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Abstract

Cyclone response must select repairs before road capacity, travel time, and restored demand
are known precisely. A fuzzy supply-chain bunch graph is introduced for hub-and-branch
relief networks. Each branch is an edge-disjoint path from a central depot, while travel capacity,
survival, repair cost, and service value are represented by triangular fuzzy quantities. A branch-
prefix dominance theorem proves that repairing a downstream edge without its failed upstream
predecessors is never optimal. The repair problem consequently reduces from an arbitrary
edge-subset problem to a multiple-choice knapsack over branch prefixes. An exact dynamic
program is derived, together with monotonicity of the optimal guaranteed service across the
alpha-confidence level and a perturbation bound. A four-branch cyclone example includes
medical, food, water, and shelter routes. With an alpha level of 0.6, budget 100, and minimum
medical and water access, the optimal plan repairs two medical edges, two water edges, and
one shelter edge, producing guaranteed service 122. An unconstrained service-only solution
produces 125 but leaves the medical branch inaccessible, demonstrating why equity constraints
must be explicit. Budget and alpha profiles reveal repair-plan changes that a single deterministic
calculation would conceal.

Keywords: Supply-chain resilience, Fuzzy bunch graph, Cyclone logistics, Repair optimiza-
tion, Dynamic programming, Alpha cut.

1| Introduction

Cyclones disrupt roads, ports, distribution centers, communication, and local demand
simultaneously. Supply-chain resilience therefore depends not only on pre-disaster redun-
dancy but also on the order in which failed links are repaired [2, 4, 6]. Repair decisions are
made with incomplete information: travel time may be estimated from partial inspection,
road capacity changes with water level, and demand grows as field reports arrive.
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Fuzzy optimization represents this imprecision without assuming a precise probability
distribution [1, 3, 5]. Recent supply-chain studies combine fuzzy programming with
resilience, low-carbon logistics, and multi-criteria evaluation [8, 11, 12]. Many models are
general multi-echelon networks and require large mixed-integer programs. Cyclone relief
around one functioning depot often has a more specific topology: several outward routes
share the depot but then separate into branch corridors.

The attached concept uses supply-chain bunch graphs for cyclone-resilient logistics. We
formulate a fuzzy version and exploit its branch structure. On a branch path, repairing a
downstream edge gives no service if an upstream failed edge remains closed. Every useful
repair set can therefore be replaced by branch prefixes, transforming the problem into a
multiple-choice knapsack that can be solved exactly by dynamic programming,.

The contributions are:
(i) afuzzy bunch-graph model with triangular repair costs and service values;
(ii) an exact prefix-dominance theorem;

)

)
(iii) an equity-constrained dynamic program;
(iv) alpha-level and perturbation sensitivity results; and
)

(v) afully calculated four-branch cyclone case with cost, service, budget, and confidence
profiles.

2| Fuzzy Supply-Chain Bunch Graph
Definition 2.1. A supply-chain bunch graph is
B = (h,'Pl,. ..,Pq),
where h is a hub and each
Pb = (h = 0p0, Op1s - - .,Z)bgb)
is a path. Apart from &, the branch paths are vertex- and edge-disjoint.

The hub may represent a district warehouse or emergency port. Branch vertices represent
local depots, health centers, water points, or shelters. Cross-links may be evaluated
separately as contingency options; the exact prefix theorem applies to the branch backbone.
Each failed edge e has:
* atriangular fuzzy repair cost ¢, = (c,cM,cll);
e atriangular fuzzy repair time;

* a fuzzy post-repair capacity; and
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e asurvival grade p, € [0, 1] for the planning horizon.

Vertex v has priority-weighted demand 4, > 0 and a fuzzy service value if reached.

For triangular ¢ = (ct,cM, cY), the upper endpoint of its alpha cut is

ct(a) = —a(cH —cM). (1)

Using this value in a budget constraint is conservative at confidence level «. For triangular

service § = (

L ;M U

88

24

), guaranteed service is the lower alpha endpoint

g (w) =g"+a(g"—g"). (2)

()~
E—(®)

)~

central depot

Figure 1. Four-branch relief bunch graph: medical, food, water, and shelter corridors.

The principal symbols are collected in Table 1.

Table 1. Symbols used in the bunch-graph repair model.

Symbol Meaning

B,h Supply-chain bunch graph and its central hub.

q,b, Py Number of branches, branch index, and branch path.

Ly, Upk Number of edges on branch b and its vertex at position k; v,g = h.

€hr, Xe Edge at position r on branch b and its binary repair indicator; an
already functioning edge is treated as available.

Co Triangular fuzzy repair cost (c%, cM, ctf).

LM U Lower, modal, and upper parameters of a triangular fuzzy quantity.

« Alpha-cut level in [0, 1]; it specifies a membership cut, not a proba-
bility.

¢ () Upper alpha-cut endpoint used as conservative edge repair cost.

Svkr S (@) Fuzzy service value at vy, and its lower alpha-cut endpoint.

dy, dpk Nonnegative priority-weighted demand at a vertex or branch posi-
tion.

Qe Pbk Edge survival grade and minimum survival grade along the route
to vy.

Yok Binary indicator that vy is reachable from the hub.
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Table 1 (continued)

Symbol Meaning

X, X Repair set and a service-equivalent repair set consisting of branch
prefixes.

Gy(x; ) Guaranteed restored service on branch b for repair vector x.

ki, Chosen repair-prefix option for branch b; zero means no repair.

Cox(2), Gy (2) Conservative cost and guaranteed service of prefix option k on
branch b.

B,z Total repair budget and budget state in the dynamic program.

E, 1y, Ky Essential-branch set, required minimum prefix, and admissible
prefix options.

Fy(z) Maximum feasible service from the first b branches with budget at
most z.

V*(w) Optimal guaranteed service at the chosen alpha level, budget, and
essential-service requirements.

€p Bound on the change in service of an option on branch b.

slack Budget remaining after the selected prefix repairs.

M,EW,S Medical, food, water, and shelter branch labels in the case study.

31 Reachability and Guaranteed Service

Let x, € {0,1} indicate repair. Vertex vy is reachable if every failed edge in the prefix from
h to vy is repaired. Its indicator is

k
Yok = ber- (3)
r=1

The route survival grade is the bottleneck

= min .
Ovk e Skar

For a chosen alpha level, guaranteed restored service on branch b is

)
Go(x;a) = Y dpeppic8pr (@) Ypi- (4)
k=1

The min bottleneck can be replaced by a product when independent survival is the intended
interpretation; the choice must be stated.

Theorem 3.1 (Branch-prefix dominance). For every feasible repair set X, there is a repair set
X" with no larger cost and the same restored service such that, on every branch, the repaired failed
edges form a prefix.

Proof. Suppose X repairs downstream edge e, but leaves an upstream failed edge ey,
unrepaired for some r < k. Then every vertex at or beyond k remains unreachable by
Eq. (3); consequently, ey, contributes no service. Removing it from X does not change any
ypj and weakly decreases cost. Repeat until no such edge remains. The remaining repaired
edges on each branch form a prefix. O

The theorem is stronger than a heuristic. It removes all dominated nonprefix decisions
before optimization.



285 Samanta and Ahmed | Trans. Soft. Comput. 1(4) (2025) 281-290

4| Prefix-Option Formulation

For branch b, option k € {0, ..., ¢} repairs the first k failed edges. Let

Kk K
Cor(w) = ) cp (), Guela) = ) dijppigy;()- (5)
r=1 j=1

Choose exactly one option per branch:

q
max Z Gp, (), (6)
b=1
st Y Cop(a) < B, )
b=1

ky € {0,...,&)}.

Essential-service constraints are lower bounds
kb > Ty (b € 8), (8)

where € is the set of critical branches. These constraints prevent a service-maximizing
model from abandoning a medically essential corridor.

51 Exact Dynamic Program

Assume integer-scaled costs. Let F,(z) be the maximum guaranteed service obtainable
from the first b branches with budget at most z. Initialize Fy(z) = 0 and use

Fy(z) = %?(X{bel(z — Cp) + G}, )
CkabZ

where K, = {ry,..., ¢} for essential branches and K;, = {0,..., ¢, } otherwise.

Theorem 5.1 (Dynamic-programming optimality). The value F;(B) from Eq. (9) is the optimal
value of Egs. (6)—(8).

Proof. By Theorem 3.1, an optimal repair is represented by one prefix option per branch.
Condition on the option k selected for branch b. The remaining decision is an optimal
solution for the first b — 1 branches with residual budget z — Cy, which has value F,_1(z —
Cyi) by induction. Maximizing over feasible k proves the recurrence and optimality. [

The time complexity is O(B Y, |K;|) and memory is O(B) when only two rows are stored.
Back-pointers recover the repair plan.
6| Confidence-Level Properties

Increasing « moves triangular costs toward their modal values and guaranteed services
toward their modal values. Hence costs in Eq. (1) weakly decrease and services in Eq. (2)
weakly increase.
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Theorem 6.1 (Alpha-level monotonicity). Let V*(«) be the optimal guaranteed service for fixed
budget and essential-branch constraints. If costs use upper alpha endpoints and service uses lower
alpha endpoints, then V*(«) is nondecreasing in «.

Proof. For ap > w1, every option feasible at &1 remains feasible at a; because its conservative
cost does not increase. Its guaranteed service does not decrease. Therefore, the optimum
over the enlarged feasible set at «; is at least the optimum at «;. O

Proposition 6.2 (Service perturbation). If every selected option service changes by at most ¢y,
then the value of any fixed plan changes by at most ), €p,. If the same bound applies to all options,
the two optimal values differ by at most ), e, provided feasibility is unchanged.

Cost perturbations can change feasibility discontinuously near the budget boundary. There-
fore, the budget slack
slack = B — ZCb,kb
b

must be reported with the selected plan.

71 Cyclone Repair Case Study

Figure 1 contains four branches: Medical (M), Food (F), Water (W), and Shelter (S). Table 2
gives triangular aggregate prefix costs and services. These values already include route
bottleneck survival and priority weights. Option zero is (0,0, 0) for both cost and service.

Table 2. Triangular prefix options (Ct,CM,CY) and (G*, GM, GY).

Branch  Prefix Fuzzycost Fuzzy service Operational interpretation

M 1 (17,20, 25) (15,20, 24) Clinic access

M 2 (31,36,41)  (34,44,50)  Clinic and medicine point
M 3 (52,59, 64) (62,72,79) Full medical corridor
F 1 (13,16,21)  (13,18,23) Local food depot
F 2 (27,32,37) (31,41, 48) Two food depots
F 3 (47,54,59) (57,67,76) Full food corridor
W 1 (19,23,28) (26,36,42) Primary water point
w 2 (39,45,50) (64,74,82) Both water points
S 1 (10,13,18) (9,14,19) First shelter

S 2 (23,27,32) (24,34,41) Two shelters

S 3 (41,46,51) (49,59, 68) Full shelter corridor

Use « = .6 and B = 100. Equations (1)-(2) produce Table 3.

Table 3. Conservative option values at « = .6.

Prefix \Medical Food Water Shelter

1 cost/service 22/18 18/16 25/32 15/12
2 cost/service 38/40 34/37 47/70 29/30
3 cost/service 61/68 56/63 — 48/55

Require at least one medical and one water prefix edge. The dynamic program selects

(knt, kr, k, ks) = (2,0,2,1).



287 Samanta and Ahmed | Trans. Soft. Comput. 1(4) (2025) 281-290

Its cost is
384+ 0+47+ 15 = 100,

and guaranteed service is
40+0+70+12 = 122.
The budget slack is zero.

Without essential-service constraints, the highest service at the same confidence and budget
is obtained by (0,0, 2, 3), with cost 47 + 48 = 95 and service 70 + 55 = 125. The three-unit
gain abandons the medical branch. The comparison demonstrates that equity cannot be
expected to emerge automatically from a total-service objective.

Table 4. Optimal equity-constrained plan as budget grows at « = .6.

Budget Guaranteed service Cost Prefix plan (M,F,W,S)

80 88 69 (1,0,2,0)
100 122 100 (2,0,2,1)
120 147 119 (2,2,2,0)
140 168 137 (3,0,2,2)
160 193 156 (3,0,2,3)

The plan need not be nested in budget: at 120 the optimizer drops Shelter 1 and opens Food
2 because the combination yields more total guaranteed service. Operationally required
continuity can be added as a multi-period constraint when budgets arrive sequentially.

200 |- ]

unconstrained at B = 100

150

100

Guaranteed service

| | | | | | |
60 70 80 9 100 110 120 130 140 150 160

Repair budget
Figure 2. Budget—service profile. Coordinates use the actual cost of each optimal plan.
Effect of the alpha level.

At fixed budget 100 and the same essential-service constraints, exact optimization gives:

The jumps at .6 and .8 are plan changes, not arithmetic discontinuities in a fixed option.
This distinction is important for managerial interpretation.

81 Discussion and Conclusion

Several extensions preserve the main structure:

¢ multi-period repair with crew continuity and travel time;
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Table 5. Confidence-level sensitivity at budget 100.

«  Guaranteed service Cost Plan (M,F,W,S)

2 102 89 (2,0,2,0)

4 106 87 (2,0,2,0)

6 122 100 (2,0,2,1)

8 131 100 (2,1,2,0)

1.0 136 97 (2,1,2,0)
Y
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Figure 3. Confidence-level profile. Higher a narrows fuzzy quantities toward their modal values,
expanding feasibility and guaranteed service.

stochastic cyclone scenarios outside the fuzzy within-scenario quantities;

¢ cross-links modeled as optional branch-switch projects;

* carbon or fuel budgets in addition to repair cost;

* minimum service by population group; and

e rolling re-optimization as inspection information narrows the fuzzy numbers.

The model is a planning aid, not an emergency command rule. Medical urgency, road safety,
legal access restrictions, and real-time field instructions override numerical priority. Fuzzy
values should be elicited from engineers and logistics officers and revised as evidence
arrives.

A fuzzy bunch-graph model has been developed for cyclone-resilient supply-chain repair.
The branch-prefix theorem eliminates dominated downstream repairs and converts the
decision into an exact multiple-choice dynamic program. Triangular costs and services
give alpha-level service bounds. In the four-branch example, the equity-constrained plan
at @ = .6 and budget 100 restores service 122 through Medical 2, Water 2, and Shelter 1.
The service-only plan reaches 125 but leaves medical access closed, showing why essential-
service constraints must be written explicitly. Budget and confidence profiles reveal the
points at which the optimal repair plan changes and therefore provide more information
than one deterministic solution.
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