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Abstract. The objective of this study is to optimize the lot sizes for three different 

products based on storage cost, set up cost and logistic key performance indica-

tors (KPIs) such as delivery reliability. Two methods including a mathematical 

model and the static method of Andler’s lot size were originally used to solve this 

problem. However, both methods produce lot sizes that underperform according 

to logistic KPIs. For that reason, a simulation considering dynamic behavior and 

logistic performance is developed to heuristically optimize the lot sizes while 

being restricted to a minimum standard of delivery reliability. The study indicates 

that modifying the lot sizes will improve the logistic performance without in-

creasing the total costs drastically. Compared to Andler’s static method, the heu-

ristically-optimized lot sizes show an average increase of the delivery reliability 

by 7% and a reduction of the total cost by 13%. Throughput time was raised by 

more than 25% and the utilization elevated by 4%. 

Keywords: Lot sizing, Simulation, Logistic objectives 

1 Introduction 

A lot size can be defined as the number of identical products processed on a production 

system without interruption [1]. If multiple products must be manufactured on the same 

machine and set ups are necessary, lot sizes should be determined to reduce set up times 

and total costs. A large lot size is accompanied by high storage costs throughout the 

supply chain. Thus determining economical lot sizes is a key task of production plan-

ning, control and remains a relevant issue in manufacturing [2]. This administrative 

task becomes apparently critical when considering capacity restrictions, time-variant 

demand and the increasing number of products and product variants. Also, the large 

volume of scientific research on solving lot sizing problems indicates the pertinence of 

this topic. The methods developed to address the lot sizing problem diverge in several 

directions, but they all strive to minimize the total set up and storage costs for a given 

demand. This study will add the logistic KPI delivery reliability to the problem and 

optimize the lot size to achieve 80% or higher delivery reliability.  
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In the subsequent section, three different approaches for calculating lot sizes are pre-

sented including the static lot size calculation, a mathematical model and the discrete 

event simulation. The characteristics of the production system are described in section 

three. The superiority of the heuristic optimization approach is demonstrated in a com-

parison of all three approaches in section four. Section five concludes the study and 

outlines future research possibilities.  

2 Utilized approaches 

In numerous cases, Operations Research methods regarding the calculation of lot sizes 

are based on the Wagner-Whitin-algorithm [3] which is built on dynamic demands. 

These lot sizing models are categorized by a large number of characteristics including 

the number of products, the set up and shortage structure, capacity and resource re-

strictions, the number of levels and the planning horizon [4]. In the area of production 

planning and control, the base models by Harris [5] and Andler [6] were extended using 

logistic costs to develop new models. 

Static lot size calculations are often used to show the general correlation between lot 

sizes and costs. Mathematical formulations provide a way to consider the interactions 

of different products while focusing on machine capacity. With an increasing time 

frame duration, rising number of product variants and representing real life scenarios, 

the complexity of the model increases. It is NP-hard after all. Additionally, discrete 

event simulations offer the possibility to evaluate dynamic system behavior based on 

the interactions of the generated agents. Combining the static calculations with dynamic 

system behavior and the implemented heuristic optimization provides the framework 

to conduct further analyses. In this study, the simulation model is also designed to eval-

uate logistic KPIs including delivery reliability.   

2.1 Static lot size calculation 

The multi-criteria lot sizing model by Münzberg [7] provides the general idea for the 

conducted study. Based on the models provided by Andler and Harris, Münzberg pro-

poses a logistic cost factor (LF) representing the increased cost for storage to improve 

logistic performance and reduce lot sizes. In this approach, the logistic objectives in-

clude work-in-process, throughput time, schedule reliability and flexibility. The objec-

tives are also considered logistic costs and are calculated to determine the economical 

and logistical optimal lot size from the LF and defined storage costs. The economic and 

logistical optimal lot size 𝑋𝑜𝑝𝑡 used in this model can be determined mathematically as: 

 𝑋𝑜𝑝𝑡 =  √
2 ∙ 𝑠𝑒𝑡𝑢𝑝 𝑐𝑜𝑠𝑡𝑠 ∙ 𝑑𝑒𝑚𝑎𝑛𝑑

𝐿𝐹 ∙ ℎ𝑜𝑙𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 ∙ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡
 (1) 

Münzberg discussed the estimation of the LF in great detail. The model can be used to 

identify the primary correlations between the lot size and the logistic objectives, but 

does not consider the secondary effect between the numerous different products inter-

acting within the production system.  
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2.2 Mathematical model for the lot sizing problem 

The mathematical model of the proportional lot sizing problem is based on the approach 

by Drexl and Haase [8]. The goal is to find a policy that minimizes the average set up 

and storage costs in a long-term case. The following assumptions were made:  

(1) The planning horizon is finite and all jobs are on the same priority level. 

(2) The demand of each product in each time period is a discrete random variable 

based on a known overall percentage distribution between the products. 

(3) All products are produced on a line with individual operation times. 

(4) The set up costs and times of each product are known and not sequence depend-

ent. The set up state can only be changed once during a period, but can be trans-

ferred into the next period. 

(5) The storage costs vary for each product, but stay constant over all periods. 

(6) The production of each product is independent from the other products and there 

is no delay from primary stages. 

(7) The machine time is fixed and known, regardless of the percentage of use. 

 

Notation 

It is assumed the mathematical model for the lot sizing problem was developed using 

the following notations: 

 

Input data                  Indexes and sets 

𝑑𝑝,𝑡   demand of product p in period t       𝑝 = 1, … , 𝑃  product 

𝑠𝑐𝑝   set up costs for product p         𝑡 =  1, … , 𝑇  period 

𝐼𝑝,𝑜    initial inventory of product p  

𝐼𝑝,𝑇+1   final inventory of product p 

𝑜𝑡𝑝   operation time of product p 

𝐶𝑡𝑡   machine time capacity in period t 

ℎ𝑐𝑝,𝑡   unit inventory storage cost of product p in period t 

 

Decision variables 

𝑋𝑝,𝑡 ≥ 0   production of product p in period t 

𝐼𝑝,𝑡 ≥ 0    inventory of product p in period t 

𝑦𝑝,𝑡 ∈ {0,1}  binary set up variable, 1 if product p is set up in period t, 0 otherwise 

𝛿𝑝,𝑡 ∈ {0,1} set up state variable, 1 if at the end of period t product p is set up, 0 

otherwise 

 

Objective function 

Given the assumptions presented in section 1, the objective is to minimize the sum of 

the set up costs and logistics costs for all products over all periods. The objective func-

tion only focuses on satisfying the demand while minimizing the total costs. 

 min 𝑍 =  ∑ (𝑠𝑐𝑝 ∙  𝛾𝑝,𝑡) +  ∑ (ℎ𝑐𝑝,𝑡 ∙  𝐼𝑝,𝑡𝑝,𝑡 𝑝,𝑡 ) (2) 
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Inventory constraint 

The inventory constraint ensures the previous period’s inventory plus the current pe-

riod’s production will satisfy the demand. Considering the non-negative inventory in 

the current period, the production of a product can exceed the demand. This constraint 

must remain valid for all products and periods. 

 𝐼𝑝,𝑡−1  +  𝑋𝑝,𝑡 − 𝐼𝑝,𝑡 =  𝑑𝑝,𝑡   (3) 

Capacity constraints 

A constraint is necessary for capacity because machine time is limited in each period. 

The machine time capacity constraint guarantees the operation times for each product 

does not exceed the machine time capacity. Since the utilization ratio is not considered 

in this case, it is possible to have unused machine time. 

 ∑ (𝑜𝑡𝑝 ∙  𝑋𝑝,𝑡 + 𝑠𝑡𝑝 ∙  𝛾𝑝,𝑡 )  ≤  𝐶𝑡𝑡𝑝  (4) 

Set up constraints 

The first constraint indicates the machine must be in the set up state for a specific prod-

uct to produce it during the current period. This standard needs to be guaranteed for all 

products over all periods. The second constraint ensures a maximum of two products 

are produced during each period. It permits one set up per period stemming from the 

usage of micro periods. The last constraint shows that the set up state can be transferred 

from the previous period. 

 𝑋𝑝,𝑡  ≤  
𝐶𝑡𝑡

𝑜𝑡𝑝
 ∙ (𝛿𝑝,𝑡−1+ 𝛿𝑝,𝑡) (5) 

 ∑  𝛿𝑝,𝑡 𝑝 ≤  1  (6) 

 𝛿𝑝,𝑡− 𝛿𝑝,𝑡−1 ≤  𝑦𝑝,𝑡  (7) 

2.3 Discrete event simulation  

Simulation can be used to assist the planning of structures, processes and resources in 

a real factory [9] [10]. The simulation model establishes the impact of logistic objec-

tives and consequently is limited to logistic processes which feature an intense connec-

tion to material flow. 

The model is constructed using agent-based discrete event simulation with multiple 

variables for lot sizes enabling a perfect interaction with the optimization module. The 

optimization is conducted using the AnyLogic own optimization algorithm, minimizing 

the sum of storage- and set up costs. In this particular case, a restriction was introduced 

to achieve a reliability of approximately 80% delivery reliability. The authors con-

ducted a short preliminary study which discovered 1,000 iterations with 30 replications 

yield feasible results for the optimization of the production scenario detailed in this 

paper. Generally 30 replications are considered a sufficient number to prove signifi-

cance without extensive calculation time. 
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3 Production system and database 

In this study, a manufacturing system is analyzed which uses a mixed order handling 

strategy. The strategy, known from industry, is considered a make-to-order strategy 

with fixed lot sizes. In this scenario, the manufacturing systems does not have any 

safety stock.  

The customer places an order and expects the product to be delivered in 30 minutes 

or less. Each time an order is placed, a request to storage is initiated. A sufficient in-

ventory means the product is delivered straight to the customer. Otherwise, a new pro-

duction job is created if the inventory is too low and no job containing this product is 

in the system. It should be noted only the optimal lot size, or a multiple of it, can be 

produced. Finished products that are not required are placed in stock.  

To ensure a significant comparison with the other models, data used for the simula-

tion study is based on an example of the mathematical formulation presented by Drexl 

and Haase [8]. The overall demand, an average of 250 products per demand profile, and 

the percent distribution of three different products is known. Prior to every simulation 

run, a new demand profile is generated varying in amount and period the demand occurs 

making the input to the model different for every run. Due to the comparison with the 

mathematical model, no warmup phase is considered and the runtime of the model must 

be 660 minutes. The number represents a production day, 10 periods with a machine 

capacity of 60 minutes each. Table 1 shows the exact values for the single products. 

Table 1. Dataset for the simulation model 

 Product 1 Product 2 Product 3 

Average occurrence 60 % 30 % 10 % 

Set up costs per set up 10 € 30 € 25 € 

Storage costs per product and period  1.1 € 2 € 1.5 € 

Operation time per product 2 min 1 min 3 min 

4 Results 

In accordance with literature, the conducted study determines that lot size is not very 

cost sensitive for small deviations from the optimal value [11]. Furthermore, the study 

indicates that logistic KPIs are improved by a slight change of the lot size without a 

significant increase of the total costs.  

The lot sizes determined by Andler’s method, the mathematical model and heuristic 

optimization were recorded, compared and inserted into the simulation model. The sim-

ulation output includes values for the logistic objectives throughput time, delivery reli-

ability, utilization and the economical KPI “total cost”. On all defined products, the 

throughput time and distance to deadline were recorded for every order during the sim-

ulation.  
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The recorded KPIs, especially delivery reliability, have been increased in this study 

without raising the total cost substantially. The calculated lot sizes are presented in 

Table 2. For the dynamic optimized lot sizes generated by the mathematical model, no 

general lot size can be derived in that particular case. 

Table 2. Different lot sizing policies and the resulting logistic objectives. 

 Product 1 Product 2 Product 3 

Heuristic approach 29 27 14 

Andler’s lot size 17 16 10 

 

It is shown that the heuristic optimization approach uses larger lot sizes for all three 

products, ranging up to 70% larger lot sizes for product 1. This can potentially create 

large amounts of stored products and a reduced cumulative set up cost. In this case, the 

solution seems plausible due to low storage costs and a high one-time set up cost. The 

usage of a logistic factor, presented by Münzberg, would result in smaller lot sizes 

which contrasts to the heuristic solution. Possible reasons include order handling strat-

egy and neglecting safety stocks in the model presented in this work. 

For every lot sizing policy and the calculated lot sizes, multiple runs with different 

demand profiles were tested. Table 3 shows the mean output data of the simulation 

study which clearly shows the superior delivery reliability of the heuristically optimized 

lot size. Compared to the Andler’s lot size the reliability increased by 7% while reduc-

ing the total cost by 13%. On the other side, it increased the throughput time by more 

than 25% as well as the utilization by 4%. 

Table 3. Different lot sizing policies and the resulting logistic objectives. 

 Delivery 

Reliability  
Total Cost  Throughput time Utilization  

Mathematical model 69 % 364 € 26 min 66 % 

Heuristic approach 77 % 344 € 55 min 75 % 

Andler’s lot size 70 % 391 € 41 min 71 % 

 

After examining the interactions between the different lot sizes, a parameter variation 

experiment was conducted. The lot sizes of all three products were varied ranging from 

5 to 30 in single unit steps. The results are presented in Fig. 1. In the figure, four plots 

are presented showing the delivery reliability compared to throughput time in differing 

cost ranges. Although the markers are widely scattered, general trends are recognizable. 

Every plot shows convergence to a maximum which is close to the desired customer 

delivery time (CDT). If the throughput time is below the CDT, it can be expected that 

smaller lot sizes were produced. For that reason, the amount of products in stock is 

reduced occasionally resulting in unfortunate combinations of production sequences 

resulting in lower delivery reliability. With increasing throughput time, a trend of de-

creasing delivery reliability can be detected. This results from the larger lot sizes over-

loading and clogging the system.  
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With increasing total cost, the peak shifts to the right, representing higher throughput 

times. The trend, known from before, has a much steeper slope now. This could be 

caused by a clogged production system and an empty stock. 

 

 

Fig. 1. The mean values of the parameter study varying the lot sizes of all three products. Every 

marker represents a specific combinations of lot sizes and the resulting throughput time (TP), 

Total Cost (TC) and delivery reliability (Rel). The four categories are (a] < (b] < (c] < (d] with 

(279.097, 323.82] < (323.82, 368.364] < (368.364, 412.909] < (412.909, 457.454] 

 

Fig. 2. Impact of varying the lot size of product 1 on the schedule reliability. b and c are repre-

senting the lot sizes of the second and third product.  
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Furthermore, it can be seen in Fig. 2 that varying the lot size by one unit and keeping 

the rest of the parameters stable results in wavering delivery reliability. On special oc-

casions, a bad combination of lot sizes can reduce the schedule reliability down to 50%. 

In addition to that, the plots indicate a medium and low lot size for the third product 

resulting in better schedule reliability on average over varied lot size for product 1 

which matches the findings for the optimized lot size.  

5 Conclusion and future research 

The mathematical model shows that optimal lot sizing does not necessarily result in 

high logistic KPIs considering only the cost. Additionally, the study showed that the 

Andler lot size leads to increased performance with higher total cost. Optimizing the 

lot size to the specific scenario can increase the KPIs considering only a marginal raise 

in total cost. Based on the assumption that the order handling strategy is a mixture be-

tween make-to-stock and make-to-order and no safety stock is available, increasing the 

lot size can be useful to a certain extent. 

Given the fact that the model considers only a short time frame, ten periods repre-

senting one day of work, it can be expected the overall complexity will increase with 

longer time frames and more variants of products. The research presented in this paper 

provides the framework for a more detailed investigation on the effects of logistic KPIs 

to the lot size. Based on this, the simulation model can be adjusted by different aspects, 

for example job scheduling, transport and waiting processes.  
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