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In this paper, an integer linear programming model is proposed for
designing a pharmaceutical logistics network in two phases of disaster
preparedness and response. In the preparedness phase, strategic decisions
including location of central, local, and backup warehouses, capacity
determination, perishable drug inventory management, and fleet allocation
are made. In the response phase, temporary warehouses are activated
considering the probability of route failures, and routing and distribution
are performed dynamically over multiple periods. The proposed model
pursues three objectives: minimizing service time, minimizing facility costs,
and maximizing supply chain reliability. A scenario-based robust
optimization approach is applied to model uncertainties in parameters such
as demand and route statuses. The results show that the model is capable of
fully allocating central warehouse inventory and preventing shortages
under the highest demand scenario. The high allocation of fleet to the
backup warehouse demonstrates the central role of this facility in network
resilience. Sensitivity analysis also indicates that investment in warehouse
fortification not only increases reliability but also significantly reduces drug
purchasing and holding costs. Due to the NP-hard nature of the problem,
the model is solved using GAMS for small-scale problems and the Non-
dominated Sorting Genetic Algorithm (NSGA-II) for large-scale problems.
Comparison of results shows that the metaheuristic algorithm provides
acceptable quality Pareto solutions in dimensions where the exact method
fails to solve. Conducting a real case study with actual data is suggested as
an essential step for future research.
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1. Introduction

Natural disasters and man-made crises cause
extensive human and financial losses annually. In
such situations, one of the most critical components
of disaster management is humanitarian logistics,
particularly the pharmaceutical supply chain, which
is of special complexity due to drug perishability and
direct dependence on human life (Caunhye et al.,
2012; Boonmee et al., 2017).

Despite extensive research in disaster logistics, a
systematic literature review reveals seven gaps in
previous studies: limited network layers, insufficient
attention to warehouse and route reliability, lack of
perishable drug inventory management, rare
simultaneous consideration of preparedness and
response phases, absence of integrated location-
routing-inventory models, lack of multi-period
dynamic routing, and limited use of multiple vehicle
and product types.

In recent years, sustainable supply chain design for
perishable products has been addressed by several
studies (Abbasian et al., 2023; Chan et al., 2020;
Foroozesh et al., 2022; Liu et al., 2021). However, few
studies have simultaneously addressed
backup/temporary warehouse location, reliability
modeling through failure probability, and robust
optimization in pharmaceutical logistics under crisis
conditions. This gap constitutes the main motivation
for the present study.

This paper presents an integrated mathematical
model for a pharmaceutical logistics network in two
phases of preparedness and response. In the
preparedness phase, strategic decisions are made for
locating central, local, and backup warehouses,
capacity determination, perishable drug inventory
management, and fleet allocation. In the response
phase, temporary warehouses are activated
considering route failure probability, with multi-
period dynamic routing under uncertainty. The
model pursues three objectives: minimizing service
time and facility costs, and maximizing supply chain
reliability.

The novelty is threefold: (1) introducing a four-level
warehousing system (central, local, backup,
temporary) for pharmaceutical logistics in disaster
management; (2) incorporating reliability modeling
through failure probability of warehouses and
routes; and (3) employing robust scenario-based
optimization combined with GAMS for small-scale
and NSGA-II for large-scale problems.

The primary objective of this paper is to introduce
and validate a robust optimization framework for
pharmaceutical logistics based on parameters and
scenarios aligned with real-world conditions, drawn
from authentic sources (Mete & Zabinsky, 2010;
Rezaei-Malek et al., 2016a; Rezaei-Malek, et al,,
2016b). This approach enables controlled sensitivity
analysis and rigorous performance comparison
across different problem scales. A real-world case
study is proposed as a direction for future research.

2. Methodology

This research is applied in terms of purpose and
descriptive-survey in terms of data collection. The
research was conducted in three main phases.

2.1. Phase 1: Problem Definition and Assumptions

The studied logistics network includes location,
routing, and distribution of relief items considering
several objectives. This supply chain addresses the
supply of drugs needed at the time of a crisis. The
logistics network consists of five components:
hospitals (demand points), central warehouse
(stores both drug types A and B), local warehouses
(store only drug type B), backup warehouses (closest
local warehouse to each hospital), and temporary
warehouses (activated in scenarios where local and
backup warehouses are damaged). Twenty-one
assumptions  were  considered in = model
development, including discrete solution space, no
partial delivery, heterogeneous fleet, different
warehouse capacities (three levels), multi-product
nature, different failure probabilities for warehouses
and routes, perishable drug inventory management,
and multi-period dynamic routing.

2.2. Phase 2: Mathematical Model

The proposed mathematical model is formulated as a
multi-objective integer linear programming model.
The three objective functions are: (1) minimizing
transportation time between local warehouses and
hospitals, (2) maximizing the reliability of activated
warehouses, and (3) minimizing total supply chain
costs including fixed costs of activating local
warehouses, capacity determination costs, shortage
costs before and after the crisis, holding costs of
surplus drugs, purchase costs, and fixed and variable
fleet costs minus revenue from selling drugs before
expiration. Constraints include allocation and
coverage constraints, inventory and capacity
management constraints, routing and flow
constraints, and multi-period dynamics constraints.
Due to uncertainty in demand, warehouse status,
and route accessibility, a scenario-based robust
optimization approach (Mulvey et al.,, 1995) was
employed. The three objectives are combined into a
single objective using the weighted sum method
with normalization.

2.3. Phase 3: Solution Methods

Due to the NP-hard nature of the problem (Cheng et
al., 2016), two solution approaches are adopted. For
small-scale problems, the model is solved exactly
using GAMS software (CPLEX solver). For large-scale
problems, the Non-dominated Sorting Genetic
Algorithm (NSGA-II) (Deb et al., 2002) is developed
and implemented. To justify the selection of NSGA-IJ,
it was compared with MOPSO and SPEA2; results
showed that NSGA-II offers the best computational
time and stability (Shahrabadi et al., 2024; Wang et
al., 2023). The NSGA-II chromosome consists of four
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parts: matrix A (assignment of local, backup, and
temporary warehouses to hospitals and routing),
matrix B (allocation of vehicles from central
warehouse to local warehouses), matrix C (capacity
level assignment to warehouses), and matrix D
(number of vehicles allocated to each warehouse).
The algorithm parameters were calibrated using the
relative percentage deviation (PRD) criterion, with
optimal crossover probability of 0.9 and mutation
probability of 0.3.

3. Results and Discussion

The numerical example consists of one central
warehouse (index 1), 5 potential warehouse locations
(indices 2 to 6), and 3 hospitals (indices 7, 8, and 9).
The number of pre-crisis periods is 4 and the number
of post-crisis periods is 2. One type A drug and one
type B drug are considered, with a maximum shelf
life of 4 periods. The problem is solved under three
different scenarios with occurrence probabilities of
0.36, 0.4, and 0.24.

3.1. Results of Exact Method (GAMS)

Among the 5 potential locations, warehouses 2, 3,
and 4 are activated in the optimal solution. The
allocation of local, backup, and temporary
warehouses to hospitals satisfies the coverage radius
constraints. The three objective function values
across scenarios show that the robust model
maintains stability against demand fluctuations.

3.2. Results of Metaheuristic Method (NSGA-II)

The NSGA-II parameters were first calibrated using
the PRD criterion. The proposed algorithm was
tested on 10 sample problems of varying sizes (small,
medium, and large). Table 1 presents the
computational results comparing GAMS and NSGA-
II.

The results demonstrate that the exact method
extracts Pareto solutions only for small-scale
problems (Problems 1-3). As problem dimensions
increase, the exact method fails to find solutions
within the predetermined time of 20,000 seconds. In
contrast, the NSGA-II algorithm successfully extracts
acceptable quality solutions for medium and large-
scale problems. However, for very large dimensions
(Problem 10 with 40 potential warehouse locations
and 60 hospitals), memory limitations prevent both
methods from solving the problem.

3.3. Sensitivity Analysis

A sensitivity analysis was conducted on the drug
survival rate parameter (the percentage of drugs
remaining usable in warehouses after a disaster)
across five levels: +50%, +25%, base case, -25%, and -
50%. The results show that as warehouse reliability
increases, pre-crisis inventory levels and purchasing
costs decrease significantly. Additionally, the
capacity strategy shifts from three large-capacity
warehouses to four medium-capacity warehouses,
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indicating that higher reliability allows for more
dispersed inventory placement, which reduces
transportation costs and improves geographic
coverage. Notably, drug delivery to hospitals remains
constant across all scenarios, confirming that the
model prioritizes shortage prevention over inventory
reduction.

4. Conclusion

This study presented an integrated mathematical
model for designing a pharmaceutical logistics
network in two phases of disaster preparedness and
response, pursuing three objectives: minimizing
service time and costs, and maximizing reliability. A
scenario-based robust optimization approach was
applied to handle uncertainties. Due to the NP-hard
nature, the model is solved using GAMS for small-
scale and NSGA-II for large-scale problems. The main
findings, implications, and future research directions
are summarized as follows.

4.1. Key Findings

Implementation on a numerical example with 5
potential locations and 3 hospitals showed that
warehouses 2, 3, and 4 were activated as local,
backup, and temporary warehouses, respectively.
Under the highest demand scenario, central
warehouse inventory reached =zero. The total
allocated vehicles are 16, with the backup warehouse
(warehouse 3) receiving the largest share among
local warehouses (6 vehicles). Sensitivity analysis
revealed that a 50% increase in the drug survival rate
reduces pre-crisis inventory by approximately 26%
and shifts the capacity strategy from three large
warehouses to four medium ones.

4.2. Theoretical and Practical Implications

The main theoretical contribution is the introduction
of a four-level warehousing system (central, local,
backup, temporary) combined with reliability
modeling and robust optimization. Practically,
managers can use this framework to determine
optimal warehouse locations, capacity levels, and
fleet allocation, while the sensitivity analysis
demonstrates that investing in warehouse
fortification enhances both reliability and cost
efficiency.

4.3. Limitations and Future Research

Despite comprehensive validation based on real data
from authentic sources, the model has not yet been
calibrated with actual data from a specific disaster-
prone region. Therefore, a real case study, as
suggested by the reviewer, (e.g., for earthquake-
prone provinces such as Kermanshah or East
Azerbaijan, or flood-prone provinces such as
Golestan or Khuzestan) is proposed as an essential
future direction. Other future directions include
developing hybrid metaheuristic algorithms,
designing decomposition methods for very large-
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scale problems, and incorporating sustainability
objectives.
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VAL

Table 1. Comparison of exact and metaheuristic methods

Problem Scale GAMS Time (s) GAMS Objective NSGA-II Time (s) NSGA-II Objective
1 Small 285 0.85 150 0.87

2 Small 357 0.76 219 0.79

3 Small 7,864 0.72 1,128 0.75

4 Medium 20,000 0.80 1,988 0.73

5-9 Medium-Large Not solved - 6,842-19,167 Acceptable

10 Very Large Not solved - Not solved -
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A o 5e) poy9ag,S Jol Ceond ) Jgur

¥ oA alewg ¥ i alwsg V alis alwg V (b Lo
</YfYa <[+ Y¥4 <IYYYA YLl
SARRA +/444) <[ffPY Y Lul
NN 4 <IYAY < IYAFF f Ll
<JAYND < IYEYA </YVE# o Ll
o[+ YA <[+YO) </FYEY 7 Ll
¥ oA alewg ¥ i alwsg V alis alwg ¥ ool
AR SNY IAAS <[PYYY Y LUl
< IYEYY ANANY AR YLl
ARKR AR </FY¥Fa ¥ Ul
</YYYQ <IYYA- <[AYYY o Ll
ARR A VYNAT SATNAN 7 Ll
VoAl alows ¥ alis alwg ) adi alowg ¥ ool
RYNIN N AR <10V F4 Y LUl
< [FADA < [AFAY <IYOAY YLl
<IAY <0 <[YOYD <[-YY4 ¥ Ul
FATARYA +/afay </Y¥ay o Ll
</YAYA <IYYAA </OFNY 7 Ll
£93929,5 Jl Send (2liS 50, ¥ Jgur
Table 2. Decoding of chromosome part 1
g0 5Ll oleiy LSl oo, Ol Lo
I ¥ Y \
5 5 ¥ \
¥ I Y Y
¥ oadis abewg ¥ i abewg V anlils alowg LU
(] (] [l A
[l [¥ 57 o) ol bos] [l ¥ Ll
[v 5V e lous] [l [l F Ll
[V o o] [v o o] [v ot los] o Ll
[l [¥ ol lod] [l Ll
B 2 5le) pi505,5 oo S Y Jguar
Table 3. Second part of the chromosome (Matrix B)
VoAl abwg VAl alewg ) 4l alowg LUl
- [FAQF < [OYYY <IY-YF YLl
< [AADF </Fe-Q <105 A
<IYEF4 ARF +[-OFF f Ul
< IYEEY </-Y¥4 <[AYNVY o Ll
D444 </FAYA INART 7Ll

fo)w/"’ a)sé/\f’a Ju/d)soﬁswwﬁzw



Yoy

035 somwl8 9 a5 30

Table 4. Decoding of chromosome part 2

£95909,5 P90 Cromd 2liS 50, ¥ Jeu

Y oadis alwg Y oadis alowg ) a5 alwg Sl
[t 55 Ll [l 64y Ll (655, ) Ll

Table 5. Third part of the chromosome (Matrix C)

(€ o 5Le) p53909,5 pom Soond .0 Jgur

5yl 5 il Pl ¥ Y bl 1k
) \ s ¥ ¥ \ (A £ 9,10
Y Y Y Y Y Y B £4)Y g,lo

Table 6. Fourth part of the chromosome (Matrix D)

(D s 5l) po3509,5 p oz Cond F Jouor

Y Ak aluwsg Y adi alewg ) At aliwg
5 ¥ f VLl
A ) \ P
2 y 0 ¥ Ll
\ ¥ Ve £ Ll
f q q 5 L
Y Y Y £ Ll

ogliol &y (6 lwied po —F-F-¥

f°5'e£'°‘° )‘ oolawl l.: Lbu_:sl.pol.: wLw‘)J Coro (G304,
e osled pgigeyS ST 09d o bl voglie 5 Sl
P Blaal 5l elas e 10 (90 oled pgige9,S A Cond
Wil e TSt Slaal 5l S5 5o o Cews g wils
LS oo ade 93 posoe9)S 2 SG p9ioes)S s
Deb, 2011) d9d o0 Sy po999,5 gl 90 poigeg,S
.(Lobato, 2017 ¢Gen et al., 2008

gobw bl spae N Cuser gaas, sl
A5 0590 Olgx LT a5 00,5 asie b 0gd o dulio
3 Glacgarme dodslan b 5l s > b cesl Cglan
S 4S5S4 S 8 Wgdioe ol lacly
L ooliel o) ez Gelsl daclsz cnl oslas & 5
LSLQ‘*-Q*.-? 5o é‘ﬁ LSLQ‘."B'? Q,Jl; LS‘)-.' R N J.._i,...;
g ond Bl Cdge jsb 4y ol A laclsx csan
(Deb et al., 2002) 35,5 o ,,55 lom dlie o] )8
oler eles a5 Wb bl gley b Wy, oyl
Sy Sl w5 18 sl Gloager o Corex

¥ o)Lm.'b/f 0)30/“;’6 JL‘”/LS)"’)'Q'.’ﬂWG“'W

2 &S i hlog )58 Jlg g olyeme b Gillas o
S1ogzg Gl b peiSion Joe )0 2925 Clo> o
Ol 5heaxdl yao plp Jb o @ by xy bixy pite
X1 e a5 magyc0 S Jb 4 g oS o0 Sl Sy o
oo Eaarme daloms b il io llke ol X
San b iz gbag )l 5 lagley o J&5 5 Jo

Bed s (plulid (palie &0 4 35 ol

£93909,5 2Ly -¥-F-¥

piY S5 slapi ol )0 poi9e9)S e adg 5l e
awle ol &l (Fitness) Saisly jlade SO ol
oled (Sl Jlade opl (giloaige Jlaw o 008
&y b graely Joo Jo b pols G o
et b w5 09l o0 adtie paw 5 pgd BUd
dfdjsf)b‘}‘ﬁﬁg}pﬁxliﬁjygm
2 b bapbinlas 4 (o o)Ll 5l 5 Joo sl Lol
yé.c » dbu‘? 3o IR ua.?b..m téJ‘ﬁ" L}"‘s)‘? )IG_J
B g Jem Gl e sl B b e
05_..,.:‘59 349“ WO



Obaebl calil 0,509, b gl bl pd 53 9510 S 4l Hlgiwl (65 Lwdinty YA

ol 1) ead gowad, clacl 5l gloads oS
Comoz Sland & o, B 1) aigy ol dolys .ouiS oo
23 oo Aol Jlai 5 g0

< A
S—
oF

Minimize
-—

Minimize

skl Glaclsr iluas o ¥ S

Figure 3. Non-dominated solution sorting.

-~

v

ol alold sanle P SCU

Figure 4. Crowding distance calculation.

bl Slos —V-F-¥

Cgee Slos (nfiege @bl (S5 e )8 e
L lad s slopgiseg,S S 5 4wl bl 09 o
Sedsi Lpsises,S Sl sz Jud B obopee 0SS
slag) S5 Bl b gblis Slee wizje 008
Ll 098 00 Cormazr (Sl £55 205 g ogllane
Lire (s tenl wiaigile Slais b s ()f g9alS 2o
ne Sl slad b Jol> slapgiges S ojlgen a5

Al delsss addsi (6 el Clsz g g 00g 5L

slecly gilocd e 5l gliges ¥ USS gg050 (b
GilwaieS Glaal b aelegs aliwe S5 sl |y Cglrals
a2 o ol

ol>s 3l alols ~A-F-Y

g 30 JelSS Glaen oI Lol Glaal 5l S
SFLF 5 SuSIn b i)l gy jpe @ (Sl
S0 Oyle @ cwl ol bl acgass o Olg>
ol sle anlp oslinl Gluciye & Jb
5 SO5S p i gl g5l il 5 slacls
NSGA- ;5 50 .0 ks ST lacly> ol Sas iso
T 4« ool doldr Las 5l oolasnl b pge ol dI
35 0 g 2

Gl bl 2 Slsz 5o gl eleogl alols lade
@ oaxg bbb g0 0 alued Olg> g0 b )] alols
woslial e So e dly aie Sl S sl
09° O aileas 53 5 Slsz (1 a5 Ll (25 )5
Esama o Sy G5 L5 45 S e sl ]
O olojl alols plgie & Julains cnl (258 5 Jsb
09.913 sf JS.“J ..)9.»..:(50 4..5; ).JGJ )é ua‘.?- u|9.>
)l ra‘l olj:}do 5..4.{: 6‘)9 ‘) kSAlD‘J)‘ alols 4....»[.7:0
(Deb etal., 2002) sa5 o Lis wglael slajye

abal; b gillas w095 50 5l e o sl Ll cnl lade
Ol (Sop ax,0 sasaslis g 90,5 o dmlze (FF)
» ] 05; u‘..o@ P 6La.c| ).:Lw L u|9.>
S8y s e il 5,5 glly cal jlde ax
A deler Jols Curex glacl Gl o (6 i

o Ol =D = filli+ D)
d@) = E : ,
(l) L |fkmax _ fkmm| (79)

i=12,...,N
ol o5 !l —F-F-Y

Jleel cyz pally bl Glp cowdyg g,
oolaziw! Qu}p Sl 5 L 9 é]ol.e.: sl Slae
Ol sl 4 dle g o 0 elate Gy gl e
6[.».4 'R cd; ul?w‘ Coros 6L49| )| 6‘0.\.») u.».uu

VRN JORVS I VEUUUNEPUCL SRR CeP WA S I V1 [P o)

£ 0slod I8 0595 11VFe8 JLs /(6390 e 9 priommens osckied



Y.q

035 somwl8 9 a5 30

adgl Coros Sluxi &y 5 81 3l bl -4-F-¥

5 oblis gl Slas 5l Jols iz oled sl pl5 o
b ol Comed (e Wsdioo 2Ll e
Ol 4 p0 &5 WS e oS5 pally Cunex
Dybse Jolo adsl Comaz il g0 ojlail 4 Shrex
Gamdiwd lp Cglial (gilucd e e dl> e o
(Pay il )3 935 oe ooliital (S S Cme al S
5 oelly degore slasl el (6wl dnlio S
iz glaager S 5l w5 oad plowl plas;
ag (ol Cogyl cud @ s s Cumex coglial
@y Guend sbagr S 4 e G D
08 p ol osiee p ager 2 5l Koy S50
e i A e 9 00 ST Ogliels e o e
sk & am Jud B abioe aelol 21 g pow pgo
=5 Camez o3l &5 Ll I ogd JSs LS
adgl Cumexr o3l pln 95 (O3 ogdlar (nly)
A S Cosez 5o aulel Lacl den sl (S o]
Six (Folo a4y Glol slaclsr colply s sl
gl g0

s Comex Sl jo alSass Jlesl ogos b S
A oyl 0 aS Slasle sl aes o olis |y s
Bd> ol Sass eile 5l eolal Log wijls )3
SlasS a0, ,15 4 (i 8 Ceul p3Y gl e
o5l alols iy ooty ( JSx Lol cyle, ol a5
(Debetal.,2002) &o 5 lae> iy

)95 aBgi byl —Ye—F-Y
oS Wiloslitwl b w5l by gl alie slo,lxe
(Gen et al., 2008 Deb, 2011) ;| oL LPH'T e
ol b LS5 ol iSlae a4y pletws ()
S WRSeTY) u>_LclSJ
oslbe 5 Jsd B Uy S Jpam (Y
Gb e L“‘-"B—" BRREESY Jab Sgee pos Y
Sy sla)l S5

Gl slopst 95! plw b dowy Lo —1V-F-Y

ol e Ll sl lgie 4 NSGA-IT Gl

F o losds /8 0,98 [1F+0 Jlo /5590 14 § priwmns (smiditeo

Gyl 0,551 slaclsz ioled 10 45 (Gaged @ a9 L
25T % e I 4 S bl Shes il oud
Joh ls A il oS @S0 (B o oS
oo o GLid As 5 Az b 1) Wil a5 pgo 5 sl slaws; 3

OBM‘SAUAM?,\jpv .la;‘j))‘ o.)l.a....»‘l.a
A Gmple aiile 55 M58 B msle adg sln
abley Sloe Jloel gly 058 oo oolaiwl FA 5 £V Lol
(D ) ooz 5 (C k) pow Cwnd g9y
b ogdon Jos A mple aiile 5 lly slapgises,S
u_é‘)L».C 0L .\.;) )L.\.m ZA 9 7Y Jaa‘s) o as s_JBLD.: w‘
s wabee a5 0 Gl Glp cul) Cen
olawi johien g Cod )b mha 4 by sl e
‘gsl""" QSLDJL“"‘ 4 odds odld e adss blog

Ald e Sde 6[_:@)?,1;;‘,

ot Sdos —A-F-¥

S5 sl sla Shes 1500 (Ko s e Sles
S (o0 S gsiie 5 i slaclsr alg 4 aS col
e ;0 Wax g 0 Sbnl I e et yeSl ol 5o
e s ere Jizl Lol slags 5l e e
0F S B> )90 4 Sl oo G Ned s (G)
2 ey &S (55 0098l b Camexr la asgezs
Gz oS sk 4 ogh el @il vg2y Conex
iize sy el T oo yis slixs 4 5 S
GTUS £o8 4 Ay S 5 ) 092y e Jles! sy
555 Lin i St ol an g U
Deb, 2011) el JLolSS oo )65l 51 2) Job jo (S5
(Gen etal., 2008

S oS Cewl Djg0 (n Gz e ol o o
g Wgdee DLl (Bolai Sjgo 4 pite solaai L
Sl jo azl siles souax lade b sl Ssi8 lade
G 0gh o Nl Wl ool msy adgl ol
5k & pi9es)S 3l Ceend pa sl alys SG GKs o)le
g go 0318 o ol Jlade g ead Ol dolas



Obaebl calil 0,509, b gl bl pd 53 9510 S 4l Hlgiwl (65 Lwdinty -

Ay e S Sl o ol Fas 0 S

Figure 5. Elitism in next generation population selection.
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Table 9. Allocation of local, backup, and temporary warehouses to hospitals
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Table 11. Objective function values under different scenarios
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Table 12. Purchased drug quantities in pre-crisis periods
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Table 13. Number of vehicles allocated to each warehouse
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Figure 6. Warehouse inventory at the end of the post-crisis period under different scenarios.
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Figure 7. Mean effects of crossover and mutation
probabilities.
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Table 14. Sample problems for validating the results of exact and metaheuristic algorithms
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Table 15. Implementation results of exact and metaheuristic algorithms on sample problems
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