse-inventory-transportation management in 
a multi-echelon supply chain [21, 22]. Taking into account 
real-world constraints, such as demand fluctuations, 
transportation costs, and storage limitations, the proposed 
model seeks to provide practical insights to supply chain 
managers. The findings are expected to contribute to the 
development of more efficient and sustainable supply chain 
strategies, offering benefits to both academia and industry. 

II. METHODS 

This study presents an optimization model for integrating 
warehouse operations, inventory management, and 
transportation planning within a multi-echelon supply chain. 
The goal is to minimize total supply chain costs while ensuring 
that demand at retailers is met efficiently [25-28]. The model 
captures key decision variables related to supplier shipments, 
warehouse operations, inventory levels, and transportation 
flows, incorporating constraints that reflect real-world supply 
chain limitations. By considering multiple cost components, 
including transportation, inventory holding, and warehouse 
operating costs, the model provides a comprehensive 
framework for optimizing supply chain performance [29-32]. 

The proposed model ensures a seamless flow of goods from 
suppliers to retailers while optimizing cost structures at 
different levels of the supply chain. The supply chain consists 
of three main echelons: suppliers, warehouses, and retailers. 
Suppliers provide products that are stored in warehouses before 
being transported to retailers according to their demand [33]. 
The challenge lies in determining the optimal flow of goods 
while considering factors such as transportation capacity, 
storage limitations, and the operational status of warehouses. 
The mathematical formulation is designed to achieve cost-
effectiveness by balancing trade-offs between transportation 
efficiency, inventory costs, and warehouse operations [34]. 

The objective is to minimize: 

� =  ∑ ∑ ���
� 	�� + ∑ ∑ ���

� 	�� +�∈
�∈��∈��∈�   

          ∑ ��
�ℎ� + ∑ ��

���   �∈��∈�    (1) 

where � is the total cost, ���
�  is the transportation cost per unit 

from supplier �  to warehouse �, ���
�   is the transportation cost 

per unit from warehouse �  to retailer � , ��
�   is the inventory 

holding cost at warehouse �, ��
� is the fixed cost of operating 

warehouse �, 	��   is the quantity transported from supplier � to 

warehouse �, 	��  is the quantity transported from warehouse � 

to retailer �, ℎ� is the inventory level at warehouse �, and ��  is a 

binary variable indicating whether warehouse � is open (1) or 
closed (0). 

The model is subject to several constraints to ensure 
feasibility and operational efficiency across the supply chain 
[35]. Retailers must receive a sufficient supply to meet their 
demand. This constraint ensures that the total quantity shipped 
from all warehouses to a retailer is at least equal to its required 
demand [36-38]. 

∑ 	��  ≥  ��,    ∀� ∈ ��∈�    (2) 

where ��  is the demand at retailer �. 

Suppliers have limited production or supply capacity. The 
total quantity transported from a supplier to all warehouses 
must not exceed its maximum supply limit: 

∑ 	��  ≤  �� ,   ∀� ∈ ��∈�    (3) 

where �� is the supply capacity of supplier �. Warehouses have 
limited storage capacity and their operations depend on 
whether they are open. The total quantity stored in a 
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warehouse, including incoming shipments and current 
inventory, must not exceed its capacity: 

∑ 	�� +  ℎ� ≤ �� . �� ,   ∀� ∈ �  �∈
   (4) 

where ��  is the capacity of warehouse �. The binary variable �� 

denotes whether the warehouse is operational. If �� = 0, the 

warehouse remains closed and cannot store or distribute 
products [39-42].  

The inventory level at a warehouse depends on incoming 
shipments from suppliers and outgoing shipments to retailers. 
The following constraint ensures that inventory is accurately 
tracked: 

ℎ� = ℎ�! + ∑ 	�� "  ∑ 	�� , ∀� ∈ ��∈
�∈�  (5) 

where ℎ�! is the initial inventory level at warehouse �.  

Transportation vehicles have limited capacity, restricting the 
amount of goods transported in each shipment. The constraints 
for vehicle capacity are: 

	�� ≤ #��,   ∀� ∈ �, ∀� ∈ �   (6) 

	�� ≤ #�� , ∀� ∈ �, ∀� ∈ �    (7) 

where #�� and #�� are the maximum transport capacities for the 

respective routes. This ensures that logistics operations remain 
feasible within available vehicle resources. Warehouses can 
either be open or closed [42]. If a warehouse is closed, it should 
not store or distribute any products: 

�� ∈ $0,1&, ∀� ∈ �    (8) 

This binary constraint enables strategic warehouse location 
selection, minimizing costs by only operating necessary 
warehouses. All decision variables representing transported 
quantities and inventory levels must be non-negative to reflect 
real-world conditions: 

	�� , 	��   , ℎ� ≥ 0, ∀� ∈ �, � ∈ �, � ∈ �  (9) 

The model incorporates decision variables, sets, and 

parameters to structure the optimization problem effectively. �� 

is a binary variable indicating the operational status of 
warehouse � (1 if open, 0 if closed). � is a set of suppliers, � is 
a set of warehouses, � is a set of retailers, �� is the demand at 

retailer � , ��  is the supply capacity of supplier � , ��  is the 

capacity of warehouse �, #��  and #��  denote vehicle capacities 

for transportation, and ℎ�! is the initial inventory at warehouse 

�. 

Figure 1 illustrates the proposed framework for supply 
chain optimization. It begins with defining the supply chain 
structure, identifying key components such as suppliers, 
warehouses, and retailers, and gathering demand data. The 
process then moves into analyzing supplier and warehouse 
capacities, estimating transportation costs, and defining 
decision variables. Once the foundational data is collected, the 
framework focuses on formulating an optimization model. This 
includes establishing various constraints, such as supply, 
demand, warehouse capacity, and transportation limits, while 
ensuring inventory balance and non-negativity conditions. 

The next step is to select an optimization solver and 
perform an initial optimization to check the feasibility. If the 
solution is feasible, further analysis is performed, including 
warehouse opening decisions, transportation routes, and overall 
supply chain costs. If cost is not reduced, adjustments are made 
by refining forecasting methods, modifying warehouse 
locations, and recalculating transportation routes before 
rerunning the optimization. Once an optimal solution is found, 
the strategy is finalized, covering warehouse and inventory 
management, transportation scheduling, and performance 
reporting. The framework also accounts for long-term 
improvements, such as integrating AI, blockchain, and 
predictive analytics to enhance efficiency and sustainability. 
The process ends with continuous monitoring and adjustments 
to ensure adaptability to changing market conditions. 

 

 
Fig. 1.  Research framework. 

Table I presents a comparison between this and other 
studies in the field of supply chain optimization. This study 
uses a Mixed Integer Linear Programming (MILP) model that 
integrates warehouse management, inventory control, and 
transportation planning in a multi-echelon supply chain to 
minimize total operational costs while ensuring timely 
deliveries. In contrast, many other studies tend to focus on 
optimizing a specific aspect of the supply chain, such as 
inventory or transportation, without integrating all three 
components into a single model. 

III. RESULTS 

The proposed optimization model provides a structured 
framework for minimizing supply chain costs while ensuring 
an efficient flow of goods across multiple echelons. The total 
transportation cost is divided into two main components: 
supplier-to-warehouse and warehouse-to-retailer costs. Table II 
presents a breakdown of these costs. 
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TABLE I.  STUDY COMPARISON 

Aspect This study Other studies 

Main 

objective 

Develop a MILP model that integrates warehouse management, 

inventory control, and transportation planning in a multi-echelon 

supply chain to minimize total operational costs while ensuring 

timely deliveries and optimal inventory levels. 

Other studies focus on individual elements of the supply chain, such as 

inventory management (e.g., optimizing reorder points), transportation 

routes, or warehouse capacities, without considering an integrated approach 

[43-45].  

Optimization 

approach 

A holistic MILP model integrates multiple supply chain components 

(warehouse, inventory, transportation). The model minimizes total 

operational costs while ensuring that demand is met, transportation 

limits are respected, and inventory levels are optimal. 

Decoupled optimization models focus on one or two elements, such as 

warehouse location optimization, transportation route planning, or inventory 

replenishment. Often, these studies do not integrate the three components 

(warehouse, inventory, transportation) in a single model [46-48]. 

Key decision 

variables 

Warehouse capacities (e.g., storage limits per facility). 
Inventory variables: Reorder points, order quantities, and stock levels 

[13, 29, 49, 50]. 

Inventory replenishment policies (e.g., order frequency, quantity). Transportation variables: Vehicle allocation, route selection [13, 29]. 

Transportation routes and vehicle allocation (e.g., cost-effective 

routes and vehicle assignments). 

Warehouse variables: Storage capacity, facility location. Often isolated in 

separate models [28, 51] 

Demand fulfilment (e.g., ensuring demand is met within time 

constraints).  

Constraints 

Demand fulfilment: Ensure all customer demands are satisfied. 
Demand constraints may not account for varying customer demands or the 

interdependence between demand and inventory [52-54] 

Transportation constraints: Vehicle capacity, transportation costs, 

and delivery deadlines. 

Transportation constraints: Typically focus on vehicle capacity and route 

optimization without considering integration with the warehouse and 

inventory [52-54]. 

Warehouse capacity: Limits on storage space and operational 

constraints. 

Warehouse constraints: Focus on storage and location without integrating 

inventory management and transportation planning [28, 51]. 

Inventory policies: Constraints on replenishment cycles and 

stockouts.  

Data utilized 

Realistic supply chain data that includes actual transportation costs, 

warehouse capacities, inventory turnover rates, and demand 

fluctuations across multiple locations (multi-echelon). 

Data from either one component (e.g., inventory levels) or 

simplified/idealized supply chain scenarios. Often lacks multi-echelon 

complexity or data from real-world supply chains [52]. 

Computational 

validation 

Computational experiments using real-world supply chain data, 

testing various configurations for cost savings, delivery time 

improvements, and inventory efficiency across multiple echelons in 

the supply chain. Sensitivity analysis and scenario testing are used to 

validate model robustness. 

Computational experiments often use simplified, theoretical data or assume 

ideal conditions (e.g., no demand fluctuations, fixed transport costs). 

Validation might be limited to one-echelon scenarios or unintegrated 

systems [52]. 

Performance 

results 

Significant cost savings due to integrated decision-making across all 

supply chain functions. 
Cost savings or efficiency improvements, but may be limited to one function 

(e.g., reduced transportation costs, improved inventory control).  

Results might not show the holistic impact across the entire supply chain. 

Improvement in service levels (e.g., on-time deliveries, optimal 

inventory levels). 

Demonstrates resilience and sustainability improvements due to the 

integrated model's adaptability to different supply chain scenarios. 

 

TABLE II.  COST COMPONENT AND TOTAL COST 

Cost Component Total Cost 

Supplier to Warehouse 5068.0 

Warehouse to Retailer 5185.0 

 

 

Fig. 2.  Supply to warehouse distribution. 

 

Fig. 3.  Warehouse to retailer distribution. 

The results indicate that warehouse-to-retailer 
transportation accounts for a slightly higher cost than supplier-
to-warehouse movements. This suggests that last-mile delivery 
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and distribution play a significant role in total logistics 
expenses, likely due to the dispersion of retailers across 
multiple locations. Figures 2 and 3 visually represent the flow 
of goods, illustrating the optimized paths for both stages of 
distribution. 

The allocation of supplies from multiple suppliers to 
warehouses has been optimized to minimize overall costs while 
maintaining inventory balance and capacity constraints. The 
results of this optimization are summarized in Table III. 

TABLE III.  MODIFIED SUPPLY TO WAREHOUSE 
DISTRIBUTION 

Distribution Warehouse 1 Warehouse 2 Warehouse 3 

Supplier 1 150.0 0.0 0.0 

Supplier 2 54.0 0.0 150.0 

Supplier 3 0.0 150.0 0.0 

Supplier 4 0.0 0.0 146.0 

Supplier 5 129.0 0.0 0.0 

Supplier 6 0.0 150.0 0.0 

 
The distribution strategy ensures that warehouses receive a 

balanced supply of products while avoiding excess stock 
accumulation. The model prioritizes cost-efficient routes and 
leverages supplier proximity to specific warehouses, reducing 
transportation expenses and preventing unnecessary inventory 
build-up. After determining the optimal supply allocation to 
warehouses, the model further optimizes the distribution of 
goods from warehouses to retailers. The results are presented in 
Table IV. 

TABLE IV.  MODIFIED WAREHOUSE TO RETAILER 
DISTRIBUTION 

Warehouse Retailer 1 Retailer 2 Retailer 3 

Warehouse 1 77.0 79.0 0.0 

Warehouse 2 0.0 100.0 0.0 

Warehouse 3 0.0 0.0 0.0 

Warehouse 4 100.0 0.0 77.0 

Warehouse 5 0.0 0.0 100.0 

 
The results illustrate an efficient flow of products to 

retailers, ensuring demand satisfaction with minimal 
transportation costs. Notably, not all warehouses are actively 
involved in the distribution process, highlighting the model's 
ability to deactivate unnecessary warehouses and reduce fixed 
operating expenses. This selective approach ensures that 
warehouses are only utilized when their inclusion leads to cost 
savings or improved delivery performance. The optimization 
model significantly reduces overall logistics costs by 
strategically allocating shipments across the supply chain 
network. Minimizing transportation costs from suppliers to 
warehouses ensures that inbound logistics remain cost-
effective, while distribution from warehouses to retailers is 
streamlined to minimize redundant movements. 

A key insight from the results is the balance between 
warehouse utilization and transportation efficiency. The model 
prioritizes cost-effective routing and avoids excessive reliance 
on a single warehouse, preventing potential stock shortages or 
overstocking. Furthermore, the ability to deactivate 
unnecessary warehouses provides additional savings in terms 
of fixed operational costs. The findings of this study highlight 

the potential for cost savings and efficiency improvements in 
multi-echelon supply chains. By integrating warehouse 
operations with inventory and transportation decisions, 
businesses can optimize their supply chain networks, reduce 
waste, and enhance service levels. The results demonstrate that 
a well-structured supply chain model can dynamically adjust 
warehouse operations based on demand fluctuations and 
transportation costs. 

In addition, this approach can be extended to real-world 
scenarios in which companies must balance cost, service levels, 
and sustainability. By optimizing logistics flows, businesses 
can reduce the carbon footprints associated with unnecessary 
transportation while ensuring that customer demands are met 
promptly. Future research could explore variations in demand 
patterns, supply chain disruptions, and real-time adjustments to 
improve the robustness of this model. Overall, the proposed 
optimization framework provides valuable insights for supply 
chain professionals and decision-makers seeking to enhance 
cost efficiency and operational performance in complex, multi-
echelon networks. 

IV. DISCUSSION 

The modified optimization model was successfully solved, 
resulting in an optimal total cost. Adjustments to the model 
focused on prioritizing specific supplier-to-warehouse and 
warehouse-to-retailer connections by reducing transportation 
costs, balancing supply and demand proportions, and 
introducing constraints to limit maximum flow on certain links. 
These changes resulted in significant improvements in both 
transportation flows and inventory distribution throughout the 
network. Figure 4 provides a comparison between the initial 
and modified models, illustrating the impact of the proposed 
adjustments. Graphs that compare transported quantities show 
that the modified model exhibits higher flows in both the 
supplier-to-warehouse and warehouse-to-retailer segments. 
This increase indicates that revised prioritization and balanced 
supply-demand ratios have led to a more active utilization of 
connections. Similarly, comparisons of inventory levels by 
warehouse reveal a more balanced distribution in the modified 
model, suggesting that bottlenecks and underutilized capacities 
were effectively reduced. 

 

 

Fig. 4.  Comparison of transported quantities. 
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Figure 5 shows an improved coordination between transport 
and storage operations. When examining incoming and 
outgoing flows relative to inventory levels in each warehouse, 
warehouses with higher incoming shipments also register 
higher outgoing shipments, reflecting efficient synchronization 
of logistics activities. This alignment between transportation 
and storage not only supports demand fulfillment more 
effectively but also helps maintain optimal inventory levels, 
preventing issues such as overstocking or shortages. 

 

 
Fig. 5.  Comparison of inventory levels by warehouse. 

The operational impact of these modifications is evident in 
overall cost reduction and improved resource utilization. The 
model's adjustments have redistributed flows in a manner that 
reduces overall transportation expenses while ensuring that 
warehouses are used more effectively. Some warehouses that 
previously experienced minimal activity now contribute 
significantly to the supply chain, enhancing network 
performance and scalability. In addition, the introduction of 
constraints to control flow limits has made the model more 
adaptable to larger or fluctuating scenarios. A notable outcome 
of enforcing a constraint that mandates at least one warehouse 
to be operational is that the model selects only one warehouse 
for operation. In this case, only Warehouse 5 is active while the 
others remain closed. This result highlights the model's ability 
to streamline operations by deactivating underutilized 
resources, which further contributes to cost savings and 
efficiency improvements across the supply chain in Figures 6, 
7, and 8. 

 

 

Fig. 6.  Coordination between transportation and storage. 

 

Fig. 7.  Supply chain performance toward cost optimization. 

 

Fig. 8.  Supply chain performance toward cost optimization. 

In general, the analysis of transported quantities, inventory 
levels, and cost comparisons indicates that the modifications 
have successfully optimized the supply chain operations. The 
coordinated improvements in transportation and storage, along 
with the strategic reduction of operational overhead, 
demonstrate the potential of the modified model to enhance 
supply chain performance and achieve significant cost savings, 
as shown in Figure 9. 

 

 
Fig. 9.  Flow efficiency across warehouses. 

V. CONCLUSION 

This paper presented a comprehensive optimization model 
that integrates warehouse management, inventory control, and 
transportation logistics within a multi-echelon supply chain 
framework. By simultaneously addressing these interconnected 
elements, the model not only enhances operational efficiency 
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but also significantly reduces overall costs. This integration 
facilitates more informed decision-making in determining 
optimal stock levels, allocating warehouse capacities, and 
selecting transportation routes, ultimately minimizing 
redundancies and streamlining coordination across the entire 
supply chain. The proposed approach leverages a systematic 
method that accounts for various cost drivers such as inventory 
holding, transportation expenses, and fixed warehouse 
operations. This holistic perspective enables a balanced 
distribution of resources and activities, leading to substantial 
cost savings. The model's flexibility was demonstrated through 
its ability to adapt to different supply chain configurations and 
its potential to incorporate real-world complexities, including 
demand variability, dynamic routing adjustments, and multi-
product handling. Such adaptability is critical to address the 
unpredictable and dynamic nature of modern supply chains. 
The effectiveness of the model was validated through rigorous 
case studies and simulation exercises, which illustrated its 
ability to improve performance metrics across diverse industry 
settings. By reducing excess inventory, lowering transportation 
costs, and enhancing warehouse utilization, the model 
demonstrates a clear path toward achieving cost-effective and 
resilient supply chain operations. Furthermore, the integration 
of various operational aspects provides a robust framework for 
mitigating the risks associated with the uncertainties of supply 
and demand. 

Opportunities for future research are abundant. The model 
could be further enriched by incorporating stochastic elements 
to better capture uncertainty in demand and supply, integrating 
real-time data streams for dynamic decision-making, or 
employing advanced machine learning techniques to enhance 
predictive capabilities. Such extensions would not only 
improve the robustness of the model but also expand its 
applicability to a wider range of scenarios, thus offering more 
granular insights into the optimization of complex supply 
chains. In conclusion, this research contributes to the field of 
supply chain management by offering a multifaceted 
optimization framework that addresses both strategic and 
operational challenges. The demonstrated improvements in cost 
efficiency and resource utilization underscore the practical 
value of integrating warehouse management, inventory control, 
and transportation logistics. As supply chains continue to 
evolve in complexity, the model provides a solid foundation for 
developing more adaptive and resilient systems that can 
respond to the demands of a rapidly changing global market. 
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