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AN ALGORITHM FOR SOLVING A TWO-STAGE CONTINUOUS-DISCRETE
LOCATION PROBLEM FOR MEDICAL LOGISTICS OPTIMIZATION

Abstract. The research paper focuses on logistics optimization, a critical component in supply
chain management across various sectors, including healthcare. Efficient coordination of medi
cal logistics is essential for maintaining public health and welfare, particularly during global
emergencies where quick and effective distribution of medicine is crucial. This study aims to cre
ate and analyze a model and algorithm for a two stage continuous discrete location problem
within medical logistics applications. We present a mathematical model tailored for a two stage
continuous discrete location problem in medical logistics, considering the unique aspects of this
field. The solution algorithm combines genetic methods with the optimal partition of sets theo
ry. Additionally, we demonstrate the algorithm's effectiveness through a software application,
using it to solve a representative model problem.

Keywords: continuous discrete two stage location problem, optimal set partitioning, genetic al
gorithm, medical logistics

Introduction. The optimization of logistics processes constitutes a critical
component of supply chain management across various industrial sectors, notably in
the healthcare domain. Effective medical logistics management is imperative in
safeguarding public health and well-being, a priority that becomes paramount dur-
ing global crises necessitating rapid and efficient distribution of medicinal products.
Furthermore, proficient logistics organization is vital for delivering humanitarian
aid, where the prompt provision of medical supplies and resources is often critical
for survival. Contemporary technologies and algorithmic advancements are pivotal
in enhancing medical logistics processes. A notable strategy that has garnered con-
siderable acceptance is the utilization of genetic algorithms to address two-stage lo-
cation challenges, optimizing the distribution and location of facilities. This meth-
odology enables medical institutions and suppliers to make informed decisions,
thereby augmenting the efficacy, expediency, and economic viability of medical lo-
gistics operations.
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Literature review. Metaheuristic algorithms find extensive application in re-
search about problems similar to those in medical logistics. The authors of [1] uti-
lized a genetic algorithm to examine a two-stage transportation problem that in-
volved a fixed route fee and the transport of goods. Research [2] introduced an itera-
tive algorithm for a similar two-stage transportation challenge, incorporating a cus-
tomer shuffling mechanism and an efficient method for duplicate elimination, prov-
ing effective across diverse data sets. Publication [3] is dedicated to a multi-stage re-
verse logistics network employing a genetic algorithm with priority encoding. The
objective of enhancing spatial planning for public health services via the develop-
ment of location-allocation and accessibility models is explored in [4]. This study
aims to identify optimal locations for hospitals and other healthcare facilities, con-
sidering factors such as population demand, accessibility, and proximity to other
medical establishments. The research, exemplified by the healthcare system in Lis-
bon, Portugal, demonstrated that the application of these methods significantly im-
proved healthcare quality and cost efficiency. Article [5] discusses a two-stage trans-
portation problem to minimize logistics expenses, considering the costs associated
with establishing distribution centers and transportation charges between business-
es, distribution centers, and customers. Research [6] addresses the complex issue of
ICU bed allocation. The described problem is approached by decomposing it into two
different stages to handle multiple sources of uncertainty effectively. The study [7]
focuses on hospital capacity allocation planning for operating rooms. It presents an
integrative solution approach combining a two-stage stochastic recourse program-
ming model and a stochastic optimization model with a mean absolute deviation risk
measure. Publication [8] assesses a location-allocation model for healthcare services.
It employs a two-stage optimization strategy using a multi-period capacitated max-
imal-covering model, considering interservice referral and equity access. Research
[9] aims at optimal demand coverage in healthcare facility location problems. It is
proposed to primarily use optimization techniques with a focus on stochastic char-
acteristics important for facility location decisions. The paper [10] explores capacity
allocation and scheduling in two-stage service systems. The authors propose a sim-
ple and easy-to-implement capacity allocation and scheduling policy, establishing
its asymptotic optimality for the stochastic system. Article [11] presents a new idea
for the ambulance location problem in environments under uncertainty: it addresses
the problem with a focus on robust planning for path and average speed uncertainty.
The work [12] investigates resource allocation optimization in natural disasters with

multiple secondary hazards. A two-stage stochastic optimization model is proposed
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to simulate scenarios of random occurrence and severity of disasters. The papers [13,
14] develop a framework for supplier selection and order allocation. It introduces a
hybrid multi-step long short-term memory network for demand forecasting and a
new fuzzy SWOT model for supplier evaluation, followed by a multi-objective model
using results from earlier stages. More information about multi-stage transportation
problems for different areas, such as passenger traffic or goods transportation, can
be found in [15, 16]. A more detailed analytic review of multi-stage location prob-
lems is listed in [17]. Substantial research in the field of discrete optimization is as-
sociated with genetic and stochastic approaches. However, this approach can be
challenging due to the issue of scalability: in discrete scenarios, only small to medi-
um-sized problems can be resolved efficiently. In situations requiring the location of
many centers and considering population demand in facility location, continuum
approaches to location problems become pertinent. Study [18] focuses on multi-
stage location tasks, evaluating various facility groups and potential locations. This
paper underscores the significance of considering continuum scenarios in such tasks
and presents a model for two-stage location.

Problem statement. In times of crisis within a region, it becomes necessary to
quickly distribute essential medical resources (medicines and medical equipment) to
the people. To aid in this process, each region has a certain number of subregional
centers (SRCs) that act as primary distribution points. However, due to logistical and
resource constraints, only a certain number of these SRCs can be activated by the
government. The chosen SRCs then redistribute the resources to multiple distribu-
tion centers (DCs) throughout the region, directly supplying the required medicines
to the local population within their respective service areas. The main objective is to
find the best combination of SRCs, positions of DCs and an optimal transportation
strategy. The goal is to convey the medicines and medical supplies from the SRCs to
the DCs and ultimately to the consumers while minimizing transportation costs. To
achieve efficient distribution, careful consideration is required for factors such as
transportation expenses, distance, and capacity limitations at each stage.

Figure 1 illustrates a complex transportation network, depicting a system with
4 SRCs and 8 DCs. This diagram is designed to provide a clear visual representation
of the logistics and supply chain infrastructure. The active SRCs are highlighted with
vibrant colors, symbolizing their operational status, whereas the inactive SRCs are
differentiated by a more subdued, muted color palette, indicating their non-
operational status.
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|

Figure 1 — Transportation schema for problem statement

Mathematical model. Moving forward, let us proceed with developing a math-
ematical model. We introduce the following definitions.
Q - the area where medical products are distributed to consumers.

Q. — service area of the i-th DC, i = LN .
N - the required number of DCs.

b, — capacity of j-th SRC, j=1,M .

J - set of SRCs that are available for activation: J = {rl" T, Ty }

¢l =c¢ ( X, 7, ) — transportation costs for volume weight unit of medicines and

medical equipment from DC with coordinates ri' toconsumer xe Q,i=1,N .

¢, =c(z, .7, ) - transportation costs for volume weight unit of medicines and
medical equipment from SRC with coordinates r;' to DC with coordinates ',

i=1,N.j=1M .

p (x) — demand for medicines and medical equipment at the point x in area

A, — operating expenses associated with the activation of a subregional cen-
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T = (rr r.rz) — DC’s coordinates (r=I) or SRC’s coordinates (r=II).

i i1’ i

Vilj — the volume weight units number of medicines and medical equipment

transported from SRCjtoDCi,i=1,N, j=1,M .

(1, if DC j is activated, —
i=1,M .

~
Il

LO, otherwise

The total expenses for activating sub-regional centers and transportation of
medicines and medical equipment can be expressed as follows:
M N N M
| | |
AL+ J'ci (x,ri )p(x)dx +3 > e v, -
j=1 i=1 g, i=1 j=1
Under the following constraints:

The number of volume weight units of medicines and medical equipment deliv-
ered from i-th DC is equal to its demands:

M
> vi'j/lj = J'p(x)dx,i =1,N .
j=1

Qi
The number of volume weight units of medicines and medical equipment
transported from j-th SRC does not exceed its capacity:

N
v <Ab, j=1M .
i=1

The maximum number of activated SRCs does not exceed L, (L > 0):

The service areas of distribution centers include the entire region Q :

N
Ua -2a.

i=1

Each customer is served by only one distribution center:

Q,NQ =0i#jij=1N.

Considering this, the mathematical model can be expressed as follows.
Problem I. Minimize

ZM:Aj/ij+ZN: Ici'(x,ri')p(x)dx+ZN:ZM:cijvi'j/ij, (1)

i=1 ¢ i=1 j=1
1

under the following constraints
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Zvi'j/lj:'[p(x)dx,izl,_N, 2)
i=1 Q,
N
Nv,<ab, j=1M, (3)
i=1
M
A, <L, 4)
j=1
N
Ua, -a, )
i=1
Q. AQ =0i%jij=1N, (6)
vi;zo,/zje{o;l},izl,_N,jzl,M, (7
T'=(r1|,72|...r,|\‘),rleQN. (8)

Solution approach. We propose to use a combination of a genetic algorithm
and an approach from the optimal set partitioning theory. Given this, we can divide
the solution of problems (1) - (8) into two stages.

At the first stage, distribution centers are located with the determination of
their service areas by solving optimal partition of set problem in formulation
(9) - (11), where N - required number of DCs. The solution to the optimal set parti-
tioning problem begins with the algorithm initializing the optimization domain.
This domain is bounded by a parallelepiped oriented along the coordinate axes. Ini-
tial conditions such as the grid size and the algorithm's step size are established. The
parallelepiped is covered with a grid that allows for calculations at discrete points. A
preliminary approximation for the variables is then set.

The core of the optimization step involves the use of Shor's r-algorithm, which
employs the concept of subgradient descent with a significant variation in the calcu-
lation of the step multiplier. In classical subgradient methods, the step size often
decreases following a fixed rule. In contrast, the r-algorithm adaptively updates the
step size based on previous iterations, allowing the algorithm to better account for
the specifics of the problem at hand.

The main innovation of the algorithm lies in its use of regularization to en-
hance the characteristics of the optimization problem. The addition of regularization
helps to address the non-smoothness of the function and improves the convergence
rate to the minimum. The r-algorithm is particularly effective for solving high-
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dimensional problems, where traditional optimization methods may need help with
computational complexity and slow convergence.

The process of solving the optimal set partitioning problem is iterative, with
each step updating the variable values based on prior calculations and adjusting the
iterative process. The algorithm concludes its operation once a convergence criteri-
on is met, either through the variable distance or the difference in functional values.
For a more detailed version of the algorithm refer to [19].

Minimize
3 Ici'(x,ri')p(x)dx, 9)
i-1 g,
under the following constraints:
N
Ug, =0, (10)
Q. AQ =0i%jij=1N, (11)

At the second stage, we solve a discrete location problem (12) — (18):

M N M
ZAjlj+ZZc(ri',r;')ljvi;—> min , (12)
j=1 i=1 j=1
under the following constraints:
M v, =bli=1N, (13)
j=1
N
| .
dVvysAb,i=1LM, (14)
i=1
S <L, (15)
j=1
Vi> 0,4, {0;1),i=1,N,j=1,M, (16)

where 7' = (r' ot ) ' e Q" - locations of the DCs obtained as a result of the

172" N

first stage; bi* - determined capacity of DCs:

*

b<=fp(x)dx,i=1,N, a7

1
Q i

Additionally, there is a solvability condition:

ISSN 1562-9945 (Print) 77
ISSN 2707-7977 (Online)



«CucreMHi Tex”onorii» 5 (148) 2023 «System technologies»

M

J.p(X)dXSijﬂj, (18)

j=1

An algorithm utilizing a genetic approach with priority encoding is developed
to address the issue (12) - (18). The algorithm's general description is as follows.

1. Initially, the population P(t) is set up through a priority-based encoding
method, creating the first generation of potential solutions.

2. The fitness level of each individual chromosome within this population is
then assessed.

3. For the purpose of reproduction, chromosomes are chosen based on the rou-
lette wheel selection technique.

4. The reproductive process involves the crossover of selected chromosomes to
yield new offspring.

5. The mutation process is applied to certain chromosomes to introduce new
variations.

6. The next generation P(t+1) is created by combining these offspring with
some members of the current population, effectively replacing the previous genera-
tion.

7. The algorithm checks for the termination condition. If it's not met, the pro-
cess loops back to step 2, now working with the updated population t+1.

8. Once the termination condition is met, the genetic algorithm finishes. The
most efficient chromosome is decoded to reveal the objective function's value and
the proposed transportation plan.

End of the algorithm.

A more detailed description of each step can be found in [20]. The following
modifications to the genetic algorithm procedures should be highlighted.

Each transportation plan between SRCs and DCs is represented as a chromo-
some using a priority-based coding scheme.

The chromosome is checked to satisfy all model constraints when calculating
the fitness function.

A roulette selection procedure is used: a roulette wheel is created with seg-
ments proportional to these fitness scores. Selection is made by spinning the wheel
and choosing individuals based on where it lands, favoring those with higher fitness
but still allowing chances for less fit individuals.

The weighted crossover method is used to cross chromosomes: first, two
parent chromosomes are selected based on their fitness values, then each compo-
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nent of these decisions is assigned a weight that reflects its importance or effective-
ness, which is determined by past performance, knowledge of the subject area and
other heuristic methods. During crossbreeding, these weights determine the combi-
nation of parental decisions to create offspring. Components with higher weights are
more likely to be passed on to offspring. It results in offspring that ideally inherit the
best traits from both parents.

The use of mixed mutation is proposed: with a probability of 0.5, swap or in-
sertion mutation is used. For the first type of mutation, two unique elements are se-
lected from each part of the chromosomes and swapped with each other. For the in-
sertion mutation, a random index is chosen for each part of the chromosome, from
which the element is rearranged to another random location.

Software implementation. We implemented a software application for nu-
merical experiments designed to tackle the two-stage continuous-discrete location
problem. This application was developed in Python 3 using the Qt5 framework for
the user interface and map visualization. Qt5 provides the tools for creating interac-
tive maps, while Python3 handles mathematical calculations and the core logic. C++
language and Eigen library are used for optimal partition numerical implementation.
The development is done in PyCharm IDE. The calculations are performed using the
following hardware: CPU: AMD Ryzen 7 5800X 3.8-4 GHz and 32 gigabytes of DD4-
3200 RAM.

Model task. We use the proposed mathematical model, solving approaches and
algorithm to optimize the medical logistics of the Dnipropetrovsk region, Ukraine.
Here are the input parameters of the problem.

Number of SRCs: M =7.

Number of potential DCs: N = 25.

SRCs maximum number limit: L = 6.

Vector that limits capacities of SRCs: [40, 40, 39, 40, 41, 39, 40].
Total demand in DCs: 230.

Vector of SRCs activation costs: [46, 50, 41, 48, 49, 42, 50].

The coordinates of the subregional centers are shown in Figure 2 as blue mark-
ers and correspond to the locations: Verkhnodniprovsk, Bozhedarivka, Tomakivka,
Novomoskovsk, Synelnykove, Prosiana, Ternivka.

In the first stage, we solve the continuous-discrete location problem: a rectan-
gle that delimits the geographical location is defined with the following coordinates.

Left lower corner: (47.51611, 33.37109).
Right upper corner: (48.95391, 36.93066).
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The map used in visualization is centered around Dnipro, Ukraine: (48.450001,
34.983334).

We use the Euclidean metric as a distance function for continuous cases for the
described model task. The defined rectangle is shown as gray borders in Figure 2. As
a result of the solution, we have the DCs locations as green markers in Figure 2.
Along with locating each Distribution Center (DC), we also obtained its service area
(optimal partition) marked as polygons with gray borders.

. <

Figure 2 — Original positions of subregional centers and located distribution centers

Let's move on to the second stage. At this stage we are applying a genetic algo-
rithm to solve discrete activation problem (12) - (18). In distance terms we use the
geographic distance between the points as now we deal with geographical coordi-
nates. The genetic algorithm will be executed with the following parameters:

Population size: 50.

Size of the chromosome: 32.

Crossover probability: 0.9.

Mutation probability: 0.15.

Initial population generation: pseudo-randomly generated.

Termination criteria: terminates after exceeding the number of 100 genera-

tions.
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The overall result of the solution is shown in Figure 3 with the following re-
sults:
The objective function value for the most effective solution to the problem is
1298.65.
6 subregional centers were activated, except for the center in Novomoskovsk.

Figure 3 — Solution for the model task of two-stage continuous location problem

The total execution time of the algorithm (with visualization) took 13 seconds.

Each activated SRC is visually represented by a blue pin, indicating its active
status and readiness to receive and process service requests. In contrast, any deac-
tivated SRC is denoted by a gray pin, signifying its current inactivity and unavailabil-
ity for handling service requests. Arrows emanate from each DC, illustrating the spe-
cific DC the particular SRC will service.

Conclusions. The research paper delves into a two-stage continuous-discrete
location problem, imposing constraints on the maximal number of centers, primarily
within the medical logistics sector. This area deals with distributing medicines and
medical equipment, necessitating compliance with stringent requirements. The pa-
per introduces a mathematical model that integrates optimal set partitioning with
metaheuristic techniques, intending to streamline the solution process into two dis-
tinct stages. Initially, the optimal set partitioning method is employed to determine
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the locations of distribution centers. Subsequently, the acquired coordinates and
their corresponding service areas are utilized to address a discrete activation prob-
lem. The chosen metaheuristic method is a genetic algorithm, enhanced with priori-
ty-based encoding and weight mapping crossover, alongside specific adaptations. A
specially designed fitness function evaluates the adherence to the model's con-
straints. Moreover, a mixed mutation approach is implemented in each iteration,
based on a predetermined probability. The algorithm's output encompasses the es-
tablished distribution centers, activated subregional centers, and a comprehensive
transportation plan. A software tool was developed in Python 3 to demonstrate the
algorithm's functionality, incorporating the Qt5 framework. The paper features a
case study focused on the medical logistics in the Dnipropetrovsk region of Ukraine.
It exemplifies the practical implementation of the proposed model and algorithm,
highlighting their potential to enhance logistics and distribution efficiency in a spe-
cific geographic context.

Future research. Future research should focus on refining the location prob-
lem by linking subregional center positions with distribution centers, optimizing al-
gorithm complexity, and applying the model to real-world logistics, using authentic
data for regional specificity. Further, the model could be expanded to include dis-
tance and time constraints, enhancing its applicability in scenarios like rapid medi-
cal supply distribution, and promoting cost-effective, sustainable logistics.
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Anlzopumm po386’a3aHHA 080emanHoi HenepepeHo-OUCKPemMHOi 3adaui po3miuleHHSA
Ha npukaadi onmumizauii meduuHoi sozicmuxu

Onmumizayisi 102icmuUdHUX NPOYecié € 00HUM i3 8aAXIUBUX 3A80aHb YNPABJIIHHS
JIGHU02amu NoCmasox y pi3Hux cgpepax distnbHocmi, skarouawyu meduyury. EpexmusHa
KoopouHayis y cgepi MeduuHoi n102iCMuKu Mae 8axiciuee 3HaueHHs O 3abe3neueHHs
2pomadcvkozo 30opos'ss ma npoysimanHs. Lle cmae 0cobauU80 akmMyaibHUM 8 yMo8ax
2n00anvHUX Had3zeuuatiHux cumyauiti, Koau weudke ma egexmueHe po3n08COOHEHHS
MeJduKameHmie mMae supiwianvHe 3HaueHHs. Memoio pobomu € nobydosa modeni ma po3-
pobka anzopummy 015 p0o36’s13aHHS 080emManHoi HenepepeHo-JUCKpemHoi 3adaui po3-
MIiWeHHs. Y KOHmeKcmi npobjiemu mMeduuHoi J02icmuku 3 nooaislumM aHalizom ix 3a-
CMOCYBAHHSA HA MOOebHUX Npukaadax. B pobomi po3znaHyma npobaema mpaHcnopmy-
8aHHS MeJduKameHmie ma 8upobie MeduuHoz0 Npu3HadeHHs 8 YKpaiHi ma eusHaueHd
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nocmaxoska 3adaui 8 npedmemtiti o6aiacmi. Ha nepwomy emani HeoOXiOHO akmueyea-
mu cybpez2ioHabHi yeHmpu 3 Habopy 00CMynHux, wo € OUCKpemHoio 3adauyero onmumi-
3auii. JIpyzuti eman ckiadaemoscs 3 po3miljeHHs ueHmpie ducmpubyuyii ma eu3HaueHHs
iX 30H 00Cny208y8aHHS. Agmopamu 3anponoHO8AHO MAMeMAamuyuHy mooens 07 d8oe-
manHoi HenepepeHO-OUCKPeMHOi 3adaui po3MilleHHs] Y KOHmMeKcmi MeduuHoi 102icmuku
3 8paxysaHHsm ocobaueocmeli zanysi. Po3pobieHo anzopumm po3e’si3aHHs, wo 06asy-
€EMbCS1 HA NOEOHAHHI 2eHeMUYHUX hidX00i8 ma meopii oNMUMAIbHO20 PO3OUMMS MHO-
HUuH. Bukopucmaro npiopumemue Ko0y8aHHS 3 MiKCO8aHO0 npouedypor mymauii. Ha
nepuwiomy Kpoyi po38’a3yemucs 3adaua onmumaibH020 po30umms MHOMUH i3 pOo3Mi-
WEeHHIM UeHMPpi8 NiOMHOMUH Yy KibKOCmi, wlo 8i0nosidae Kinbkocmi HeoOXiOHUX
uenmpis ducmpubyuii. Ha dpyzomy Kpoui, 8UKopucmosyouu KoopouHamu po3miuieHux
ueHmpie ma 8u3HaueHi 30HU 00C1y208Y8AHHS, 3ACMOCOBYEMBCS 2eHEMUUHULI A20pumm
0/11 BU3HAYEHHS. e(heKMmuUBHO020 p038°a3Ky. Aemopamu po3pobyieHO NPOZPaAMHY imnieme-
HMayiio 3anponoHO8aHO20 AJ120pummy 3 6UKOPUCMAHHAM M08 npozpamyeaxHs Python3
ma C++ ma 6i6aiomexk Qt5 dns inmepdeiicy kopucmysaua ma Eigen ons mamemamuu-
HUX 00uucneHb. 3anponoHo8aHuli nioxio 8UKOPUCMAHO 0/ P038'13aHHS MOOeNbHOI 3a-
daui meduuHoi 0zicmuku y /IHinponemposcuKiti obnacmi, Ykpaiua.

Vc CBiTmaHa AnbGepriBHa - K.(.-M.H., JO1IeHT, mpodecop Kadeapu CUCTEMHOTO
aHasi3y i ynpasiiHHs HTY «/IHinIpoBCbKa IMOJiTeXHiKa»
CepreeB Onekciit CepriiioBuu - acmipaHT Kadeapy CUCTEMHOTrO aHaji3y i ympas-

ninHsa HTVY «/IHimpoBCcbhbKa IOJiTeXHiKa»

Us Svitlana Albertivna - candidate of physical and mathematical sciences, associ-
ate professor, professor of the Department of System Analysis and Control, NTU
Dnipro Polytechnic, Dnipro, Ukraine.

Serhieiev Oleksii Serhiiovych — post-graduate student of the Department of Sys-
tem Analysis and Control, NTU Dnipro Polytechnic, Dnipro, Ukraine.

ISSN 1562-9945 (Print) 85
ISSN 2707-7977 (Online)



