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This paper presents a guaranteed-service model for the strategic safety
stock placement in a multi-echelon distribution network. Unlike
conventional guaranteed-service models, which are designed to minimize
costs, the proposed model seeks to maximize the minimum service level
provided to all nodes under a fixed budget constraint. To achieve this, a
mixed-integer linear programming model with precomputed risk-exposure
coefficients is embedded within a bisection search algorithm, enabling the
max-min problem to be solved exactly. The model’s performance is
evaluated on a four-echelon election distribution network in Iran,
comprising three provinces with distinct geographic and demographic
characteristics. The results show that, under a realistic budget, the model
can achieve a uniform service level of 99%, substantially outperforming the
common practice of maintaining a fixed 10% safety-stock policy. The
analysis also reveals that increasing the distance between local distribution
centers and demand points reduces the effectiveness of risk pooling and
shifts a larger share of safety stock to the lower echelons of the network.
Furthermore, the study quantifies the cost of equity, demonstrating the
extent of efficiency loss that must be accepted to guarantee equal access to
resources. Overall, the research provides decision-makers with a rigorous
tool for balancing equity and cost in resource-constrained multi-echelon
distribution networks.
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An Equitable Guaranteed-Service Model for Multi-Echelon Safety Stock Placement ... Y

1. Introduction

Multi-echelon inventory systems face the dual
challenge of allocating limited resources while
ensuring equitable service across demand points
(Axsiter, 2015; Snyder & Shen, 2019). Two paradigms
address safety stock placement: stochastic service
models (SSM) with random lead times, and
guaranteed-service models (GSM), where each stage
commits to a guaranteed service time and demand is
bounded (Snyder & Shen, 2019). The classical GSM
minimizes holding costs for a predetermined service
level (Magnanti et al., 2006; Simpson, 1958). In many
public-sector applications, however, the problem is
reversed: given a fixed budget and capacity limits,
how can the maximum uniform service level across
all demand nodes be achieved? This question is
critical for election logistics, where equality is a
legally binding principle (Election Assistance
Commission, 2023). Elections are large-scale, time-
constrained events requiring complex material
distribution under demand uncertainty and wide
geographic  dispersion  (Election  Assistance
Commission, 2023). Despite operational guidelines
from international bodies (e.g.,(IDEA, 2014; IFES,
2022)), ballot shortages have occurred in Iran (Ana,
2021; Mehr, 2019), Pennsylvania (Scolforo, 2024),
and Australia (Electoral Matters Committee, 2025),
revealing the absence of a systematic inventory
optimization approach in election networks.
Research on elections has largely neglected the
operational optimization of inventory and
distribution, focusing instead on political and legal
dimensions (Debrah et al, 2019). The GSM
framework is uniquely suited to elections—a one-off
event with a short horizon where service reliability is
paramount—yet the existing GSM literature has not
addressed equality-oriented objectives (Rolf et al,
2024; Yuetal., 2026)

To fill this gap, we develop a guaranteed-service
model that maximizes the minimum cycle service
level across all demand points under a fixed budget
and capacity constraints, inverting the classical cost-
minimization logic. The solution method couples a
binary search over a uniform safety factor with an
inner mixed-integer linear program (MILP) that
linearizes risk windows via discrete time buckets and
precomputed risk coefficients. Key contributions
include: (1) a MILP-based exact solution with
discretization and binary search that eliminates
nonlinearities; (2) a max-min equity objective under
a budget constraint; and (3) validation on Iran’s real
election network across three demographically
distinct provinces (Tehran, Isfahan, Sistan and
Baluchestan). The paper proceeds with a literature
review, model formulation, case study, and
conclusions.

2. Methodology

This study develops a guaranteed-service model for a
four-echelon distribution network. The objective is

to maximize the minimum cycle service level across
all demand points subject to a fixed budget, capacity
limits, and deterministic transportation times.
Unlike conventional guaranteed-service models that
minimize cost for a given service level, the model
treats the uniform service level as the decision target.
To address the nonlinearity arising from the product
of the safety factor and the square root of the risk
window, the problem is decomposed into two layers.
The outer layer performs a binary search over a
single system-wide safety factor. For each candidate
value, the inner layer solves a mixed-integer linear
program that computes the minimum holding cost
required to achieve that service level. The risk
window at each node is represented by a discrete set
of time buckets, with binary variables selecting the
appropriate bucket. The square-root term is replaced
by precomputed risk coefficients, eliminating
nonlinearities and yielding a linear constraint.

The inner model minimizes total holding cost subject
to risk window definitions, capacity limits, and the
linearized safety stock requirements. If the minimal
cost falls within the available budget, the binary
search increases the lower bound of the safety factor;
otherwise, the upper bound is reduced. The
algorithm iterates until convergence, returning the
highest feasible uniform safety factor and the
corresponding service level. The model was
implemented using the CBC solver.

3. Results and Discussion

Applied to a 4-echelon, 120-polling-station Iranian
election network spanning three contrasting
provinces, the model achieved a uniform 99% cycle
service level under a fixed budget, fully utilizing the
available funds without violating any capacity limits.
Risk pooling reduced upstream demand variability,
and the linearization proved exact. Geographic
remoteness forced higher safety stock in distant
regions; the farthest warehouse had to set a non-zero
service time due to a 17-hour lead time, thereby
raising costs. Isolating downstream distance
revealed that longer last-mile travel times shift
safety stock from distribution centers to polling
stations,  weakening  upstream  risk-pooling
efficiency. The budget—equality efficiency frontier
showed diminishing returns beyond the selected
budget. The price of equity was quantified: compared
with a model that maximized average service (and
left some stations with zero safety stock), ensuring a
uniform minimum of 99% required either a 0.37-
point drop in the average safety factor or an
additional 81,875 monetary units. Against current
practice (a 10% flat safety margin), the model raised
the worst-case service level from 76% to 99%
without any extra budget, thereby demonstrating
clear improvement. The framework effectively
balances equity and cost under resource constraints,
offering election planners a rigorous tool for
equitable ballot distribution, and these findings
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collectively underscore its practical utility for large-
scale electoral logistics.

4. Conclusions

This paper introduced a guaranteed-service model
for multi-echelon safety stock placement that
maximizes the minimum service level across all
demand points under a fixed budget and capacity
constraints, reversing the conventional cost-
minimization objective. Validated on Iran's election
logistics network, the model achieved a uniform 99%
cycle service level while respecting all constraints,
substantially outperforming the current 10% flat-
margin heuristic (76%). The analysis quantified the
price of equity—both in terms of foregone average
performance and additional monetary cost—and
revealed how geographic remoteness weakens
upstream risk pooling, driving inventory toward
distant endpoints. The framework is transferable to
humanitarian aid, vaccine distribution, and
emergency supply chains. Future research may
incorporate stochastic lead times, infrastructure
disruptions, and dynamic in-event rebalancing to
further enhance operational resilience.
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Figure 1. The election distribution network in Iran (adapted from the laws and regulations related to elections in
Iran ("Presidential Electoral Law of Iran," 1985)).
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Figure 2. Total safety stock at different echelons of
the network.

gl )3 1) Glebl 509250 015 925 (6 m

S o gmezs RW L 4 LDC
o 2L 5 6l 4 e mie S s G,
Aol o @8 3 e 99 ST ely 53 €9))s S,
S0 LT wisg olaSs 6], 35 ot b alols o a
$o97se S5 5l (%S e 5590 ad b (e @98
S 5o R e @i S Cod | Ol
fousls walgs
sleosls jo culs Jlai o b Jlgw (pl 4 by sl y
o iomly Jolsh oS s g5 5T wblienl 45
SV el slasle; Yseme Wyl g5 Ysb
B ol las lp gy ol 5 )l 8 s F Yk
b Sy aesd Comd (amwoml bl bl
She pled 4 oSy ooVl sl oy ol
o V5B 285 )3 bl 055 e @i
Sl Olysay bl plo old (o8 L Jol> aens
l) 3 ot 4y e @9 35 0 5l e loy eSile

a5 aes o olid ol sl o sl oald soly ylid

Y VRRPUSRENC WS\ PP PYVES g [T S B

[DC4 4.0
LDC2 - 0.022- = ub
0.10 4 LDCo
DC
<
: ~
~
% \\
LDC6 35
& ~
Y .
A 0.09 A
> hS
j LOe3
: @iocs)™
3 S L3202
) ~ 3
vy, 0.08 ~ é\
§ droent] s e
& ~ F2.5 i
% ke
CF -
Hiocs| s 4
T RN 2
i 0.07 S =
S 3
w ~ r2.0 3
: ~ =2
% ~
~
- ~
.
= ~
B ~
= 006 S
9 A 16¢7
E “~ fice 15
¥ N
~
~
.
~
\;
0.05 4 ; ; ; : | I 1.0
1.0 1.5 2.0 25 3.0

(cucbw) e @ LDC jl jow loj (u%ile

LDC ;5 LSy el yloy 58,5 Jlai 10 b Sy ) moesd S Gyl alold alls 31 JSC&

Figure 3. The net effect of downstream distance on the risk pooling ratio considering the same supply time in

\O)Ln-n'i)/v 0590 AL Jbﬂ/d)sbﬁsw‘fuw

LDC.



n wass (ALl o lawbl 6042 g0 )l Jwl gl Cdlae g (St 0Ul end (BOCwAS o Fo

ol @bl Sl sl Sl G 950,
L oS anl jacass ol 0 mbe a5 cul gl o
Jol> s mhw )3 9 (e @Alie (RS
elas! ool 4 Gowes Sg>ge dzdg cplply el
al pan 3008 lag] [ Cuas o ol a5 Wb o
395 Hlade JiSlas 4 cal (pl Cwds mhaw a5 5 gk
M).Q)J 9 ooL’;élﬁo u.:...u as k5|l:> 5o ‘MJQSQ (Z=4)
Oz =0) 0SS C8l )0 609 AsS et Sl o
pilive cdlae 4 Slows a5 wes e lis Ol
el s angio (25| (i 5l (St

2,5 dwlre S0 g0 4 |, adle cwed ol o
p oAb (0 tCwo,d A oo p dwlxe (A
I sl

SilosoS i 1o 3 Ay 38 (Gl Ao (A
oy cov dlie Cwd (g emecdlae Baa 1 i
ke 4wl et mhe She g5l ST
(Jlie ;o 0S8 o oy Cwws 2=33 sl oo
a5 WS o et Sdlae JBlas glu ST 5,80,
alas z = 29219 31 5ool cwss mhue S zo
b Jguz g 5 bngte (Sl cuye
Do oo lid |y avglie (pl ases

Cod SileesS sl i dn Sl » Al (0
) YIAYNA Ll z jlade « Jo slie p Sdlae
50 b (el ool Cowsdy jgmecdlae Jow lawgs aS
s sl p3Y e 4o Bl g ol ad)S ks
A ol don lee ;0 VAT Lagie Cwods mhaw 4
Sl ke ol Sl LS Joe el cowdy 1,
Laslie )0 g auiS 3aze YPANYD anje L) oo
ol jemmecdlae Jowo S axly FOe e azog
@ Qliobl (609290 parass pac &bl (928 e
0> 5| G panaS 5 (2= 0) anjey o, 351 e
Sl ol Jols Z=4) aupeS Gpd cad @
SO 0 QL.M.‘ Iy duslio Q—.’.‘ PESANA Jg»\?

(9951 (ghomio) 5 ol 1 — azogr 51U 550
. 008 0995 0.998 0.999
100% oomg ¥

Caadi mlans

0 F000- 100000 150000 200000 230000 30000 350000 400000 450000 500000

.‘_g)g‘)g— 4>3gs ‘_g‘)ls)).ao f J&w
Figure 4. Budget — Equality efficiency Frontier.

G790 Sl glazog a5 cul b_JL> Slode S
o B Caxdy (pl ;o 0gii a8 S i s oLl
Jobo s il 850 slolis b Jolae (sls09290 1o
3 839790 §IK WS (o0 (5)IMKS 395 el Ol
A opdiee Sl e 4 e (2 Ske mhaw
WS, dgu )0 Cewl Aoy B0 Cwds mhaw b bl
Lol 331 and o ooluebl Gos>se sl azog
Opas $997 90 S9eS jop 5l doy0 B0 Jolae (Jlozs|
Cooggs o 4 odlong ¥l Ja axly e .ol
..\.ZSGA ol:u\ Gy O 6L‘-° u;‘ )| );‘)3 STy
FB s Jo ool FOeseee Gl azog alsl
legy ol S s sl s maw jo lalaxde
45‘)‘ d>3g) )J‘).' B ‘) @5J.la.n Cods C.’a...u calags
S sad ad S 4 Joe lp tedlae cwdd (A
sly 4z Gles oolidlyge Hliws, o casmssl,
Olyme az b adls coaly pl jo 1) ol

oo 20 a5 21
L oolpin 0,550, cadlae Gasw ay e cols lis ol
U ool Jaw o cwl o5 (o She sile S Tos
Bl LS 392y dend (pFaniey g (o Feslidlye
e i 4niaeS 5 SRS cad Cwas mha il
2l e 618 Jlosar Jow cpl sy s

(lie o el o, 331 cad e 0 Cwas

! Price of Fairness

‘a)u v 0590 A4 JL‘”/G)5°)@5WG‘”W



4|

ohSes g 65l e

o Sl 9 eo anie Slae p 5)ed9m 5 5 pmeclas 5505, 99 ln 7 polie aglic B Jguar
Table 5. Comparison of z values for two approaches: equity-based and profit-based, based on opportunity cost

and monetary basis
G709 3595 Srgmedlae 8,59, b dlas Cond gl
Y/FYAN YAV z Sl Cao b dig3p clis 1 dmmslore
Y/avia z Jsla>
¥ Y/avia Z jiSlas>
VYO YFA fEaAQY AL YIAYNA Cwoss mhaw gl (Jos sle o dlons

dgaze [0 okl (5l cud b g cwl azog
Syl Jow by 0,8
100% 99%

90%

76%

80%
70%
60%
50%
40%
30%
20%

10%

0%
Caods pila

Wiy oSy, ouds aill Jos

y)usé)éw_\}a.]awmm.aﬁ

Figure 5. Comparing service levels in two
scenarios.

PP VS SRUNCINEPVRCIRUNI WEE Jig PXC S

Table 6. Sensitivity to polling-station capacity

sgP¢ sspW ssiPe z  Capg®
VYEY YRy YAV flooo
\YPY V¥ Y/avia Yoo
\YPY YRy YAV .
\YPY AR Y/Avia Voo
0+ A AN VARV RS

S gab plaea Joo b b i el L
L ke jlaae cppin Uz jlaae Ll cile oo
Lot o abs el Cudl glacyssass
SialS axlg VAVOA 4z Jlade ) v a4y b b oew,
Gl ) b i 3 cand liebol (g092 90 g azily
5 LDCS loebl (639250 JalS (roized b oo
slalis & 5 canlz oS asas Ve e el b o RW2

Olge solad Ho CawdVl 4 (so9> 90 Jlal pac

\O)Lo-n'b/v 0590 AL Jbﬂ/d)saﬁsw‘fuw

9 ohegh onl oleiin 9509, le Soli ax (A
G590 amass [0 bl ol pae Jolose 4,
95,15 0424
A3l and jo (s357ge (bl Cypoe Jylaie dyg; 50
awd ol b asly olgl slaw L cwlie s,
3529 Dyge 50 opl poogdle gl e ooy Larass
5 sy Ve ol liabsl 4l (35 e alio
ws S e Lol Jlasl olleg Gids sl
3 35750 gl 4 g 9 0,55, (nl Oed o
Ol Sty merd Sl g Loley comladpse ol
i ey b Ojpety 1) s39mge
O i jo gyliw ol Gl 5l ol mls oS s
PRV 7 IR
ol oy @ ol a4 0B L Jelaie 9,500,
BRI X YPRPR WS | SRV ES chw Jolee ANVA

A>0g L> ‘GL‘) dALEA s 00 43|)|

&2 3l S b (ool ool oleidnn oo (il
o ye Sl ilyl (g397 90 Aty pAraSS 5 S
Goowe |y o )0 A9 Cwas mhaw Jobe /AT ]
(oolppin 0,509, A5 v e lid mls opl sl
Aoy Vo ogas |, Cwnsd maw w@xog il a0
gl parass LS (g B b g ools 9
S0 oo il ) Sl
bl a4 fed Joe Conles L 6l (0
e &35 S e Gy S dad 00 (5,05
bl dged olgieds RW2 13 (LDC5) ey
s cdl als Ve a Ve 5l aia Al
2 Sl o5 Gly b asse Glas £ Jgue
ol oo Al Slade il Yoo JBlas as
St VAV L plp g s o 2 S318S
0uiuS dgaze Jule codgaste cpl jo 15 cile oo



n wass (ALl o lawbl 6042 g0 )l Jwl gl Cdlae g (St 0Ul end (BOCwAS o Y

a5 bl ol ooloiinn Lbg, el (6 pdu mlite
plwl Ll 55, 5l i plaebl g097 50 ] a0l
o whaw jo (HBlg olal lp J> ey cnl s e
) oleiin 9,505, Glasle ) 5l Jo3 LI

S S Az -0

Slp onBradl (Bl Jao SG Girgh (al 5o
sy el (o Hliebl sosge g8 maly )l yanl
Silw Bl sloa ol jo a5 Wl il mhwas
WBan b 5l (Gesd gl lp e
oS plod b o Cwss mhaw Plas gile iSTos
e ool Gl S8yl g dz o Cusgaoe o Lolds
Blae 30 1 o1 655,54 Sl (g3l s 8,504, 50
S s sl s adlae Cule, byl s 4 WS o ol
el 10165 1 Slotg Camdl 3l Ceas

GSeD 8y p Jwe Gileesly ol Faw o
Mol 1) @l o sleay, el 5L bbbl
P e o W TS WS  HCY W LI oW
2 Sl gilwaige Vb cud b goaimslis
n ol sizan ol 22l el L alis
5 e @5 ST Olee abold aldl a5 ses oo LiS
s g ooly palS 1) Sy aezs o) Lol bl
Sl ok @ | Glaebl oszse 5l gt
] Ol & W5 o s ul WS o Jithe 4k
iy bl bl 6,555 5l i b S S
l:aQT cwlie el gl g 00,8 ololid |, asis
WS (65,46l

sl (6500 sleoje A prend Wbl szl
Al 5 glinnSTy clings iy LSS &9
Cobls 0l e san] Slilllas 5yl 1y (gL lasl pels
sl ol Jow aams aolidl |y Jaw gou)l8
slagle; lyier &5 Sl 005 (23 (b3 ) glral>
b sl b sl sla Stst . dolas (pels
O e 285 L o 58 ) e lls )
39 3l O @0szse oply R 4 ies
Pk Slgae sam pF 5wl asls, ol
b S sl, clele s )l ksl

sl e e ST ¢ Blie 7 (gl sVl Ui
Slog b ald jo 4T cwl o1 el ol s
GSM gl 50 dile so (3L SEPC =0 ool oy
Sl ol Gline 4 e @355 35 e o Cwas ol
OSae ploy Grmm 50 Spdise Me Sy ol &S
3¢ camd 4 (Lol b, 5l e aloldl)
a1 cwd S, o L il S Sle,cens
OSen Sl 4 1) plaebl (g5 g0 g ouils, JSlo
ok by S e izt 5L s 5 Wl 058
JES! il i 5l Jow a5 ams e olis SEPC =0
Sl G S0 g eols plail | caso¥l 4 (509250
G357 90 A )0 13l 3925 Bk cnl 5 i Jlal
i 2 Sl oy 61 RW2 5 LDCS (Lol
e ool (28 L3, cnl ol I3 S lade
Lol i (glp laebl (695290 .l 5500 GSM
58 Lol 5 cond S5 2 Lawgs sadipmsd oS b
Sleladl 3o,k 5l ezl ol o il 4y, glas o]
Sy suzme Ola b 5, Lhsl el asle) oolall s
(Snyder & Shen, 2019) o4 o odld Fuwly (Lgi)
bsb Cpsgama 1 7 SIS, GhalS ol
b oclite pedl Codd gl how Sk
5L & g cel Al Sond slacudgase
chw &Sl 5l i Joe (695750 Lamass Calew
Shbes s pdillasl sl 5l was Jrals |, cwas
sl 428 ,5 0,00 09> 50
Sl @D 5 Gadobde b)) jshaea (1)
Sl b leasid 5l slasgemme cooliingy B,
b aSed o sl Joe b 45,5 I o it
OO gazal (28 by (iSugs oS o Sl
Jole e b s o (5, slac o 5 4z
J9uz 0 @ls bl s slul (> ooy 2 5
Sl 00l 511 Y
05 1%am S5 1 o g iy oSl ol pabes o
Copd & oliwd g azog (o9 dgael 4 azgi L a5
Cool el sype /e od il g Pl el
Lo JS > oo ecnl b (l0g(4.0/0.005) ~ 10)
Sl MILP Jow J> lo ufle ol Ve Jolso
b celite aSeed slal (Al b o gley comieen
odposlis 4 WS o b, 29990 e olaw

‘a)u v 0590 A4 JL‘”/G)5°)@5WG‘”W



Y

ohSes g 65l e

St ilise ol (sl solering Jo gy srdioslde Julos ¥ Jgas

Table 7. Scalability of the proposed solution method for different network sizes
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