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Introduction

Management of an enterprise nowadays is certainly not among the most
manageable tasks. High market pressure, unpredictability, and the constant
volatility of the economic environment mean that companies are obliged to
continuously improve and optimize their processes. These actions aim not only
to reduce operational costs but also to shorten task completion times, improve
customer service quality, and increase the overall efficiency of operations
(Ivanov 2024; Stromberg 2024).

For commercial enterprises with their own warehouse, the ordering
process is an element ensuring the smooth functioning of the entire
organization. Proper planning and execution of orders have a direct impact on
maintaining an appropriate inventory level, timely customer deliveries, and
effective use of warehouse space. Even minor mistakes in this area can result
in delays, stock shortages, or overstocking, which negatively affect the
company’s financial results and customer satisfaction. For this reason, effective
management of the ordering process should be treated as a strategic priority,
requiring appropriate tools as well as the involvement and awareness of
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employees at every stage of order fulfillment (Ksigzek et al. 2017; Gdowska and
Ksigzek 2015).

This article examines a company operating as a distributor of industrial
automation equipment, currently facing significant challenges related to
elevated total inventory carrying costs. The organization lacks a formalized
approach to order planning and execution; the individual experience and
intuition of staff members primarily guide procurement decisions. In the
absence of standardized procedures, orders are frequently placed on an ad hoc
and irregular basis, without a comprehensive analysis of demand patterns,
sales forecasts, or associated operational costs. These practices contribute to
an increased risk of both stockouts and excessive inventory levels. The current
state underscores the need for the development and implementation of a data-
driven optimization method to structure the ordering process, reduce
associated costs, and enhance the operational liquidity of the organization (e.g.,
Ksigzek 2022; Korcyl et al.2016).

To meet these challenges, a mathematical model of the Uncapacitated Lot
Sizing Problem (ULSP) was applied to the company’s actual operational data.
This model allows for determining optimal order schedules to minimize the
total inventory holding and ordering costs (Kaczmarczyk 2011). As a result, it
is possible to determine the extent to which the implementation of ULSP-based
strategies can contribute to real cost savings in the analyzed company.

In this context, the central research question addressed in the study is:
What cost savings can be achieved through the application of the ULSP model to
the current ordering practices of the company under study?

The main contribution of this paper is the application of a mixed-integer
linear programming (MILP) mathematical model for the Uncapacitated Lot
Sizing Problem (ULSP) to real operational data of an enterprise, to determine
the optimal schedule of product orders from suppliers according to the
criterion of minimizing the total costs of inventory holding and order
placement.

Uncapacitated Lots-Sizing Problem Model

The Uncapacitated Lot-Sizing Problem is a dynamic lot-sizing task or lot-
sizing problem with unlimited resources (Pochet and Wolsey 2006). The
absence of order quantity and storage constraints characterizes it. This means
that in each period, any quantity of the product can be ordered. Its objective is
to minimize the total costs associated with ordering and inventory holding. The
demand for a given product is known in advance and deterministic.
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In relation to the specifics of the analyzed enterprise problem, the mixed-
integer linear programming (MILP) model for ULSP was extended to include a
set of products. The parameters and variables used in this study were
developed based on the description in Kaczmarczyk (2011). They were
appropriately adapted to the specifics of the analyzed problem to reflect its
nature and best fit the analytical requirements.

The objective function (1a) represents the total ordering and inventory
holding costs. The balance of inventory, demand, and production is described
by constraint (1b). Inventory at the end of the previous period, increased by
deliveries and reduced by the demand of the current period, equals the
inventory at the end of the current period. If the order quantity xj: is
determined, then an order yj: must also be scheduled for the given productjin
period t (constraint (1c)). The ordering cost is always charged for each period
in which the product is ordered. Table 1 presents the notation used for the
ULSP.

Table 1
Notation used for the ULSP

T = {1, .., n} - set of periods,

] = {1, .., m} - set of products,

djt— demand quantity for productj in period ¢,

C - ordering cost,

hj - unit inventory holding cost for product j,

Lo - initial inventory for productj,

Iix - inventory at the end of period ¢ for product j,

Xjt - order quantity of productj in period ¢,

Vit = 1 if an order for product j is scheduled in period t; 0 otherwise.

The MILP model based on the ULSP model tailored for the studied problem
was formulated as follows:

ZZ (€ yje + by - L) (1a)

JEJLET
Ij,t—l + xj,t — dj,t = Ij,t ]E ], te T, (1b)
Xt < Ajet Yie JEJ,tET, (1c)
Yit €01 JEJ,teT, (1d)
lje %0 2 0 jEJ, teT. (1le)
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Results and Discussion

The analyzed period covers 35 consecutive days, and the real data
concerns five products included in the assortment of the studied company. In
the adopted application of the ULSP model for order quantity planning in the
analyzed company, a planning horizon of seven days was assumed. The
enterprise being studied plans to implement a seven-day planning horizon in
its operational practice. Therefore, the calculations that were conducted were
based on this assumption to assess whether, using the ULSP model, a seven-
day planning horizon would allow for the reduction of total inventory holding
and ordering costs. The fixed ordering cost in this company is 300 PLN and is
the same for each product. The cost incurred by the company due to inventory
holding is 15% of the annual inventory value of a given product, which is
approximately 0.04% of the inventory value of the product at the end of each
day. The daily unit inventory holding costs and the initial inventory for each
product are presented in Table 2.

We assumed that the order quantity placed for a given product in a given
period is equivalent to its receipt in the warehouse on the same day. In reality,
this means that the person responsible for placing orders with the supplier,
knowing the order receipt schedule determined by the ULSP model and the
delivery lead time for the product, would place the order in advance so that the
product delivery arrives during the period designated for order receipt.

Table 2
Daily unit inventory holding cost and initial inventory for a given
product
Product Daily unit inventory holding cost [PLN] Initial inventory
pl 1.78 40
p2 0.32 11
p3 0.40 21
p4 0.26 53
p5 0.05 96

The objective of this experiment was to determine the order quantities
placed with the supplier in a way that minimizes the total ordering and
inventory holding costs, while simultaneously satisfying the demand for the
product selected for the ULSP calculations.

Tables 3, 4, and 5 present the results obtained using the ULSP model
alongside the actual data from the studied company. The row labeled d shows
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the actual demand quantity for each product in the respective period. The row
xm displays the order quantities for each product determined by the ULSP. The
subsequent row Iv contains the inventory level for each product at the end of
the period according to the ULSP, calculated by formula (2).

Iy = Iprev —d+ xy (2)

In formula (2), Iprev denotes the inventory of the product from the previous
period, d is the actual demand for the product in the given period, and xv is the
order quantity for the product in the given period. Row xr contains the actual
order quantities placed for the product by the studied company, which were
planned by the procurement personnel. The row Iz shows the actual inventory
level for the product at the end of the day, calculated analogously to Iv using
the real data.

The computational experiments were conducted on a Windows 11 system
equipped with 16 GB of RAM. The optimization model was solved using the
GLPK (GNU Linear Programming Kit) software, which was employed as the
solver for the formulated problem.

Table 3
Comparison of the results obtained using the ULSP model with the actual
orders in periods 1-7 and 8-14

Product| 1 [2 |3 |4 |5 [6 |7 [8 |9 [10 [11 [12 [13 [ 14
p1| (@ | 9| o] 20| 42| 2| 7| 6] 14| 26/ 11| 1| 1] 1] 1
p1| ()| o] o] o] 46| o o] o] 55] o] o] o] o] o] o
p1| (m)| 31| 31| 11| 15| 13| 6] o 41| 15| 4| 3] 2] 1] o
p1| x)| o] o] o] o] o o| 23] 56| 40| o] o] o o o
p1l| (lr) | 31| 31| 11| -31] -33] -40] -23] 19| 33| 22| 21| 20| 19] 18
p2| (d) | 17] 201 o] 5| 10| 12| 17| 64| 26| 50| 0O o] o
p2| (xm)] 70| o] o] o] o] o] o]l141] o] o] o] o] o o
p2| (Im)| 64| 44| 44| 39| 29| 17| o 77| 51| 1| 1] o] o] o
p2| xx) | 0] 28] 4] 20/ o] o] o 1] o] 49| 30]120] 40| o
p2| (®n) | -6] 2| 6| 21| 11| -1| -18] -81| -107| -108| -78| 41| 81| 81

o

42| o] 10| 6| 20| 28] 18] 2| o] o] 1
58 o] o] o] e9] o] o
16| 16| 6] o] 49| 21| 3
o] 18] 21| 18] 33] o] o
42| -24| -13] -1| 12| -16| -34| -36| -36] -36] -37
p4| (@) | 9] 5 42| o] 10| 6| 14| 26| 11| 1| 1] 1] o
p4| xm)| 0] © 21| o] o] o] 54/ o] o
p4| (Im) ]| 44| 39| 37| 16| 16| 6| o] 40| 14| 3
p4| x)| o] o] o] 26| o 4| 44/ o] 35| 5| o] o] 30| o
p4| (Ir) | 44| 39| 37| 21| 21| 15| 53] 39| 48| 42| 41| 40| 69| 69

p3| (d) 0] 1|2
p3| (xm)| 0| O
p3| (Im)]| 21| 20
p3 | (xr) 0| O
p3| (Ir) | 21| 20

o
o
o
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Table continuation 3
Product | 1 2 3 4 5 6 7 8 9 10 11 |12 | 13 | 14

p5| (@) | o] 16] o] 10] o] 24| 16| 56/ 32] 56/ 0] o] o] 6
p5| m)] 0] o] o] o] o] of of120] o] o o of o o
p5| (Im)] 96| 80| 80| 70| 70| 46| 30| 94| 62| 6| 6] 6] 6] o0
p5| xe)| o] o] o] 76| 94| of 56| 43] 7| 30| o] 10| 90] 100
p5| () | 96| 80| 80| 146 240] 216 256] 243| 218| 192] 192] 202] 292] 386

For example, for product p1 in period 6, the actual demand was seven
units, the ULSP model did not generate a new order during that time, and the
inventory level using the ULSP model was six units at the end of the period. The
actual order quantity was zero, and the ending inventory was -40 units,
meaning that this many units should have been delivered to customers.
However, due to stock shortages, it was not possible. Due to the nature of the
business operating in the industrial automation sector, such stock shortages
generally do not lead to lost demand; however, customers are forced to wait
for areplenishment delivery to cover the inventory shortfall. It can be observed
that the earlier inventory surpluses planned by the ULSP model allowed
demand to be met without the need for additional orders.

Table 4
Comparison of the results obtained using the ULSP model with the actual
orders in periods 15-21 and 22-28
Product | 15 |16 | 17 |18 |19 | 20 | 21 |22 |23 |24 |25 |26 |27 | 28

pl| (@ | 1| 38] of 1| 3] 7] o s| o 2| 1] 1| 4] o
pl|@m)| 50/ o] of o of o of 13[ o] o] of o of o
pl| (m)| 49| 11| 11| 10| 7| o o 8] 8] 6| 5/ 4 o o
pl| xe) | 10| 40| of o 30| 36| o of 28] o] o] o of o

pl| (Ir) | 27| 29| 29| 28| 55| 84| 84| 79| 107| 105| 104| 103| 99| 99

p2| (@ | o 3] 11| 3| 7| 32| 2| 1| 4| of 22| 2 33] 1
p2 | )| 0] 58] of o o] o] of 63 ol o] o] o of o
p2| (m)| 0] 55| 44| 41| 34| 2| o] 62| 58| 58] 36| 34| 1| o0

p2| )| 4| o] of o 9] o o of 13] o] o] o| of 40
p2| ()| 85| 82| 71| 68| 70| 38| 36| 35| 44| 44| 22| 20| -13] 26
p3| (@ | o] 36] 2| 1] o] 4] o 3] o o 2[ o 1] o

p3 | m)| 0] 43] of o o] o] o 6 ol of of o of o
p3| m)| o] 7| 5| 4| 4| o o 3] 3] 3] 1 o o
p3| xx)| 0] o] 4| o of 52| o of 25/ 10] 25] o] o] o

—_

p3| (IR) | -37| -73| -71| -72| -72| -24| -24| -27| -2 8| 31| 31| 30| 30

pa| (@ | 1| 1] 1] 3] o 5| of 4] o of 14| 1] 2] 1
p4|xm)| 11| o] o o o] o of 22 o o] of o o o
pa| (m)| 10| 9] 8] 5| 5| o of 18] 18] 18] 4| 3] 1] o
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Table continuation 4

Product | 15 [ 16 |17 |18 [19 |20 [ 21 [22 [ 23 [24 [25 [ 26 [ 27 | 28
pa| )| 50] o] 36/ o 28] o ol ol ol ol ol ol o o
p4 | (Ix) | 118] 117] 152] 149] 177] 172] 172 168] 168| 168] 154] 153] 151] 150
ps| @ | o] of of of of 2/ ol of of ol ol ol of o
p5| )| 0] of o of of 2] of o] of of of of o o
p5| (m)| o] of o of o] of of of of of of of o o
p5| xx)| 0] o] of 20] of[134] ol o] o o o] o o] 30
p5 | (Ix) | 386| 386] 386| 406| 406| 538| 538| 538| 538| 538 538] 538| 538] 568

The ULSP model generates orders less frequently compared to the actual
data, and these orders tend to be larger batches. These quantities significantly
exceed the current demand and allow for covering the needs of several
subsequent periods. It is evident that after a large order, inventory gradually
decreases until the next order is placed. Furthermore, the proper use of
mathematical methods in order planning practically eliminates the likelihood
of stockouts, whereas in reality, the absence of planning methods often leads
to such situations.

Table 5
Comparison of the results obtained using the ULSP model with the actual
orders in period 29-35

Product 29 30 31 32 33 34 35
pl (d) 15 1 1 3 1 0 19
pl |  (xm) 40 0 0 0 0 0 0
pl (Im) 25 24 23 20 19 19 0
pl (xr) 0 0 0 0 0 0 0
pl (Ir) 84 83 82 79 78 78 59
p2 (d) 40 1 0 2 30 6 1
p2 | (xm) 80 0 0 0 0 0 0
p2 (Im) 40 39 39 37 7 1 0
p2 (x8) 5 30 0 0 30 20 0
p2 (I) -9 20 20 18 18 32 31
p3 (d) 0 1 0 1 2 1 19
p3 |  (xm) 0 24 0 0 0 0 0
p3 (Im) 0 23 23 22 20 19 0
p3 (xr) 0 0 0 27 2 40 26
p3 (Ir) 30 29 29 55 55 94 101
p4 (d) 3 0 0 1 4 0 18
p4 | (xm) 26 0 0 0 0 0 0
p4 (Im) 23 23 23 22 18 18 0
p4 (xr) 0 0 0 0 0 0 0
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Table continuation 5

Product 29 30 31 32 33 34 35
p4 (I) 147 147 147 146 142 142 124
p5 (d) 0 0 0 5 0 0 72
p5 | (xm) 0 0 0 77 0 0 0
p5 (In) 0 0 0 72 72 72 0
p5 (xr) 10 10 0 0 0 0 0
p5 (IR) 578 588 588 583 583 583 511

The obtained total costs of ordering and inventory holding (objective
function value) for the given planning period are presented in Table 6.

Table 6
Comparison of the calculated and actual objective function values for
each planning period

Planning period Calculated value [PLN] Actual value [PLN]
1-7 1562.58 4262.58
8-14 1714.08 5314.08
15-21 1713.58 4130.58
22-28 1355.38 2 255.38
29-35 1870.18 3370.18
Total value 8215.80 19 332.80

Results indicate that the selected ULSP mathematical model can
effectively reduce the total ordering and inventory holding costs for the
company analyzed. The model achieved approximately a 58% cost reduction
compared to the actual costs during the studied 35-day period. This
improvement demonstrates the advantage of mathematical optimization over
the current ordering process in minimizing the total costs associated with
placing supplier orders and maintaining inventory.

Solution search times not exceeding approximately 10 seconds for data
instances obtained from the company should not pose a barrier to the practical
applicability of the ULSP mathematical model for real-world order planning.

The ULSP model consistently generates lower objective function values
(Figure 1) than those observed in the actual ordering process across all
analyzed planning periods. Moreover, fluctuations in actual costs are
significantly greater compared to the ULSP model. The application of the ULSP
model helps maintain costs at a stable, lower level without sharp increases or
decreases, which supports financial management predictability and minimizes
the risk of excessive expenses. The most significant discrepancies between the
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model and reality occur in the mid-periods, where actual costs rise sharply
while the model maintains them at a moderate level. This indicates that the
actual ordering practice was considerably less efficient than the ordering plan
generated by the ULSP model. It confirms that using the ULSP model leads to
substantial savings and more effective management of goods flow and
inventory in the analyzed company.

Conclusions

The conducted calculations confirmed that the application of the mixed-
integer linear programming (MILP) model for the Uncapacitated Lot Sizing
Problem (ULSP) to real operational data of a company operating in the
distribution of industrial automation devices is feasible. The optimization
model enabled the determination of optimal order quantities within the
studied planning horizon, while simultaneously minimizing the total costs
associated with ordering and inventory holding.

The empirical results demonstrated a significant reduction in total costs
by approximately 58% compared to the company’s actual ordering processes,
highlighting the practical benefits of the applied approach and its potential
impact on improving the financial performance of the enterprise. The use of
ULSP showed that, considering inventory holding and ordering costs, larger but
less frequent orders should be placed, which additionally stabilizes inventory
levels and reduces the potential risk of stockouts.
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Fig. 1. Comparison of the computed and actual objective function values
for each planning period
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The case study of applying this solution in the examined enterprise
confirms the value of mathematical optimization methods in real business
conditions, where challenges related to irregular planning and high inventory
costs are common. The study may contribute significantly to the knowledge by
showing that ULSP can be effectively adapted and applied in practice, bringing
savings and operational improvements.

Additionally, the relatively short model solution time indicates its
usefulness in daily support for planning decisions. In summary, the conducted
study confirms the rationale for implementing optimization methods in
distribution companies and encourages further research on more complex
variants of the order sizing problem.
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