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The increasing frequency of health crises, pandemics, and constraints
on medical equipment supply has highlighted the growing need to
design robust and resilient healthcare networks. Under such conditions,
decisions concerning the location of healthcare centers, patient
allocation, capacity planning, and medical equipment procurement
under uncertainty have become major challenges for healthcare
systems. This study develops a multi-objective mixed-integer linear
programming model for the robust location—allocation of temporary
healthcare centers with service-oriented resilience considerations. The
proposed model integrates facility location, service allocation, capacity
planning, and medical equipment procurement decisions under demand
uncertainty and medical equipment supply constraints. To address
uncertainty, a robust optimization approach based on the Mulvey
framework is employed, which accounts for both expected cost
minimization and the stability of system performance across different
scenarios. In addition, a service-shortage control constraint and a
shortage penalty are incorporated to strengthen the service-oriented
resilience of the network.The proposed model includes two objective
functions: minimizing the total robust cost and minimizing the patient
accessibility index. The model was solved using the e-constraint
method in GAMS with the HIGHS solver. For computational
evaluation, in addition to an illustrative example, 15 test instances in
three sizes—small, medium, and large—were examined. The proposed
model was also compared with a deterministic expected-value model
and a scenario-based model without the robustness term. The decisions
generated by the three models were evaluated through a total of 750
out-of-sample assessments. The Pareto-front analysis showed that, at
the compromise solution, a 7.44% increase in robust cost improved the
accessibility index by 18.80%. Moreover, the out-of-sample results
indicated that, compared with the deterministic model, the proposed
model reduced the mean and worst observed costs by 56.12% and
83.90%, respectively, while maintaining full demand coverage,
compared with 96.93% coverage under the deterministic model. The
findings indicate that scenario-based planning and robustness control
can strengthen the service-oriented resilience of healthcare networks
by reducing service shortages and maintaining demand coverage.
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Introduction

Health crises, pandemics, natural disasters, and constraints on medical equipment supply place healthcare
systems under simultaneous pressure to expand service capacity, preserve access, and control costs. In
such conditions, decisions on where to establish temporary healthcare centers, how much capacity to
install, how patients should be allocated, and how medical equipment should be procured are strongly
interdependent. Decisions based only on average demand may appear economical at the planning stage
but can create substantial shortages and emergency costs when realized demand exceeds expectations.
Conversely, highly conservative plans can protect service continuity but may impose excessive fixed and
operating costs. This trade-off makes robust and multi-objective planning particularly relevant to
temporary healthcare networks.

Previous healthcare location-allocation studies have addressed facility location, patient allocation,
capacity planning, uncertainty, accessibility, and resilience from different perspectives. However, these
decisions are often modeled separately, or uncertainty is represented without explicitly linking equipment
supply constraints to service capacity and shortage control. The present study addresses this gap through
an integrated multi-objective mixed-integer linear programming formulation. Its contribution is a
modeling contribution rather than a new solution algorithm: strategic location and capacity decisions,
tactical medical-equipment procurement decisions, and operational service-allocation and shortage
decisions are coordinated within a single robust framework. Resilience is interpreted in a service-oriented
sense, namely the ability of the network to maintain demand coverage and limit unmet service
requirements across demand scenarios.

The study adopts the two-component robust optimization logic associated with the Mulvey
framework. Solution robustness is represented by penalizing deviations of scenario-specific costs from
expected cost, while model robustness is supported through controlled service-shortage variables and an
explicit upper bound on allowable shortage. This structure differs from a pure min-max formulation
because all scenarios contribute according to their probabilities and the model balances expected
performance against dispersion across scenarios rather than optimizing only against the single worst
case. The study therefore evaluates not only the cost of robustness but also its effects on accessibility,

demand coverage, shortage, and out-of-sample stability.
Research Objectives and Contribution

The model pursues two objectives. The first minimizes total robust cost, including facility establishment,
capacity-related and equipment-procurement costs, service costs, shortage penalties, and a robustness
term that penalizes cost dispersion across scenarios. The second minimizes a weighted patient-
accessibility index. Accessibility is defined so that lower values indicate better access, while unmet
demand is assigned an explicit distance-equivalent penalty to prevent shortage from artificially
improving the accessibility objective. The epsilon-constraint method is used to generate efficient
solutions and to quantify the trade-off between the two objectives.

The empirical evaluation has three purposes. First, an illustrative instance is used to explain the
structure of the Pareto frontier and the managerial meaning of alternative cost-accessibility compromises.

Second, a scalability experiment evaluates the computational behavior of the exact formulation over
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small, medium, and large test instances. Third, the proposed robust model is compared with a
deterministic expected-value model and a scenario-based model without the robustness term. The
resulting first-stage decisions are then tested under new, out-of-sample demand and cost conditions. This
comparison separates the benefit of explicitly representing uncertainty from the incremental effect of the

robustness penalty.
Methodology

The proposed formulation is a multi-objective mixed-integer linear programming model. Binary
variables determine facility opening and capacity-level decisions, while continuous variables represent
equipment procurement, service allocation, and unmet demand. Demand and service costs vary across
discrete scenarios, whereas equipment-supply capacities are treated as deterministic constraints. A
shortage variable records any portion of demand that cannot be served in a scenario. Its use is penalized
by a shortage coefficient, and the maximum admissible shortage is bounded by a policy parameter. This
design preserves feasibility under stressed conditions while preventing unlimited reliance on shortage.

Robustness is introduced through two complementary mechanisms. For solution robustness, the
model calculates scenario-specific operating outcomes and penalizes their absolute deviation from
expected cost. The robustness coefficient, denoted by lambda, controls the importance assigned to cost
stability relative to expected performance. A baseline value of lambda = 0.5 is used to keep the
robustness term active without allowing it to dominate expected cost, and sensitivity analysis varies
lambda between zero and one. For model robustness, the shortage variable provides controlled flexibility
when full service is not possible, the shortage penalty discourages its use, and the allowable-shortage
parameter imposes an explicit service-level ceiling. A service-oriented resilience indicator is also used to
interpret the worst-scenario demand coverage; a value of one represents full service coverage in every
scenario considered.

The model is implemented in GAMS and solved with the HiGHS solver. The epsilon-constraint
procedure is applied to the accessibility objective to generate Pareto-efficient solutions. In the illustrative
experiment, 21 epsilon levels yield 16 unique efficient solutions. Computational scalability is assessed
using 15 independently generated instances divided into three size classes, with five instances per class
and fixed random seeds for reproducibility. The small class contains 224 variables, including 8 binary
variables, and 127 constraints; the medium class contains 635 variables, including 12 binary variables,
and 251 constraints; and the large class contains 1,887 variables, including 24 binary variables, and 545
constraints. Seven optimization runs are performed for each instance, resulting in 105 mixed-integer
optimization problems.

For comparative validation, five additional medium-sized instances are evaluated under three model
structures: a deterministic expected-value model, a scenario-based model with lambda = 0, and the full
robust model with lambda = 0.5. For each instance and each model, the selected location, capacity, and
procurement decisions are fixed and then tested in 50 out-of-sample scenarios, while service-allocation
and shortage decisions are reoptimized. This design produces 750 out-of-sample linear-program
evaluations. Performance is assessed using mean out-of-sample cost, worst observed cost, within-
instance cost variability, mean shortage, demand-coverage percentage, accessibility, and main-model

solution time.
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Results and Discussion

The Pareto-front analysis confirms a clear trade-off between robust cost and accessibility. The minimum-
cost anchor has a robust cost of 18,478.68 and an accessibility value of 261.10, whereas the best-
accessibility anchor has a robust cost of 26,080.16 and an accessibility value of 110.40. A compromise
solution has a robust cost of 19,853.88 and an accessibility value of 212.00. Relative to the minimum-
cost solution, this compromise requires a 7.44% increase in robust cost but improves the accessibility
index by 18.80%. Moving all the way to the best-accessibility anchor improves accessibility by 57.72%
but increases robust cost by 41.14%. These results provide a direct quantitative basis for managerial
choice: modest additional expenditure can obtain a meaningful accessibility improvement, while
progressively stronger accessibility targets require substantially higher expenditure.

The scalability experiment shows that the exact formulation remains solvable over the tested range,
although computation time rises markedly with problem size. All 105 optimization runs terminate with
proven optimality and effectively zero optimality gap. The mean total solution time is 0.8372 seconds for
small instances, 4.2998 seconds for medium instances, and 34.3188 seconds for large instances. The
corresponding standard deviations are 0.2007, 0.6221, and 2.8312 seconds, respectively, and the
maximum observed times are 1.188, 5.299, and 36.532 seconds. The increase in computational burden is
therefore substantial but remains manageable for the experimental sizes considered. The pattern also
indicates that decomposition or advanced approximation methods may become relevant for substantially
larger real-world networks.

The out-of-sample comparison provides stronger evidence about the value of explicitly representing
uncertainty. The deterministic expected-value model opens an average of 2.6 centers and plans
approximately 350.68 units of capacity, whereas both scenario-based models open an average of 3
centers with approximately 427.8 units of capacity. The lower-capacity deterministic network records a
mean service shortage of 11.2806 units and covers 96.93% of demand on average. Both scenario-based
models achieve 100% demand coverage in all out-of-sample evaluations. The result shows that planning
only for average demand can create an apparently cheaper but more fragile network, while additional
capacity acts as a preventive investment against shortage under demand surges.

Cost performance reinforces this conclusion. Mean out-of-sample cost is 177,817.30 for the
deterministic model, compared with 78,027.70 for the scenario-based model without the robustness term
and 78,030.20 for the full robust model. Relative to the deterministic benchmark, the proposed model
reduces mean out-of-sample cost by approximately 56.12%. The worst observed out-of-sample cost falls
from 604,848.10 under the deterministic model to 97,361.22 under the proposed model, a reduction of
about 83.90%. Cost variability is also dramatically lower once scenario-based planning is introduced: the
mean within-instance standard deviation decreases from 96,350.53 in the deterministic model to 514.64
in the scenario-based model and 511.72 in the full robust model.

The incremental effect of the robustness term is positive but deliberately interpreted with caution.
Compared with the scenario-based model without the robustness term, the full robust formulation
reduces the mean cost standard deviation from 514.64 to 511.72, an improvement of approximately
0.57%, and improves the accessibility index by about 0.65%. Mean out-of-sample cost increases by only

about 0.003%, while worst observed cost remains unchanged. The main-model solution time rises from
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0.4156 to 0.5094 seconds, approximately 22.57%, but remains well below one second for these
comparison instances. Thus, most of the performance gain comes from incorporating uncertainty through
scenarios, while the robustness term provides a smaller additional improvement in cost stability and
accessibility at negligible expected-cost sacrifice.

These findings also clarify the role of the robustness coefficient. Increasing lambda raises the weight
assigned to scenario-cost dispersion, but an increase in the robust objective value alone should not be
interpreted as evidence of greater robustness because the coefficient itself directly changes the objective.
In the illustrative sensitivity analysis, the main network structure, expected cost, shortage, and
accessibility remain relatively stable across the tested range of lambda. The out-of-sample reduction in
cost variability therefore provides the more direct empirical evidence of the robustness term. From a
managerial perspective, lambda should be viewed as a policy parameter that expresses how much

importance the decision maker assigns to cost stability relative to expected performance.
Conclusions and Implications

This study develops an integrated robust multi-objective framework for temporary healthcare network
design under demand uncertainty and medical equipment supply constraints. The model coordinates
location, capacity, service-allocation, equipment-procurement, and shortage-management decisions while
explicitly representing the cost-accessibility trade-off. Its primary contribution is the integrated
formulation and the empirical assessment of robustness, rather than the introduction of a new
optimization algorithm. The computational results show that scenario-based planning can substantially
improve service continuity and out-of-sample economic performance compared with deterministic
expected-value planning.

For healthcare managers, the results suggest that the lowest initial-cost network is not necessarily the
most economical once uncertain demand is realized. Opening an additional center or installing greater
capacity may prevent severe shortage penalties and extreme operating costs. The Pareto frontier can be
used to select a solution consistent with available budgets and accessibility targets, while the allowable-
shortage parameter, shortage penalty, and robustness coefficient provide additional policy levers for
controlling service levels and stability. The distinction between scenario planning and the robustness
penalty is also important: scenario representation delivers the dominant improvement, whereas the
robustness term fine-tunes stability without materially increasing expected cost in the tested instances.

The study has several limitations. The data are experimental rather than drawn from a real healthcare
network; equipment-supply capacity and travel conditions are treated as deterministic; service-oriented
resilience focuses on maintaining demand coverage and does not explicitly model temporal recovery,
adaptation, or infrastructure restoration; and the independent value of integrated decision making is not
tested against a fully sequential planning approach. Future research should validate the formulation with
field data, incorporate uncertainty in supply capacity, travel time, infrastructure availability, and
workforce resources, compare integrated and sequential decision structures, and consider geographic and
social equity criteria. For very large-scale networks, decomposition, hybrid exact-heuristic procedures,

and other scalable solution approaches should also be investigated.
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