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AHoraniga. MikponignpueMcTBO, IKe BUTOTOBJISIE IePCOHAJII30BaHy NPOAYKIIiI0 B OJHIN
KpaiHi Ta npojae ii B iHIIIA, CTUKAETbCA 3i 300fMM Pi3HOI NPUPOJU: BiAKJIIOYEHHSIMU
eJIeKTpoeHeprii, 3puBaMM TPAHCKOPAOHHOI JIOTICTUKHM, 3aTPUMKaMU IOCTA4YaJIbHUKIB,
3aKpUTTSAM KaHasly 30yTy Ha MapKeTIJleici Ta TapuHUMU 1IoKaMU. fkicHa JiTepaTypa 3
PE3UILEHTHOCTI BU3HAYAE, AAKi 3JaTHOCTI MalOTh 3HAYEHHS, aJle He BKa3ye, SKUW caMe 3axi/
caif, mpuabGaTH mNepuiMM 32 O0OMeXeHOro OJKeTY; KiJbKicHa JiTepaTypa HpPONOHYE
dbopMasibHi MoJes1i po3mofijsly pecypciB, MpoTe Nepeadadyae HasBHICTb OGaraTopiBHEBOI
Mepexi, MpUAaTHOI AJs OILjiHIOBaHHS icTopii 360iB Ta aHaJITHUYHOI CHPOMOXKHOCTI, SKOI
MIKPOIMIANPUEMCTBO He Ma€. Y CTATTi 3allpONIOHOBAHO MOJeJb CKJIaZEeHOI pe3uIbEHTHOCTI
(Compound Disruption Resilience, CDR), mo 3anoBHIO€ 1o nporaiuHy. Mojeab npuiiMae
piYHMH Map>XKUHAJbHUW [JOXiJ 3a HyMepapiW, 3aBJAKA 4YOMY pIi3HOpPiJHI IIOKM CTalOTh
NOpiBHIOBAHMMHK Ta MiACYMOBYIOTbCS B €AWHUU (QYHKLIOHA/J OYiKyBaHHMX BTpaT; BOHA
pO3Aisisie AiarHOCTHUKY, 3/iMCHIOBAaHY Yepe3 KOMIO3UTHUM iHAEeKC pe3ubeHTHOCTI Rl, akun
3BOAUTBHCA [0 ayAUTOBAHOI TOTOXHOCTI — 3BaXXEHOTO 3a EKCIIO3ULIEW cepeaHboro
epeKTUBHOCTI 3axo/iiB, — 1 MOpUIUC, 3AiACHIOBAaHUM 4Yepe3 KoedilieHT ePeKTHUBHOCTI
noM'sikiieHHs MER, mo paHxye 3axo/u 3a 04iKkyBaHUMU PiYHUMU BiiIBEDHEHHMMM BTpaTaMU
Ha OJWHULI0 pIYHUX BUTpPAT HaA 3axif, i3 moporoMm ymnposaxeHHd MER = 1. Mogesnb
BikasibpoBaHo Ha omnepalii Y®-apyky, ska BUpoOJisie B YKpaiHi /i puHKy CroJiydeHux
[lItaTiB. YoTHpu 3 n'ATHU WMOBiIpHOCTEeN 300iB € NPAaKTUYHMMHU alpiOPHUMU OLIHKAMHU
aBTOpa, a He 4YacTOTaMH, OOUYMCJIEHHWMHU 3 KypHa/ly MOAIH; aHaJi3 4YyTJHUBOCTI KiIJIbKICHO
oniHE ixHil BruB. [loBHUM nopTdens i3 n'atu 3axofiB focsarae Rl = 0,716 i BigBepTae 41
588 gou. CIIA ouikyBaHux piyHux BTpat 3a 17 900 gou. CILIA piyHUX BUTpAT; 3aCTOCOBYIOYHU
BJIACHUH TOPIr yNnpoBa/PKEHHS MOJeJli, onepaTop HAaTOMICTb 3ynuHsAETbcA HA 13 700 gou.
CIOA Ta RI = 0,648, BiaBeptatouu 37 661 gosa. CIIA, ockiibku m'aTHUM 3axiJy TOpOry He
NpoxoAuThb. lleHTpasbHUM pe3ysbTaT MOJSra€E B TOMYy, 10 BHopsiAkyBaHHsA 3a MER
PO3XOAUTHCS SIK i3 paHXKYBaHHSM 3a HENOM'sIKIIeHUM BIJIMBOM, TaK i 3 paHXXyBaHHSM 3a
abCoJIIDTHOI BEJIMYMHOI BiJIBEDHEHUX BTPAT: PEXKUM i3 HAWOI/NbIIMM BIJIMBOM MOCiJIa€
OCTaHHE Micle i He npoxoauTh mopir. CnizibHe MogzesoBaHHA MeTojoM MoHTe-KapJsio 3a
BCciMa n'ATbMa MMoBipHOcTsAMM po3Milgye Rl y 90-BiacoTkoBoMy iHTepBaii [0,694; 0,742] 3a
noBHoro Hociga 0,672-0,762 i 3ajulllae HalBUILE PaHXOBAaHUMU 3axii He3MIHHUM Yy 77%
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peauizanii. BHeCOk po60TH NoJisiTa€e He y TBepAXKeHHi, 1110 UMOBipHOCTi 3601B BUMipsiIHO, a B
JleMOHCTpallii Toro, 1o AJs I[bOro pillleHHs Ta 3a Ijiel KaJliOpoBKK Take BUMipIOBAaHHS He €
HeOoOXiJHHUM.

KiroyoBi  csoBa:  pe3W/IBEHTHICTb  JIAHLOra  IOCTA4aHHsA;  PU3UK  300iB;
MIKpONiMPUEMCTBO; OYiKyBaHi BTpaTH; NopTdesb 3axofiB NOM'SIKLIEHHS; KoeQillieHT
«BUTOJM-BUTPATU»;, TPAHCKOPJOHHA eJIeKTPOHHA KOMeplLif; TapupHHUM ILIOK; APYK Ha
3aMOBJIEHHH; aHaJ1i3 Yy TJIMBOCTI

QUANTIFYING RESILIENCE IN SMALL PERSONALIZED-PRODUCT
MANUFACTURING UNDER COMPOUND CROSS-BORDER DISRUPTION: THE
COMPOUND DISRUPTION RESILIENCE (CDR) INDEX AND A COST-EFFICIENCY
RANKING OF MITIGATIONS

Abstract. A micro-enterprise that manufactures personalized products in one country
and sells them in another faces disruptions differing in kind: electricity outages, cross-border
logistics failures, supplier delays, marketplace channel closure, and tariff shocks. The
qualitative resilience literature identifies which capabilities matter but not which mitigation
to buy first under a constrained budget; the quantitative literature offers formal allocation
models but presupposes a multi-echelon network, an estimable disruption history, and
analytical capacity a micro-enterprise does not possess. This study proposes the Compound
Disruption Resilience (CDR) model to occupy that gap. It adopts annual contribution margin
as a numeraire, rendering heterogeneous shocks commensurable and summable into a single
expected-loss functional E[L]; and it separates diagnosis, via a composite Resilience Index RI
that reduces to an auditable identity — the exposure-weighted mean of mitigation
effectiveness — from prescription, via a Mitigation Efficiency Ratio MER ranking mitigations
by expected annual loss averted per unit of annual mitigation cost, with adoption gated at
MER 2 1. The model is calibrated on a UV-printing operation producing in Ukraine for the
United States market. Four of the five disruption probabilities are the author's practitioner
priors, not frequencies estimated from an event log; the sensitivity analysis quantifies their
influence. The full five-mitigation portfolio attains RI = 0.716, averting USD 41,588 of
expected annual loss for USD 17,900 of annual spend; applying the model's own adoption
gate, the operator instead stops at USD 13,700 and RI = 0.648, averting USD 37,661, because
the fifth mitigation fails the gate. The central result is that the MER ordering diverges from
both the ranking by unmitigated impact and that by absolute loss averted: the mode with the
largest impact ranks last and fails the gate. A joint Monte Carlo over all five probabilities
places RI in a 90% interval of [0.694, 0.742] (full support 0.672-0.762) and leaves the top-
ranked mitigation unchanged in 77% of draws. The contribution is not a claim to have
measured disruption probabilities, but a demonstration that for this decision, on this
calibration, such measurement is not required.

Keywords: supply chain resilience; disruption risk; micro-enterprise; expected loss;
mitigation portfolio; benefit-cost ratio; cross-border e-commerce; tariff shock; print-on-
demand; sensitivity analysis

Introduction

Resilience is normally studied at the scale at which it can be measured: a corporation
with a multi-echelon supplier network, a disruption event history, and an analytics function
capable of estimating from it. A substantial class of producers falls outside that scale. A micro-
enterprise that prints personalized accessories on imported blanks in one country and sells
them through marketplaces in another is a manufacturing operation in every economically
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meaningful sense — it owns equipment, holds inventory, incurs conversion cost, and can be
stopped — yet it has one site, a handful of suppliers, no disruption log, and no analyst.

Such an operation is nonetheless exposed to disruption of an unusually compound kind.
The operation motivating this study produces in Ukraine and sells into the United States. Its
electricity supply is subject to wartime interruption; its finished goods travel a single
consolidated cross-border lane; its blanks arrive from China on a second lane; its revenue
reaches customers through platforms it does not own; and its landed cost is set in part by a
regulatory regime that changed materially on 29 August 2025, when Executive Order 14324
suspended duty-free de minimis treatment for all countries [17]. These exposures are not
variants of one another. An outage destroys output; a tariff compresses margin; a channel
closure severs demand. They differ in kind, share no common physical unit, and can occur in
the same year.

The operator's question is not whether resilience is desirable, but which of several
candidate mitigations — a generator, an inventory buffer abroad, a second supplier, a second
sales channel, a customs-consolidation programme — to fund first, given a small protection
budget and no precise knowledge of any underlying probability. This is an allocation question,
and a quantitative one, answerable neither by a capability checklist nor by a model requiring
data the firm does not have.

This study proposes the Compound Disruption Resilience (CDR) model, with four
objectives: to specify an expected-loss functional rendering heterogeneous modes
commensurable through a single numeraire; to derive an auditable composite Resilience
Index; to derive a ranking statistic — the Mitigation Efficiency Ratio — converting the index
into a funding sequence with an explicit adoption gate; and to establish whether the resulting
decision survives the admitted subjectivity of its inputs.

Literature review

Qualitative frameworks

Christopher and Peck established the canonical definition of supply chain resilience —
the ability to return to an original or more desirable state after disruption — and organized it
around resilience by design, collaboration, agility, and a risk-management culture [2]. Sheffi
and Rice framed the operational choice as one between redundancy and flexibility,
redundancy buying protection at a carrying cost [3]; the cost-effectiveness ratio developed
below formalizes that trade-off. Pettit, Fiksel and Croxton advanced a framework in which
resilience emerges from the balance of vulnerabilities and capabilities [5], later
operationalized as the SCRAM assessment tool [9]. Craighead and colleagues separated
disruption severity from the mitigation capabilities that attenuate it [4] — the precedent for
separating impact from effectiveness here. This work is indispensable for identifying what
matters, but yields no computable rule for allocating a constrained budget: SCRAM produces a
capability-vulnerability balance, not a ranked funding sequence with a cost gate.

Quantitative models of resilience investment

The quantitative strand is rigorous and correspondingly demanding of data. Ivanov,
Sokolov and Dolgui introduced the ripple effect — propagation of a local disruption through a
network — and framed disruption management as a trade-off among efficiency, flexibility and
resilience [10]. Sawik formulated resilient supply-portfolio selection as a mixed-integer
program, in which interaction among suppliers makes the optimum irreducible to a simple
ordering [8]. Sahebjamnia, Torabi and Mansouri integrated business continuity and disaster
recovery planning into one optimization model [11]. Ivanov and Dolgui extended the field
from resilience to viability and survivability, motivated by the long-duration, simultaneous
disruptions of COVID-19 [15] — a framing that justifies modelling several heterogeneous
modes at once. Hosseini, Ivanov and Dolgui's review maps this toolkit and thereby delineates
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the gap addressed here: the methods are built for multi-echelon networks and for firms with
disruption data and optimization capacity [14].

Small firms and empirical analogues

Herbane argued that small-business crisis exposure is structurally distinct and under-
researched [6], and Sullivan-Taylor and Branicki showed that prescriptions designed for large
organizations do not transfer to SMEs, which differ in resource base, formalization and risk
perception [7]. The strand warrants separate treatment but remains descriptive.

Three empirical literatures provide qualitative analogues for modes whose parameters
nonetheless remain assumed. Allcott, Collard-Wexler and O'Connell estimated plant-level
effects of electricity shortages in Indian manufacturing [12] — the closest independently
estimated analogue to the outage mode, though two features of their results bear on how it
may be used. Their shortage effect is of the order of 5-10% of producer surplus for the
average plant, whereas d; = 0.25 is assumed below on the basis of the wartime context; their
estimate does not support that magnitude, so [12] is an analogue rather than corroboration.
They further report significant economies of scale in generator costs, implying that self-supply
economics for a single-site micro-enterprise are likely worse, not better, than for the plants
they study — a consideration cutting against the base case rather than for it. Zhu and Liu
documented that a platform owner may enter the product spaces of its complementors,
depressing their subsequent growth and innovation incentives [13]; this evidences platform-
dependence risk — that a platform owner can act against the interests of sellers dependent on
it — without speaking to termination of access. Fajgelbaum and colleagues estimated near-
complete pass-through of United States import tariffs to domestic prices [16], licensing
treatment of a duty as a direct margin loss to the importer rather than one shared with
suppliers.

Research gap

Qualitative frameworks [2, 3, 5, 9] identify which capabilities matter but not which to
buy first; quantitative models [8, 10, 11, 14] presuppose networks and data; the SME strand
[6, 7] establishes difference without providing a rule. There is accordingly no reproducible,
low-data decision model that lets a micro-enterprise facing simultaneous heterogeneous
disruptions rank candidate mitigations by loss reduction per unit cost and defend that
ranking when the underlying probabilities are admittedly subjective. The CDR model is
offered to fill that gap.

Methodology

Model boundary and the numeraire

The model takes the production decision as given and asks how to keep producing
through shocks. It is single-echelon and firm-level — the operation, not a network, with no
propagation of loss between tiers — and static and annual.

The central modelling choice is the numeraire. Modes k;-k, destroy output; mode ks
compresses margin. These are not the same kind of harm and share no physical unit, but they
share a financial one: both reduce annual contribution. Expressing every mode as a fraction of
annual baseline contribution destroyed is what makes an outage and a tariff commensurable,
and hence what makes a single expected loss possible. The cost is that harms which are not
cash flows are invisible to the model.

Unit economics are the author's own operating data for the representative product
basket — phone case 40%, T-shirt 25%, mug 20%, MacBook case 15%. The blended per-order
quantities are
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p=0.40%29.99+0.25x%34.99 +0.20 X 24.99 4+ 0.15 x 54.99 = 33.99 USD/order

c=0.40%6.50+0.25%9.204+0.20x6.30+0.15x 13.00=8.11 USD/order

The blended marketplace fee applies a 70% Etsy / 30% Amazon Handmade channel
split to the respective platform takes:

fee_rate =0.70x0.108 +0.30%0.15=0.1206 = f=0.1206 % 33.99 =4.10 USD/order
With blended cross-border logistics I = 5.00 USD/order, contribution per order is

m=p—¢c—f—1=33.99-8.11-4.10—-5.00=16.78 USD/order 1)

[Mo=7XQ,=16.78 x 6,000 =100,685 USD/yr

where Q, = 6,000 orders/yr (500 per month) is the base operating point, matching the
500-order scenario of the author's companion study, and sitting well inside the author's
observed single-printer throughput of at least 1,000 orders/month. All intermediate
quantities are computed at full precision and rounded once for display; © = 16.7808 and I, =
100,684.84 before display rounding. This convention applies to every figure reported below.

Three divergences from other studies in the series, which use the same basket, should
be stated so the difference is not read as inconsistency. First, fee basis: a companion study on
capacity sequencing applies an Etsy-only schedule (9.5% x p + 0.45 = 3.68, effectively 10.8%),
this paper the 70/30 Etsy/Amazon blend above (12.06% x p = 4.10). Second, declared value
for duty: that study uses in-house cost C = 8.11, this paper € plus the international leg, 8.71.
Third, duty placement: that study books a 10% duty inside the margin (0.81/order), reaching
a contribution margin of 16.39/order, whereas this paper excludes the duty from © and
models it as shock ks. [1o = USD 100,685 is therefore the pre-29-August-2025 counterfactual
baseline against which the tariff shock is measured, not current contribution — which is why
the figures differ, and why one figure serving both would make the tariff shock either invisible
or double-counted.

The expected-loss functional and the composite index

Each mode k is characterized by the risk triplet in the sense of Kaplan and Garrick [1] —
what can go wrong, how likely, with what consequence — reduced to an annual probability py
and an unmitigated impact dy expressed as the fraction of Il, destroyed. Following the
severity/mitigation separation of Craighead and colleagues [4], a mitigation removes a
fraction my of that impact at annualized cost cy. Expected normalized annual contribution loss,
and the unmitigated counterfactual against which resilience is measured, are

E[L]=Ypi X di X (1 —my)
& (F2)

E[Lo] = X pr X dk
¢ (F3)
The composite Compound Disruption Resilience Index is the share of unmitigated
exposure removed:

Z}JkXdemk
E[L] _%

RI=1- =
ElLol  Spixds
k

(F4)
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The right-hand identity matters: RI is the exposure-weighted mean of the my, and is
therefore auditable from the parameter table.

Because (F2) treats modes as independent and losses as additive, it is a first-order upper
bound. A co-occurrence-corrected form, bounded at unity under independence, is reported
alongside it:

E[L]™ =1 ~T](1 = px X die X (1 — my))
k (F5)

Imult =1- E[L] e

E[Ly]™" =1 -T](1 — px xd R e N
[LO] lk_[( pkx k)’ E[Lo]mult

The ranking statistic and the decision rules

The index diagnoses; it does not prescribe. Prescription requires cost. The Mitigation
Efficiency Ratio is the USD of expected annual loss averted per USD of annual mitigation
spend:

MER; :kadk >C<.k’nkxn0

(F6)

MER is a dimensionless annualized benefit-cost ratio. Its gate has three equivalent
forms:

Ck

MER > 1 pi 2 py :dk><m—k><Ho

S L™ =pr Xdi X my X 1
(F7)

Two nested rules follow. Rule 1 (diagnosis) maps RI to bands: RI < 0.40 fragile; 0.40 < RI
< 0.60 partially resilient; 0.60 < RI < 0.80 resilient; RI 2 0.80 hardened. Rule 2 (selection) is
operative: (a) adopt k only if MERy = 1; (b) rank survivors by descending MER, — this
ordering, not that by d or px-dy, is the funding sequence; (c) under an annual budget B, fund
greedily down the MER order:

adopt in descending MER while Y cx <B and MER; > 1
k
(F8)

and (d) stop at the first MER < 1 even if budget remains. The MER ordering is the exact
funding priority, and greedy funding attains the optimum wherever the budget does not bind
mid-sequence — including every budget reported in Table 5, each of which equals a
cumulative greedy cost, and any B = 13,700, at which all gate-passing mitigations are funded.
Because the mitigations are indivisible, the general budget-constrained problem is a 0-1
knapsack and (F8) is then a heuristic: at B = 11,900, for instance, (F8) funds the outage,
supplier and tariff mitigations for USD 29,204 averted, whereas outage, supplier and logistics
averts USD 33,755. What separates this setting from Sawik's supplier portfolios [8] is
therefore separability rather than exactness — the mitigations do not interact, so the
objective decomposes by mode and no mixed-integer program is needed to evaluate a
portfolio, only to optimize one under a budget that binds mid-sequence. Two adjacent
mitigations a and b exchange rank at

rev — MERp X ¢y

Pa d,Xmy %1 (F9)

Bridge to the transition decision

The author's companion study defined the Print-to-In-house Transition Index and
reported break-even Q* = 351 orders/month at capital expenditure I = USD 25,000 and
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maximum payback P,.x = 12 months. That model is deterministic and shock-free. The present
model deflates its reported output without re-deriving any of its mathematics.

Only output-destroying modes belong in the deflator. PTI's numerator is the monthly
saving M = S x Q, which scales with the volume actually produced: modes k;-k, destroy
output and hence reduce Q and M proportionally, whereas mode ks compresses margin per
unit and leaves Q — and therefore M — unchanged. A duty does not reduce the per-unit
saving from internalizing production, so its expected loss does not deflate PTI. The deflator is
accordingly restricted:

E[L]™"= % peXdeX(1—my),  E[Lo]™= 3 pxXdx
k=1..4 k=1..4

PTIg=PTIX (1 —E[L]*"), Qp=0"/(1—E[L]*") (F10)
The bridge runs strictly one way: PTI's per-unit savings, monthly saving and break-even
expression are imported as reported constants.

Parameters and their status

Table 1 reports the five modes, with every assumed cell flagged. The probabilities p;-p4
are the author's practitioner priors elicited from operating experience, not frequencies
estimated from a disruption event log: no such log exists for a single micro-enterprise over a
period long enough to estimate a 10%-probability event. They are model parameters, and the
sensitivity analyses below quantify their influence.

Table 1
Disruption modes and base-case parameters

k Disruption mode Pk Status di Status of dy my Ci Mitigation

of px (Usb/
yr)

1 Electricity outage 0.90 Assum | 0.250 Assumed 0.85 3,500 Inverter/battery
at the production ed bank + generator;
site amortized capital

+ fuel

2 Cross-border 0.40 Assum | 0.300 Assumed 0.70 6,000 US micro-
logistics ed warehouse buffer
disruption + second
(UA-US lane) lane/carrier; rent

+ working-capital
carry

3 Supplier (blank) 0.50 Assum | 0.150 Assumed 0.80 1,800 Blank safety stock
delivery delay ed + second supplier;
(CN—UA lane) carrying cost

4 Marketplace 0.10 Assum | 0.600 Assumed 0.65 4,200 Dual channel (Etsy
account/channel ed + Amazon
closure Handmade) +

owned storefront;
listing/ops
overhead

5 Tariff/regulatory 1.00 Observ | 0.097 Derived (one 0.40 2,400 Master-box
shock (US de ed [17] observed and two consolidation +
minimis assumed inputs) HTS classification
suspension) + US-side final

packaging; broker
retainer +
compliance

All my and all ¢, are assumed. Mode ks's probability is observed: Executive Order 14324,
signed 30 July 2025 and effective for articles entered for consumption on or after 29 August
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2025, suspended duty-free de minimis treatment for all countries [17]. The tariff shock is
realised, not prospective, so ps = 1.00. The model degenerates to a deterministic cost when py
=1, which lets a realised shock and a prospective risk be ranked on one scale.

Mode ks's impact is derived by arithmetic rather than assumed directly, but two of its
three inputs are themselves assumptions. Declared value per unit is in-house cost plus the
international leg, ¢ + 0.60 = 8.71 USD, where the USD 0.60 international leg is the author's
observed master-box economics (USD 72 per box holding 120 units). The duty rate is taken as
10% of declared value; the applicable rate is tariff-classification-dependent, and 10% is an
assumption, not an observed rate for this operation's goods. Customs brokerage at USD 90 per
formal entry — also an assumption — spread over the 120-unit master box, is 0.750
USD/unit. Duty at 10% is 0.871 USD/unit. Hence

_0.8714+0.750 _1.621 _ ~
ds = 1678 =163 =0.0966 ~ 0.097

Treating the duty as a direct margin loss rather than one shared with suppliers is
licensed by the near-complete pass-through estimated by Fajgelbaum and colleagues [16].

Computation and sensitivity design

All quantities were computed in Python from the inputs above; every figure in the
Results is reproducible from Table 1 and (F1)-(F10), up to Monte Carlo error where
simulation is used. Because py is the least observable parameter class, three analyses address
it: a one-way perturbation of each px by +50% (capped at 1.0); a joint Monte Carlo drawing all
five probabilities simultaneously from pyx ~ Uniform[0.5-py, min(1, 1.5-py)] over 20,000 draws,
implemented with numpy.random.default_rng(7), five independent uniforms drawn per
iteration in mode order k;.ks; and the exact rank-reversal thresholds from (F9). A one-way
analysis of my at +0.20 absolute, capped at 1.0, is reported for comparison, and (F5) is
evaluated as a functional-form robustness check.

Results
Expected loss and the composite index

Table 2
Expected annual contribution loss by disruption mode (11, = USD 100,685/yr)

k Mode Pk xdx | Residual py x dy x (1 - | Unmitigated loss | Residual loss Loss averted
my) (USD/yr) (USD/yr) (USD/yr)

1 Electric | 0.2250 | 0.0338 22,654 3,398 19,256
ity
outage

2 Cross- 0.1200 | 0.0360 12,082 3,625 8,458
border
logistics

3 Supplie | 0.0750 | 0.0150 7,551 1,510 6,041
r delay

4 Channel | 0.0600 | 0.0210 6,041 2,114 3,927
closure

5 Tariff 0.0970 | 0.0582 9,766 5,860 3,907
shock
Total 0.5770 | 0.1640 58,095 16,507 41,588

Unmitigated expected annual loss is E[Lg] = 0.5770 of baseline contribution, or USD
58,095/yr; with all five mitigations in place it falls to E[L] = 0.1640, or USD 16,507 /yr. Total
annual mitigation cost is USD 17,900. Net benefit is
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Net=(0.5770 —0.1640) x 100,685 — 17,900 =41,588 — 17,900 =23,688 USD/yr

and the portfolio benefit-cost ratio is 41,588 / 17,900 = 2.32. The composite index is

—1_0.1640 _
RI=1 0'5770—0.716

placing the operation in the resilient band. By the identity in (F4), 0.716 is the exposure-
weighted mean of the five my, weighted by py-dy. This is the full five-mitigation set; the gate
applied below removes one of them.

The MER ranking
Table 3
Mitigation Efficiency Ratio ranking (base case)
Rank Mode Loss averted (USD/yr) Annual cost (USD/yr) MER Gate (MER 2 1)
1 Electricity 19,256 3,500 5.50 Pass
outage
Supplier delay | 6,041 1,800 3.36 Pass
3 Tariff shock 3,907 2,400 1.63 Pass
4 Cross-border 8,458 6,000 1.41 Pass
logistics
5 Channel 3,927 4,200 0.93 Fail
closure

Three orderings of the same five mitigations are available, and all three differ. By raw
unmitigated impact di: channel closure (0.60) > logistics (0.30) > outage (0.25) > supplier
(0.15) > tariff (0.097). By absolute loss averted: outage (19,256) > logistics (8,458) > supplier
(6,041) > channel (3,927) > tariff (3,907). By MER: outage > supplier > tariff > logistics >
channel. The mode with the largest impact ranks last; the mode averting the second-largest
absolute loss ranks fourth.

The adoption gate

Table 4

Adoption gate: break-even probability and cost headroom
Mode px* Px (base) Verdict | ™ (USD/yr) cx (USD/yr) Headroom

(USD/yr)

Electricity 0.164 0.90 Pass 19,256 3,500 +15,756
outage
Cross-border 0.284 0.40 Pass 8,458 6,000 +2,458
logistics
Supplier delay | 0.149 0.50 Pass 6,041 1,800 +4,241
Channel 0.107 0.10 Fail 3,927 4,200 -273
closure
Tariff shock 0.614 1.00 Pass 3,907 2,400 +1,507

The dual-channel mitigation fails the gate at base parameters: MER = 0.93, headroom
-273 USD/yr, and a break-even probability of 0.107 sitting within 7% of the assumed p, =
0.10. The operation does in fact maintain dual channels. The model's verdict is therefore not
that the dual channel should be abandoned, but that its presence is not justified by disruption
avoidance alone at these parameters; its justification is its demand-side revenue contribution,
which lies outside this model's boundary. Applying Rule 2 to Table 3, the gate-disciplined
portfolio comprises the four passing mitigations: annual cost USD 13,700, expected annual
loss averted USD 37,661, and RI = 0.648.
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The budget frontier
Table 5
Budget-constrained resilience frontier (greedy over the MER order)
Budget B (USD/yr) Last mitigation funded RI Residual E[L] (USD/yr)
3,500 Electricity outage 0.331 38,839
5,300 Supplier delay 0.435 32,798
7,700 Tariff shock 0.503 28,892
13,700 Cross-border logistics 0.648 20,434
17,900 Channel closure 0.716 16,507

The frontier is markedly concave: 30% of full spend (USD 5,300 of 17,900) buys 61% of
the index attainable at full spend (0.435 of 0.716). The final increment is the one failing the
gate, so a budget-disciplined operator applying Rule 2(d) stops at B= 13,700 and RI = 0.648.

Sensitivity to the assumed parameters

Table 6
One-way sensitivity of RI to disruption probability (+50%, capped at 1.0) and to mitigation
effectiveness (+0.20 absolute, capped at 1.0)

Mode RI at 0.5-pi RI at 1.5-pi Range (px) | RIat my - 0.20 RI at my + 0.20 Range
(my)

Electricity 0.683 0.721 0.038 0.638 0.774 0.136

outage

Cross- 0.718 0.714 0.003 0.674 0.757 0.083

border

logistics

Supplier 0.710 0.721 0.011 0.690 0.742 0.052

delay

Channel 0.719 0.713 0.007 0.695 0.737 0.042

closure

Tariff shock | 0.745 0.716 0.029 0.682 0.749 0.067

The cap at 1.0 binds only for the outage row, where m; + 0.20 = 1.05 would otherwise
imply averting more than the impact; uncapped, that cell would read 0.794 and the range
0.156.

No single +50% perturbation of any px moves RI by more than 0.038 from the base value
of 0.716, whereas a £0.20 shift in a single my moves it by up to 0.136. The index is materially
more sensitive to mitigation effectiveness than to disruption probability, and my is at least
partly under the operator's control whereas py is not.

Table 7
Joint Monte Carlo over all five probabilities (px ~ Uniform[0.5-px, min(1, 1.5-py)]; 20,000

draws; numpy.random.default rng(7), five independent uniforms per iteration in mode order
k;..ks)

Statistic RI

Mean 0.719
Median 0.719
5th percentile 0.694
95th percentile 0.742
Minimum 0.672
Maximum 0.762
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Rank stability is the decision-relevant question. Across the 20,000 draws the top-ranked
mitigation is the outage mitigation in 77.2% of draws and the supplier mitigation in 22.8%; no
other ever attains rank 1. Rank 2 is held by the supplier mitigation in 75.1% of draws, the
outage mitigation in 22.8%, and the logistics mitigation in 2.1%; the channel-closure
mitigation never enters the top two. It fails the MER gate in 57.0% of draws, indicating that its
base-case failure is marginal rather than robust.

Rank-reversal thresholds

Applying (F9) to adjacent pairs gives the conditions under which the recommendation
would change. The outage mitigation falls below the supplier mitigation only if p; < 0.549 — a
39% drop from the assumed 0.90. The supplier mitigation falls below the tariff mitigation
only if p; < 0.242, against an assumed 0.50. The logistics mitigation falls below channel
closure only if p, < 0.265, against an assumed 0.40. The tariff mitigation would fall below
logistics if ps < 0.866, but ps is observed at 1.00, so this branch is closed.

Functional-form robustness

Evaluating (F5) gives E[Lo]™!* = 0.4645 (USD 46,770/yr), E[L]™* = 0.1541 (USD
15,511 /yr) and RI™"!* = 0.668. The additive form overstates E[Lo] by 24.2% and E[L] by 6.4%;
the index differs by 4.7 percentage points and remains inside the same resilient band. The
additive form is a first-order upper bound valid while X py-dx remains well below 1; at E[Lo] =
0.577 it is already visibly conservative, which is why both forms are reported.

The bridge to the transition decision

Table 8

Resilience-adjusted transition index (PTI values are the reported constants of the author's
companion study; I = USD 25,000; P,.x = 12 months; deflator restricted to output-destroying
modes k;-ky)

Orders/mo | PTI PTI; (mitigated, E[L]°"* = 0.106) PTI; (unmitigated, E[Lo]°"* = 0.480)
nth

50 0.14 0.13 0.07

100 0.29 0.26 0.15

300 0.86 0.77 0.45

500 1.43 1.28 0.74

1,000 2.85 2.55 1.48

(F10) is applied to the index values as reported in the companion study; applying it to
full-precision PTI values instead shifts the 500-order figure to 1.27 and leaves every band
assignment unchanged.

Applying (F10) to the reported break-even volume gives Q*_R =351 / (1 - 0.106) = 393
orders/month under mitigation, an increase of 11.8%; without mitigation, Q* R =351 / (1 -
0.480) = 675 orders/month, an increase of 92.3%. At the base volume of 500 orders/month,
mitigated exposure moves the index from 1.43 to 1.28 — still inside PTI's transition to in-
house band, but with the headroom above the 1.25 boundary reduced from 0.18 to 0.03.
Unmitigated, the index falls to 0.74, which lies in the retain POD band, but by a margin of only
0.006.

Discussion

The ranking is the contribution

The headline finding is not the value of RI but the divergence of the three orderings in
Table 3. A practitioner asked to protect a business against five threats will, absent a model,
protect the biggest threat first. Here the biggest threat by unmitigated impact is channel
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closure — plausibly so, since losing the primary marketplace account would remove most of
the year's contribution, and the platform-dependence risk evidenced by Zhu and Liu is real
[13]. Yet the dual-channel mitigation ranks last and fails the gate, because the mode is
improbable and the mitigation expensive relative to what it averts. Conversely the outage
mitigation protects against a mode of moderate impact but near-certain occurrence, and
averts USD 5.50 per dollar spent; its annual cost ¢; = USD 3,500 is assumed, and Allcott and
colleagues' economies-of-scale finding suggests it may be optimistic for a single site [12].

Ranking by absolute loss averted also fails: it places the logistics mitigation second when
it ranks fourth, because averting USD 8,458 for USD 6,000 is a poorer use of a scarce budget
than averting USD 6,041 for USD 1,800. Only when the denominator enters does the funding
sequence become correct — which is why the model separates index from ranking: an index
alone, however auditable, cannot allocate a budget.

On the status of the parameters

Four of five probabilities are the author's priors, and the question is whether a decision
resting on them can be defended. The sensitivity results answer it in a specific and limited
way. Perturbing all five probabilities simultaneously by up to +50% leaves RI within a range
narrower than a single decision band. More importantly, the funding decision is stable where
it matters: the mitigation to fund first is one of exactly two candidates across 20,000 draws,
and the mitigation to reject never rises into the top two. The rank-reversal thresholds locate
the boundary exactly — the ordering would change only if p; fell below 0.549 or p, below
0.265, outside the plausible range for a wartime site. The claim is therefore not that the
probabilities are correct, but that for this decision, on this calibration, they do not need to be.

Two caveats bound this. The model is markedly more sensitive to my than to py, and my
is assumed and not independently validated: the parameter that matters most is the one least
examined here. And the channel-closure gate failure is marginal in both senses — 7% from
break-even at base parameters, failing in 57.0% of draws. The model discriminates, but does
not adjudicate that case.

Relation to the resilience literature

Against SCRAM [9], the CDR model trades breadth for decidability: SCRAM is a
qualitative multi-item instrument producing a capability-vulnerability balance, whereas RI is
a single computed ratio and MER an explicit cost gate. SCRAM assesses far more than five
modes, and CDR is no substitute for it as an assessment. Against Sawik [8] the difference is
structural: an MIP is required because supplier portfolios interact, whereas CDR's mitigations
are separable, so the objective decomposes by mode — a simplification that follows from the
setting and would not survive transfer to a network. Against the ripple-effect literature [10,
15], CDR is single-echelon by construction and models no propagation: a boundary rather
than an oversight, and the first thing that would have to change at larger scale. Relative to the
SME strand [6, 7], the model supplies the computable rule that strand identifies the need for;
relative to the business-continuity models of Sahebjamnia and colleagues [11], the difference
is again analytical capacity, an integrated BCM/DRP optimization presupposing a planning
function a micro-enterprise does not have.

Relation to the author's companion and sibling work

The bridge in Table 8 produces a result neither model yields alone. The companion
study asked whether to produce at all and reported, at 500 orders/month, that the transition
is justified; that model is deterministic and shock-free. Deflating its reported output by
expected output loss leaves that verdict standing under mitigation, at 1.28 against a 1.25
boundary, but consumes most of the headroom that supported it. Unmitigated, the index falls
to 0.74, marginally on the other side of the 0.75 boundary; given a margin of 0.006 and
elicited probabilities, this is better read as the in-house case being brought to the edge of
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reversal than as a demonstrated reversal. On this calibration, the mitigation portfolio is a
condition that preserves the in-house case rather than an overhead upon it. The bridge runs
one way only, and none of PTI's mathematics is re-derived here.

Boundaries against the sibling models should also be stated. The model does not
represent labour, task time or the design workflow, and so does not overlap the author's work
on Al leverage, whose numeraire is operator-hours. It is product-agnostic by construction: it
collapses the portfolio into a single blended contribution and never resolves loss to the
product level, which is the product-complexity model's unit of analysis. The operation's
observed 7-8% scrap rate is not a disruption mode — it is a steady-state process loss already
booked into ¢, and does not enter E[L]. The equipment is a single node that is either up or
degraded, with nothing represented about balance, queueing or utilization, which is the
equipment-utilization model's territory. One adjacency must be disclaimed rather than
exploited: a second UV printer would incidentally provide outage redundancy, but
redundancy-as-capacity is a capacity-expansion decision belonging to the sequencing model
— the author’s queueing-grounded Production Scalability Index [18], which times the
acquisition of additional capacity rather than pricing its resilience side-effect — and is not
priced here.

Limitations

Several limitations qualify these findings. The probabilities p;-p4 are elicited priors, not
estimated frequencies; the sensitivity analyses bound their consequences but do not
substitute for data. The effectivenesses my are assumed and unvalidated, and dominate the
index's sensitivity. The costs ck are annualized estimates, bounded by the author's observed
cost structure where it constrains them and by judgement elsewhere. Three inputs entering
the headline figures are assumptions and are flagged as such: the 10% duty rate and the USD
90 per-entry brokerage, both entering ds, and the 70/30 channel split entering f. The blended
logistics cost I = USD 5.00 is the author's observed phone-case figure used as a portfolio-wide
proxy; larger blanks carry more, making , [l and every absolute USD figure mildly
optimistic.

Structurally, the model is static, annual and deterministic in its parameters: no
seasonality, no demand volatility, no recovery dynamics — resilience is expected annual loss
avoided, not a time-to-recover trajectory. Independence and additivity are first-order
approximations; (F5) corrects for co-occurrence, but genuine correlation, and loss
propagation [10], are not modelled. An outage and a logistics failure sharing a wartime cause
are positively correlated in reality; a copula or simulation approach, in the spirit of the
methods surveyed by Hosseini and colleagues [14], is the first target for future work.
Mitigations are assumed indivisible, mode-specific and non-interacting, whereas in practice
the US micro-warehouse buffers both the logistics mode and, partly, the outage mode; this
overlap is not credited, making the reported RI conservative.

The bridge carries its own limitation: it deflates PTI's reported index for expected
output loss only. A duty also bears on the in-house regime's per-unit saving S directly, since it
is the in-house regime that ships across the border; that channel is not modelled, because re-
deriving PTI's savings term lies outside this study's boundary. PTIR as reported is therefore an
upper bound in that respect, and the band assignments at 500 orders/month should be read
with that in mind.

The calibration is single-operation: one firm, one technology, one origin-destination
pair. Parameter values are not claimed to generalize; the model structure is what is offered as
transferable, subject to validation elsewhere. Finally, RI is invariant to Q,, but every absolute
USD figure and every MER scales linearly with I1, and hence with volume — so the adoption
gate is volume-dependent, and a mitigation failing at 500 orders/month may pass at 1,000.
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The reputation cost of the roughly 10% of dissatisfied buyers observed on personalized, non-
returnable goods is not modelled, being no cash flow and absent from I1,.

Conclusions

This study proposed the Compound Disruption Resilience model for a micro-enterprise
facing simultaneous heterogeneous disruptions. Its contribution is threefold: contribution
margin as a numeraire, which makes shocks differing in kind commensurable and summable
into one expected-loss functional; a composite index that reduces to an auditable identity
rather than an unfalsifiable score; and a ranking statistic with an explicit cost gate that turns
the index into a funding sequence.

Applied to a UV-printing operation producing in Ukraine for the United States market,
the full five-mitigation portfolio attains RI = 0.716, averting USD 41,588 of expected annual
loss for USD 17,900 of spend; the gate-disciplined portfolio the model actually prescribes
stops at USD 13,700 and RI = 0.648, averting USD 37,661. The principal finding is that the
cost-efficiency ordering diverges from both the ranking by unmitigated impact and that by
absolute loss averted: the mode with the largest impact ranks last and fails the gate. In this
calibration, ranking by impact misallocates the budget; whether the divergence generalizes is
subject to validation on further operations. Four of five probabilities are elicited priors, yet
perturbing all five simultaneously by +50% leaves both the index and the funding decision
materially unchanged — so the claim is not to have measured disruption probabilities, but
that for this decision, on this calibration, measurement is not required.

Bridging to the author's companion study shows that mitigated exposure leaves the in-
house verdict at the base volume intact while consuming most of its headroom, and that
unmitigated exposure brings it marginally to the edge of reversal — so on this calibration the
mitigation portfolio is better read as a condition preserving the in-house case than as an
overhead upon it. Future work should model correlation between modes explicitly, since
independence is the most consequential simplification; validate the mitigation-effectiveness
parameters empirically, since they dominate the index's sensitivity; and test the structure
across further operations.
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