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e Shock duration, followed by intensity,
drove performance drop and resilience
loss.

e The intensity—duration interaction
revealed non-additive effects on
performance drop and resilience loss.

e No policy was universally superior;
performance depended on operational
constraints.
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Pharmaceutical supply chains are vulnerable to demand shocks because
inventory depletion and capacity constraints can reduce service levels and
delay recovery. However, inventory policies are commonly evaluated using
average performance measures, while the dynamics of performance
degradation and recovery receive less attention. This study examines how
the intensity, duration, and timing of temporary demand shocks affect
performance drop, resilience loss, stable recovery probability, and recovery
time under three inventory control policies: decentralized inventory control,
vendor-managed inventory, and an information-coordinated policy. An
agent-based simulation model was developed in AnyLogic, and the policies
were evaluated using a factorial experimental design. Performance drop and
resilience loss were assessed using robust analysis of variance, recovery
probability was analyzed through logistic regression, and recovery time was
examined using survival analysis. The results showed that shock duration,
followed by shock intensity, was the main driver of performance
degradation and resilience loss. Their combined effect exceeded the simple
sum of their separate effects, indicating a non-additive system response.
Shock timing had no significant direct effect on most primary outcomes,
while the effect of inventory policy was generally smaller than the effects of
shock characteristics and depended on operating conditions. Supply-
capacity constraints affected recovery probability and recovery time,
whereas lead-time variability primarily influenced resilience loss and the
relative performance of the policies. Overall, no policy was consistently
superior across all conditions; therefore, inventory policy selection should
reflect both the expected shock characteristics and the operational
constraints of the supply chain.
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1. Introduction

Pharmaceutical supply chains are particularly
sensitive to demand shocks because uninterrupted
access to medicines must be maintained despite
limited tolerance for shortages. Sudden demand
increases can rapidly deplete inventory, overload
production and transportation capacity, reduce
service levels, and generate persistent backorders,
costs, and waste (Goswami et al., 2024; Sazvar et al.,
2021). These consequences may continue after
demand returns to normal because depleted
inventories and accumulated orders create a post-
shock disruption tail (Burgos & Ivanov, 2021; Ivanov,
2024). Resilience assessment should therefore
extend beyond average service levels and include
both performance degradation and subsequent
recovery.

Previous pharmaceutical supply chain studies have
mainly examined network design, supply reliability,
safety stock, and mitigation under uncertainty
(Mousazadeh et al., 2015; Tucker & Daskin, 2022).
Vendor-managed inventory (VMI) can improve
replenishment coordination when timely and
reliable information is available, while blockchain
and smart contracts may enhance visibility and
automate coordination rules (Omar et al., 2020).
However, these research streams have largely
developed separately. In pharmaceutical supply
chains, limited evidence is available on how
alternative inventory-control policies respond to
temporary demand shocks with controlled intensity,
duration, and timing when performance drop,
cumulative resilience loss, stable recovery
probability, and recovery time are evaluated jointly.
The role of operational constraints in changing
relative policy performance under such shocks also
remains insufficiently integrated (Habibi et al., 2023;
Macdonald et al., 2018).

This study compares decentralized inventory
control, VMI, and an information-coordinated policy
under temporary demand shocks. It examines the
independent and interactive effects of shock
intensity, duration, and timing and evaluates
whether supply capacity and lead-time variability
alter relative policy performance. The principal
contribution lies in integrating shock characteristics,
inventory-policy mechanisms, operational
conditions, and complementary recovery dimensions
within a comparative framework for pharmaceutical
supply chains, rather than assuming the general
superiority of any one policy.

2. Methodology

A quantitative agent-based simulation was
developed in AnyLogic 8.9. The model represented
ten pharmacies, one supplier, one transportation
agent, and an information-coordination
infrastructure. Each daily cycle included demand
generation, inventory allocation, recording of unmet
demand, replenishment decisions, supplier

processing, transportation, and delivery. Because the
model was not calibrated to a specific firm, its results
represent within-model policy comparisons rather
than direct predictions for a particular organization.
Three composite inventory configurations were
evaluated. Under decentralized inventory control,
pharmacies monitored inventory and independently
placed replenishment orders. Under VMI, the
supplier used pharmacy consumption and inventory
information to make replenishment decisions. The
information-coordinated policy combined VMI logic
with reduced information delay, automated
monitoring, blockchain-enabled information
exchange, and smart-contract execution of service-
level rules. Blockchain and smart contracts were not
varied independently; therefore, the results
represent the combined effect of this configuration.
Normal daily demand for each pharmacy followed a
non-negative normal distribution with a mean of 80
units and a coefficient of wvariation of 0.15.
Temporary shocks multiplied the mean demand by
1.5-3 for 1-14 days and began on day 60, 150, or 240,
depending on  the  experimental  design.
Supplementary experiments varied supply capacity
and lead-time wvariability. An additional initial-
inventory analysis was treated as exploratory
because the inventory level was set at simulation
start rather than immediately before the shock.

The scenario-based factorial design produced 84
unique experimental cells. Each cell was simulated
through 30 independent stochastic replications,
yielding 2,520 runs, including 90 baseline and 2,430
shock runs. Each simulation covered 365 days and
included a 20-day warm-up period.

Daily fill rate was normalized against its mean
during the 30 days preceding each shock.
Performance drop represented the maximum decline
from baseline, whereas resilience loss represented
the cumulative positive shortfall from baseline until
90 days after shock termination. Stable recovery
required normalized performance to return to at
least 95% of baseline for seven consecutive days.
Unrecovered runs were treated as right-censored
observations.

Continuous outcomes were examined using factorial
Type III ANOVA with sum contrasts and HC3 robust
inference. Logistic regression was used for recovery
probability, and Cox proportional hazards models
were applied to recovery time. Welch, Fisher exact,
log-rank, and Holm-adjusted comparisons were used
where appropriate. Total cost, waste, backorders,
and transportation-related carbon emissions were
also evaluated.

Model verification included checks of the complete
experimental  structure, shock timing, and
independent recalculation of the resilience
indicators from daily fill-rate trajectories for all
2,430 shock runs. Behavioral validation examined
the directional response of the model to increasing
shock intensity and duration and to reduced supply
capacity. In addition, a post-processing sensitivity
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analysis varied the recovery-performance threshold,
the required persistence period, and the post-shock
observation window.

3. Results and Discussion

Shock duration was the strongest and most
consistent determinant of degradation. Extending
the shock increased both performance drop and
cumulative resilience loss under all three policies
and generated additional backorders that transferred
unmet demand into the post-shock period. Shock
intensity produced the same directional effect but
was generally less influential than duration. These
findings support the concept of a disruption tail,
according to which system deterioration may
continue after the initiating shock has ended
(Ivanov, 2024).

The interaction between intensity and duration was
significant in the multi-factor analyses. Thus, the
effect of increasing intensity differed between short
and prolonged shocks, and their joint effect was not
additive on the response scale. This non-additive
interaction is consistent with nonlinear response
behavior within the tested scenarios. Prolonged high
demand depleted usable inventory, accumulated
unfulfilled commitments, and reduced the
opportunity for replenishment processes to restore
performance. The highest resilience losses
consequently occurred under the most intense and
longest shocks.

Shock timing had no significant direct effect on most
primary outcomes, and no stable pattern was
identified across shocks beginning on days 60, 150,
and 240. This finding does not establish that timing
is generally irrelevant; it indicates that the selected
shock dates did not create sufficiently different
system states to generate a consistent direct effect.
Similarly, inventory policy effects were generally
smaller than the effects of duration and intensity,
and no policy dominated across all shock
combinations.

Recovery probability and recovery time did not
always lead to the same conclusion. Some
experimental factors altered the speed of recovery
without significantly changing the final proportion
of recovered runs. This distinction demonstrates
why recovery occurrence and recovery speed should
be evaluated separately. Policies with similar
probabilities of eventual recovery may still differ
substantially in the time required to restore
acceptable performance, supporting the use of
multidimensional resilience measures advocated in
previous simulation research (Habibi et al., 2023;
Macdonald et al., 2018).

Operational constraints altered the relative
performance of the policies. Under an intensity
multiplier of 3 and a supply-capacity multiplier of
0.7, the recovery probability of decentralized
inventory control declined to 40%, compared with
76.7% for VMI and 73.3% for the information-
coordinated policy. Capacity limitation also affected
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recovery time, demonstrating that physical response
capability can modify the potential benefits of
information coordination.

Greater lead-time variability increased cumulative
resilience loss, although its influence differed among
policies. Under a 14-day shock, the information-
coordinated policy was more sensitive to increased
lead-time variability than VMI. This result suggests
that, within the tested settings, enhanced
information sharing and automated coordination
could not fully offset uncertainty in the physical
replenishment process. An exploratory initial-
inventory analysis was reported separately because
inventory levels were set at the start of the
simulation rather than immediately before the
shock. Accordingly, this analysis was not used to
infer the effect of pre-shock inventory on resilience
outcomes.

The secondary outcomes were driven by different
factors. Shock duration was the primary determinant
of fill rate and backorders, whereas inventory policy
had the greatest influence on total cost, waste, and
carbon emissions. These effects represent the
combined consequences of replenishment rules,
inventory levels, shipment frequency, information
delays, and automation. Overall, the results reinforce
the need to evaluate both resilience and efficiency
and are consistent with research emphasizing the
interaction between disruption characteristics and
supply chain configuration (Ghadge et al., 2022;
Macdonald et al., 2018).

4. Conclusions

This study shows that pharmaceutical inventory
resilience is not a fixed property of a particular
policy. It results from the fit among shock
characteristics, operational constraints, and the
policy’s decision mechanism. Shock duration,
followed by intensity, was the principal determinant
of performance degradation and resilience loss. Their
interaction further showed that severe and
prolonged shocks cannot be evaluated as the simple
sum of separate intensity and duration effects.

No consistent policy ranking emerged across all
resilience, operational, economic, and environmental
outcomes. Supply capacity and lead-time variability
altered recovery behavior and relative policy
performance,  indicating  that  information
coordination cannot substitute for adequate
production and transportation capability. Because
the information-coordinated policy combined VMI,
blockchain, smart contracts, reduced information
delay, and automated monitoring, the independent
effect of each component could not be isolated.

The findings imply that disruption plans should
jointly consider shock intensity and duration, define
recovery as a sustained return of performance, and
evaluate policies through multiple resilience
indicators. The study is limited by its simplified
single-product network and lack of calibration to a
specific pharmaceutical supply chain. Recovery
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outcomes are partly dependent on the operational
definition of stable recovery, as indicated by the
sensitivity analysis. The initial-inventory analysis
was treated as exploratory because inventory was set
at simulation start rather than immediately before
the shock. Waste and carbon estimates are also
intended for relative within-model comparison
rather than field-level prediction. Future research
should validate the model using empirical data,
extend it to multi-product and multi-echelon
networks, control the pre-shock system state more
directly, and experimentally separate the effects of
VM], information quality, automation, blockchain
and smart contracts. The central question is
therefore not which inventory policy is universally
superior, but under which combinations of shock
characteristics and operational constraints each
policy can maintain and restore acceptable
performance.
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Figure 1. Conceptual model of the study.
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Figure 2. View of the model in the simulation environment.
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Figure 3. Architecture of the simulation model.
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Figure 4. Schematic representation of the performance drop, resilience loss, and stable recovery indicators.
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Table 5. Model output and evaluation indicators

e bl s 25 sloasls B Joua

ko Gy y5 g poedo Lo 09,5

Sl £y i ot aily el a4y Cornd 0ad Jlo i 0 Shoe ol o miny 5 Sles Gl

ol Ll 5l 59, rtess B S'ed (L alolé bt ol Sl

Sl 59, can gl 4l maw o0 A0 JBlas 4 eIl Lae 4 Slaws pac by by Sbsb cossg Syl

ialesl Joko 2 1S5 @ oad obil slalzl cons b3k Sl Sl

odmline 02ty (0 Ml e 4 Cond 00l Jlo i 0 Slos (6,8 diljg, £aoxe ‘5)3—‘5':13 obs (5)3—‘;':13

Lolis JS @ oadipuel Lol s (Sl &5 Sliles

wd)lewsl (g8 i ge g Bore (0 law 4 e Sllee LAl auje pexe J5 ane @bl

Lot ais Jds 4 eoslatul bl ol > 5 eadzyls slaasly 5 ool siie slaasly ggome J5 oluls Shles
G{Loo

el o Sl S (5loo 590 10 el (sl 4 (Slodiicymels Lol fgezme  Fgre b lin Slhles

Sl s g dgeme o Jom alold balgeme JS pr sl g JBig o omems el oS lanl e

FaskS o

s JrawiTedsn (g, b Jleizl polie g plnil © 2l
Cs.'a...u ) LDWL..MJ wl...u‘ » LQM[&A ob‘sﬁl.‘; R FEK)
b e ol b ele ples

Rl g (29990 L2l w50 b3l Cundg st
b el el VSt (50 S5 b sl Jlozs
2ol ladelss 5 75k j2 4 byype Jalse sl
Syge 50 5 Bl (IS eeil bl 5 wiad o)l Jue
A o138 liedsl alold 5 il Cod Gl

ol Judos A S5 cnlie Ol Jow b obsb ol
oad b3l edwlice oyt (LU U bl >l 51 isw 1,5
ObL L ell B Sed Ghl 5l eadig e ploy iog
Olped Sl Soendg g oloy pite plaiea svaliv
oaii bl slalzxl al ad 3l jo slayy, e
sle gone 0l Jaw o)ly oo gl & g0
e s Sl 55 23l oloy wls g 7 plem DL
NS JURT SO0

5 red 380 93] 5l sl ool (o2 i ol
oalitnl 3,8 5031 51 bk ooy @ig Ammlie sl
Joosd olgn (B9, b 5 beanalie (ol Jlexa] polie ol

® Welch’s Test

¢ Holm Adjustment

7 Logistic Regression

8 Cox Proportional Hazards Model
 Kaplan—-Meier Curves

Y oylods /Y 0590 [VFef Jlw /(5590 3t 9 poummw (oo

Gobol Judo yog, —A-Y

L g lodnd Jitas slyzl gl 50 5kl sloJulos
» ab bl was el SPSSl3dle 5 5l ool
waid,y L5 4 bewslow

ohliw lule (JS anie (Sady F5 slob
Yogw g5 sl Guibyly Jelod )5 Lasl 5 Goxe
L slaik Jolse b L2l gk o sl b calito
5 ol sl b owals g,la8as ‘&w‘ Sl S
Dol et BB o olss jgh> o bliie

sty b boul)ly Sea g bosiladl &8
el o yaie Sy aSbuTil ol gy gl
b 51 g lole 0l Lol blazwl wssls las (il lg
GLQ& M‘ W) ‘nl:;o‘ VHC3 HLB.A oﬁ]ﬁ u,ul...u‘ »
cbalols 5 (17) Tz bl sdee L 58 il
IRV LRSI VAN CUON Y

duslio e gl ol b b3l g lobiae &yge o
ool b Jeloe atin zohaw jo bowlew (29

! Type I1I Factorial Analysis of Variance (ANOVA)

2 Sum Contrasts

* HC3 Heteroscedasticity-Consistent Robust Standard
Errors

* Partial Eta Squared



Oleadele (gilwand anlliae SO Lol cgo STl il 0 53 (29500 5997 90 BCwwbiw UL 2L YAY

29,0 u.a.oLs opm; o gloools b Joe as Lxil )
O ol 5o ez, liel el sauts 0 ) IS aseioe
odb S Slpsd ply jo Joe )68, Bl
2 Jae el psbaie (ol gl ol 35 et Lol Jelge
oad &Ll F Jous o S cpl mls al gwyp
P g oS wolon aiies bl il ok
el byl alS g o 5,510l G g o Slas 4
o sl il Szl 28l 5 b il b
e Je Sl 550 glhio U Olpsd pl Cgz 09
Lolys jo el anld g g0z ge p jlad waus p
Bl Fogamme cud b g 5 SVsb Saad Seb
dwlrail « Sed gainle; Billas Egee 4O L]
Jolse yotd 4 Jow Jloluz zul g basls Jii.
Bl 5 Sl coe Gl p3Y waleld (Lo
028 1) sy 0550 Slag lw e3gaza ;o Joo (5,8,

.a)S
751 Tp] e PRUIW IWE S W E SR R

Slhles @28 & s Siwly Glie (w)p jslateds
@ ,Sles alew| JUES I PR IUUw PWE W E i VY P Py
Al plel sanlice o)y Job 9 5 Ml slojg, olaws
oS sd slalal olos (Sbjk Cundg jelaie onl (6l
..\.~_‘> o 9 (;..\.w); C); 4)‘)5) B )‘ oolaw! L:
Gipgy shol i ya 0 dulne Toame (03%0le Gy
Ll mho s W0 Bl a4 o Slee cutS5L Jolss
ObL 5l o 039y eyt o (Jlgte 5, e gly
oo &IV Jaus jo Camlus Judow bl 0g gl

Table 6. Results of behavioral tests of the model
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Table 7. Sensitivity analysis of the definition of stable recovery
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Figure 5. Effects of policy and shock intensity on
performance drop.
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Figure 7. Effects of policy and shock duration on
resilience loss.

loilaw ol b sl auaid poogdle o il il
l)).:‘)a dﬁm u,u)La...u 2 Sdw )-" o}‘..b" T o‘).o.ﬁ d?”
5,99 4 oditi el (sLolis JUl b oS ol sagy +/YFQ

el J8 5l Sl
—ORL gy b eado gl 2l by ailee A S
j97e 9 Sgd Do 88l e s o plid 1) ple
ey o Sed kb 5w 2bb oley il 0gee
L ogre Lg) So o9 5 bolas lugi ol o)
@l S p GBS S elegs 25k s Sen
5 Jlesx! sla Jow gl bssalive ol .l 00,55 ol
Jepllh 0gs Jolae /00 mhw o gl el

o3 5o Hlal obsl Jlaizl (gog0e j9me g Dol o
Pl slp (B wled ( Sz Jao ocel KU e
samlie obsb Jlml p oyl Jobs b wod cwwanlew
p Jolse nl Gl ghlolize 51 50 WSS o o 0
T ol ol o aels cws a4 bk b
b e 0by s S8l oo i 2bsk 2l E589 5 i

ol )8 ).ui.a o
5 Ol 1) (Fadp g5 Ssd Dad sl glasely o
Sl gl 1 s jlesil g Boxe (3)lhe (S ane
U"‘ Lg‘)'.’ AW 9 u.wL.w JAL:U O <IYAN 9 SARE

g Hlolne boasly

Stable recovery probability

15 20 25 30
Shock intensity multiplier

& Decentralzed control Taditional VM —8— Intormation-coarainated poiicy

Figure 6. Probability of stable recovery by policy
and shock intensity.
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Figure 9. Effects of policy and shock timing on
performance drop.
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Figure 10. Probability of stable recovery by policy
and shock timing.
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the Kaplan—Meier method.
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Figure 11. Resilience loss in the policy x shock intensity x shock duration design.
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Figure 14. Recovery probability under shock intensity and supply capacity scenarios.
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Table A-1. Values of numerical parameters used in the simulation model
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Figure B-1. Recovery probability by shock timing and initial inventory.
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Table C-1. Summary of inferential results for the main resilience indicators across A1-A7
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Table C-1. Summary of inferential results for the main resilience indicators across A1-A7
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