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Abstract: Contemporary GIS-based decision support systems frequently combine soft computing and multi-
criteria decision analysis techniques; however, their effectiveness is often compromised by methodological
overlap, uncontrolled uncertainty propagation, and improper coupling of spatial evaluation with decision ranking.
This paper formalizes a set of modular design principles for GIS-based soft computing decision support systems
that enforce strict analytical role separation across weighting, spatial modelling, aggregation, and decision stages.
Uncertainty is intentionally confined to the criteria-weighting process using the Fuzzy Analytic Hierarchy Process,
while spatial suitability is derived through a constrained Weighted Linear Combination to preserve spatial
consistency. Decision prioritization is performed exclusively at the alternative level using the Technique for Order
Preference by Similarity to Ideal Solution, thereby avoiding pixel-level decision distortion. Sensitivity analysis is
restricted to the final decision stage to evaluate robustness without altering spatial outcomes. The proposed
principles are instantiated within a generalized system architecture and validated using municipality-scale
geospatial and planning data. The results demonstrate improved transparency, reproducibility, and stability of
decision outcomes. By elevating system design from ad-hoc integration to principled modularization, this work
provides a transferable foundation for robust GIS-based decision support in urban planning, environmental
management, and sustainability-oriented applications.

Keywords: Modular Decision Support Systems, GIS-Based Decision Support, Soft Computing, Fuzzy Analytic
Hierarchy Process (FAHP), Multi-Criteria Decision Analysis (MCDA), Weighted Linear Combination (WLC),
TOPSIS, Sensitivity Analysis

1 Introduction notably the Analytic Hierarchy Process (AHP) and
its fuzzy extensions for criteria weighting, together
with ranking methods such as the Technique for
Order Preference by Similarity to Ideal Solution
(TOPSIS) [1]-[3]. While such integrations enhance
analytical flexibility, they have also led to persistent
methodological ambiguities that limit the reliability
and transferability of decision outcomes.

Geospatial decision support systems (DSS) are
widely employed in spatial planning problems
involving multiple conflicting criteria, spatial
constraints, and uncertainty in expert judgment. To
address these challenges, contemporary research
increasingly integrates geographic information
systems (GIS) with soft computing and multi-

criteria decision analysis (MCDA) techniques, most A major limitation of many GIS-MCDA

frameworks is the absence of explicit analytical role
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Although fuzzy logic is commonly introduced to
capture vagueness in expert judgment, its
unstructured application across multiple analytical
stages frequently results in uncontrolled uncertainty
propagation. When uncertainty simultaneously
influences weighting, spatial aggregation, and
ranking processes, transparency and interpretability
are significantly reduced, weakening the decision
support function of such systems.

Despite the growing body of GIS-MCDA research,
relatively few studies articulate formal design
principles governing method interaction and
uncertainty containment within spatial decision
support systems. Consequently, many proposed
frameworks emphasize computational integration
rather than decision logic, limiting robustness and
general applicability beyond individual case studies.

This paper addresses these limitations by
formalizing a modular design principle for GIS-
based soft computing decision support systems. The
proposed approach enforces strict analytical role
separation, confines uncertainty handling to the
weighting stage, preserves the integrity of spatial
evaluation, and restricts decision ranking to
implementable alternatives. By shifting the focus
from ad-hoc methodological integration to
principled system design, the study provides a
transferable foundation for robust and defensible
spatial decision support.

2 Background and Motivation

GIS-based spatial decision support systems enable
the integration of spatial data with analytical
reasoning in planning problems involving multiple,
often conflicting criteria. By extending GIS
functionality from descriptive mapping to evaluative
analysis, such systems provide a structured basis for
spatial decision making. Within this context, multi-
criteria decision analysis has been widely adopted to
formalize preferences and synthesize heterogeneous
spatial information in a systematic manner, forming
the analytical backbone of many GIS-based decision
workflows [5]. Complementarily, soft computing
techniques—particularly fuzzy logic—based
approaches—are employed to address uncertainty
and imprecision inherent in expert judgment and
qualitative criteria assessment. Methods such as
fuzzy weighting offer a practical mechanism for
translating linguistic preferences into computable
representations, thereby supporting transparent

reasoning under uncertainty when applied with
analytical discipline [6].

Despite these advantages, many existing GIS—
MCDA implementations rely on tightly coupled
workflows in which weighting, spatial evaluation,
aggregation, and decision ranking are combined
without explicit functional boundaries. Such
overlapping designs often extend fuzzy reasoning
indiscriminately across multiple analytical stages or
apply decision-ranking techniques at inappropriate
spatial levels, leading to redundancy, uncontrolled
uncertainty ~ propagation, and  ambiguous
interpretation of results. The motivation for this
work arises from the need to move beyond
integration-centric approaches toward principled
system design. Establishing clear analytical roles,
constraining uncertainty handling, and preserving
the distinction between spatial evaluation and
decision-level reasoning are essential for developing
decision support systems that are robust,
interpretable, and suitable for real-world planning
and policy applications. This motivation directly
underpins the modular design principles formalized
in the following section.

3 Design Principles for Modular GIS-Soft
Computing Decision Support Systems

The proposed decision support framework is
grounded in a set of modular design principles that
regulate the interaction between GIS, soft
computing, and multi-criteria decision analysis
components. The contribution does not lie in
introducing new analytical techniques, but in
formalizing how established methods should be
structured and constrained within a decision support
system to avoid methodological overlap,
uncontrolled  uncertainty  propagation, and
ambiguity in interpretation. By enforcing strict
modularity at the system-design level, the
framework enhances transparency, reproducibility,
and defensibility of decision outcomes across spatial
planning applications.

3.1 Principle 1: Analytical Role Separation

Analytical role separation constitutes the
foundational principle of the proposed modular
decision support system. This principle asserts that
each methodological component must be restricted
to a single, clearly defined analytical function,
thereby preventing redundancy and functional
interference across stages of the decision process. In
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contrast to integration-centric =~ GIS-MCDA
workflows reported in the literature [4], the
proposed design enforces explicit functional
boundaries between weighting, spatial evaluation,
aggregation, and decision ranking.

Within this principle, the geographic information
system is confined exclusively to spatial data
preparation and representation. GIS operations are
limited to tasks such as data harmonization,
buffering, reclassification, and constraint mapping,
without embedding preference modeling or decision
logic [4], [5]. Criteria weighting is performed solely
through the Fuzzy Analytic Hierarchy Process,
which is employed only to capture uncertainty and
subjectivity in expert judgment and to derive relative
importance weights [1], [2]. Importantly, the fuzzy
component is deliberately restricted to this stage to
prevent uncertainty from propagating into
subsequent spatial or decision analyses.

Spatial aggregation is carried out independently
using a constrained Weighted Linear Combination
approach, where standardized spatial criteria are
combined using the derived weights to generate a

continuous suitability surface [4]. This stage
performs evaluative aggregation only and does not
involve ranking or selection, ensuring that spatial
outputs remain descriptive rather than decisional.
Final prioritization is conducted exclusively at the
decision-support level using the Technique for
Order Preference by Similarity to Ideal Solution,
where candidate alternatives are treated as discrete,
implementable entities rather than raster cells [3].
This separation aligns the ranking process with real-
world planning practice and avoids pixel-level
misinterpretation of decision outcomes.

Robustness assessment is isolated as a final
analytical stage through sensitivity analysis, which
is applied only to decision-level parameters,
particularly criteria weights. Sensitivity testing does
not alter spatial pre-processing or aggregation
outputs, thereby preserving spatial integrity while
evaluating the stability of decision outcomes.
Together, these constraints establish a disciplined
analytical workflow in which each method
contributes precisely once and only at the stage for
which it is conceptually appropriate.

Table 1: Principle 1: Analytical Role Separation in Modular GIS—-Soft Computing DSS

System Component Permitted  Analytical | Explicitly Excluded | Design Rationale

Ralo Functiane
Geographic Information | Spatial data preparation, | Weighting, ranking, | Prevents embedding
System (GIS) standardization, preference modelling decision logic in spatial

ra1 _rea

Fuzzy Analytic Hierarchy
Process (FAHP)

Criteria weighting under
uncertainty

Spatial aggregation,
alternative ranking

Contains uncertainty at
the weighting stage [1],
[2]

to Ideal Solution

(TOPSIS)

discrete alternatives

spatial aggregation

Weighted Linear | Spatial aggregation of | Ranking, decision E;izzves of esjl?‘g;t?flli‘t/e

Combination (WLC) standardized criteria selection . y
mapping [4]

Technique  for ~ Order Ensures ranking reflects

Preference by Similarity | Decision-level ranking of | Raster-level analysis, &

implementable
alternatives [3]

Sensitivity Analysis

Robustness assessment of
decision outcomes

. . Evaluates stability
Spatial reprocessing or . . . .
. .o without distorting spatial
weight derivation .
evaluation

3.2 Principle 2:
Containment

Controlled Uncertainty

Controlled uncertainty containment is a key design
principle of the proposed modular GIS—soft
computing decision support system. It asserts that
uncertainty originating from subjective judgment

should be explicitly managed at a single analytical
stage, rather than being allowed to propagate
throughout the decision workflow. In many GIS—
MCDA implementations, uncertainty diffuses
across weighting, spatial modeling, and ranking
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stages, leading to amplified variability and reduced
interpretability of results.

In the proposed design, uncertainty is handled
exclusively during the criteria-weighting stage
through the Fuzzy Analytic Hierarchy Process.
FAHP enables structured representation of
imprecise expert preferences using fuzzy numbers,
allowing ambiguity to be resolved at the point where
subjectivity is most influential [1], [2]. Once
weighting is completed, all subsequent stages
operate on deterministic inputs. Spatial aggregation
using Weighted Linear Combination relies on
standardized criteria and fixed weights, while
decision-level ranking is performed using crisp
performance measures. This sequential containment
prevents uncertainty from entering spatial modelling
and decision evaluation, preserving analytical clarity
and stability [6]. By isolating uncertainty handling,
the framework enhances traceability, simplifies
robustness analysis, and supports defensible
decision-making in real-world planning contexts.

3.3 Principle 3: Decision-Level Evaluation

Decision-level evaluation constitutes the third
design principle and addresses a recurring
misinterpretation in GIS-MCDA workflows: the
treatment of raster pixels as decision alternatives. In
many integrated frameworks, ranking techniques are
applied directly to grid cells, implicitly equating
spatial resolution units with actionable decisions.
This conflation obscures the distinction between
spatial suitability assessment and decision making,
producing results that are difficult to interpret,
validate, or implement in real-world planning
contexts.

In the proposed design, decision evaluation is
performed exclusively at the level of implementable
alternatives. Spatial modeling yields evaluative
suitability information, which is aggregated to
characterize discrete candidate entities such as sites,
zones, or planning units. Let

X=[Xx;]i=12..m j=12,..,n

denote the decision matrix, where X;; represents the
aggregated performance of alternative i with respect
to criterion j, and W; denotes the corresponding
criterion weight derived during the weighting stage.
After normalization and weighting, the positive
ideal solution A*and negative ideal solution A~ are
defined as

At = { m?x(wj WX )},A_ =

{ miin(wj WX )}.

The relative closeness of each alternative to the ideal
solution is then computed as

D~

4

C=——
" D +Df

where D;* and D;” denote the Euclidean distances of
alternative iii from A*+ and A~, respectively [3].
Importantly, this formulation is applied only to
decision-level alternatives and not to raster cells. By
restricting TOPSIS-based ranking to implementable
entities, the framework ensures that prioritization
reflects feasible planning options, preserves the
evaluative role of spatial modelling, and aligns
decision outcomes with policy and implementation
requirements.

3.4 Principle 4: Non-Distortive Sensitivity
Analysis

Non-distortive sensitivity analysis constitutes the
fourth design principle and governs how robustness
is evaluated within the proposed modular decision
support system. This principle asserts that sensitivity
testing must be confined to decision-level
parameters—specifically criteria weights—without
triggering recomputation of spatial layers or
aggregation outputs. In many GIS-MCDA
implementations, sensitivity analysis is performed
by repeatedly reprocessing spatial models, which
alters suitability surfaces and obscures the causal
relationship between weight variation and decision
outcomes.

In the proposed design, sensitivity analysis is
restricted to controlled perturbations of the criteria
weight vector while preserving all spatial
evaluations. Let

n
W = (wy, Wy, ..., W), ij =1
=

denote the baseline weight vector obtained from the
weighting stage. Sensitivity scenarios are generated
by perturbing a selected weight wy, by a small factor
A such that

wp = wi(1 £ 4),

followed by normalization of the adjusted weight
vector
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All spatial suitability layers and aggregated spatial
outputs remain unchanged during this process. Only
the decision-level evaluation matrix is updated using
the perturbed weights, and alternative rankings are
recomputed accordingly, consistent with standard
MCDA sensitivity analysis practice [7].

By isolating sensitivity analysis at the decision
stage, the framework ensures that robustness
assessment reflects the stability of prioritization
rather than artifacts of repeated spatial re-
computation. This approach preserves spatial
integrity, enhances interpretability of sensitivity
outcomes, and enables transparent evaluation of
how weight uncertainty influences final decisions.

4 Generalized DSS Architecture and Workflow

The modular design principles introduced in the
previous section are operationalized through a
generalized decision support system architecture
that is independent of application domain, spatial
scale, and data source. The architecture is structured
to preserve analytical role separation, contain
uncertainty, and maintain a clear distinction between
spatial evaluation and decision-level reasoning.
Rather than prescribing specific datasets or planning
contexts, the architecture defines a transferable logic
for integrating GIS, soft computing, and MCDA
within a disciplined decision support framework.

4.1 Generic DSS Architecture

The proposed architecture consists of five logically
independent but sequentially connected modules.
Each module performs a single analytical function
and exchanges only well-defined outputs with
subsequent modules. This modular configuration
prevents feedback-induced distortion and supports
transparent system validation.

Spatial Data Inputs Thematic

layers, Constraints

GIS Spatial preparation Module
Standardization, buffering, masking

s N
Criteria weighting Module FAHP-based
uncertainty handling
\. J

\ 4
e \
Spatial Aggregation Module WLC-based
suitability Modelling
\. J
A4
N
Decision Evaluation Module TOPSIS-
based ranking of alternatives
J
N
Robustness Assessment Module Weight-
based sensitivity analysis
J
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Generic architecture flow:

In this architecture, GIS functions exclusively as a
spatial ~ pre-processing  and  representation
environment, while decision logic is confined to
MCDA components. The flow is strictly
unidirectional, ensuring that downstream decision
analysis does not retroactively alter spatial
evaluations.

4.2 Abstracted Algorithmic Workflow

To further generalize the architecture, the decision
process can be expressed through the following
abstracted workflow, applicable to any spatial
decision problem involving multiple criteria and
discrete alternatives.

Step 1: Spatial Data Preparation

Input spatial criteria layers and constraints are
standardized to a common scale and spatial
resolution. Hard constraints are applied as exclusion
masks. No weighting or ranking is performed at this
stage.

Step 2: Criteria Weight Derivation

Expert judgments are elicited and processed using
FAHP to derive a normalized weight vector

n
W = (wy,wy, ..., wy), ij =1
=

Uncertainty is resolved at this stage and not
propagated further.
Step 3: Spatial Suitability Aggregation

Standardized spatial criteria are aggregated using a
weighted linear combination to generate a
continuous suitability surface

SG) = ) wie)
j=1

Where c,(x) denotes the standardized value of
criterion j at location x

Step 4: Alternative Characterization

Discrete  decision alternatives are defined
independently of spatial resolution. Aggregated
spatial suitability values are summarized for each
alternative to construct a decision matrix.

Step 5: Decision-Level Ranking

Alternatives are ranked using a decision-ranking
technique (e.g., TOPSIS) based on their aggregated
performance measures. Ranking is applied only at
the alternative level.

Step 6: Robustness Evaluation

Sensitivity analysis is conducted by perturbing
criteria weights within a predefined range while
keeping all spatial layers fixed. Changes in
alternative ranking are analyzed to assess decision
stability.

4.3 Transferability and Domain Independence

The generalized architecture is deliberately
decoupled from any specific planning domain,
thematic criteria, or geographic context. Its
applicability —extends beyond solid waste
management to a wide range of spatial decision
problems, including urban infrastructure planning,
environmental management, resource allocation,
and site selection tasks. Because the architecture
emphasizes  design  discipline  rather than
computational novelty, it can be readily adapted to
different datasets, spatial resolutions, and decision
contexts without modifying the underlying logic.

By formalizing a data-independent architecture and
workflow, this section demonstrates how the
proposed design principles translate into a reusable
decision support system blueprint. This abstraction
enables consistent implementation, facilitates
methodological ~ comparison, and  supports
reproducible decision-making across diverse real-
world applications.

5 Case Study as Validation

The proposed modular decision support system was
validated using a municipality-scale spatial planning
problem drawn from the operational context of the
Nanded Waghala City Municipal Corporation. The
case study serves exclusively as a validation vehicle
to demonstrate the practical applicability, internal
consistency, and robustness of the proposed design
principles, rather than as a domain-specific
optimization exercise. Spatial datasets representing
environmental, infrastructural, and planning
constraints were employed to reflect realistic
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decision conditions typically encountered by urban
local bodies.

Validation was conducted by implementing the
decision workflow strictly in accordance with the
proposed design principles. Spatial data handling
was confined to the GIS environment, where all
thematic layers were standardized and constraint
masks applied without introducing weighting or
ranking logic, thereby satisfying Principle 1
(Analytical Role Separation). Criteria importance
was derived independently using FAHP, with
uncertainty explicitly handled and resolved at the
weighting stage alone, ensuring compliance with
Principle 2 (Controlled Uncertainty
Containment). The resulting weights were then
integrated with standardized spatial criteria through
a weighted linear combination to generate a
continuous suitability surface, preserving the
evaluative—rather than decisional—role of spatial
aggregation.

Decision evaluation was performed exclusively at
the level of discrete, implementable alternatives
extracted from the spatial suitability output, in
accordance with Principle 3 (Decision-Level
Evaluation). TOPSIS was applied only to these
alternatives, preventing pixel-level ranking and
ensuring that prioritization reflected feasible
planning options. Finally, robustness was assessed
through controlled perturbation of criteria weights
while maintaining all spatial layers unchanged,
thereby validating Principle 4 (Non-Distortive
Sensitivity Analysis). Stability of alternative
rankings across sensitivity scenarios confirmed that
decision outcomes were resilient to reasonable
variations in expert judgment.

Overall, the case study confirms that the proposed
modular architecture can be implemented in a real
municipal planning context without violating
analytical boundaries or introducing methodological
distortion. The wvalidation demonstrates that
adherence to the design principles results in
transparent, interpretable, and defensible decision
outcomes, supporting the transferability of the
framework to other spatial decision problems
beyond the specific municipal domain considered.

6 Results and Design Validation

The validation results are assessed in terms of design
performance rather than spatial optimization
outcomes. Evaluation focuses on ranking stability,

robustness under controlled sensitivity analysis, and
the absence of methodological conflict across
analytical stages, thereby directly reflecting the
effectiveness of the proposed design principles.

Decision-level rankings exhibited high stability
across sensitivity scenarios. Moderate perturbations
in criteria weights produced limited and
interpretable changes in alternative ordering, with
dominant alternatives retaining their relative
positions. This indicates that decision outcomes are
robust to reasonable variation in expert judgment
and are not driven by narrowly tuned parameters.

Robustness analysis further confirmed that
sensitivity effects were confined to the decision
stage. Because spatial layers and aggregated
suitability outputs remained unchanged, observed
ranking variations could be unambiguously
attributed to weight perturbation alone. This
isolation avoided ambiguity commonly associated
with repeated spatial recomputation and preserved
spatial consistency.

No methodological conflicts were observed
throughout the workflow. FEach analytical
component operated strictly within its designated
role: GIS outputs remained evaluative, FAHP
outputs preferential, WLC outputs spatially
descriptive, and TOPSIS outputs decisional. This
confirms that the proposed modular architecture
prevents analytical overlap and supports transparent,
defensible decision support.

7 Discussion

The proposed modular design principles directly
address methodological weaknesses common in
tightly integrated GIS-MCDA decision support
systems, where weighting, spatial aggregation, and
ranking are often conflated. Such integration-centric
workflows frequently introduce methodological
overlap, uncontrolled uncertainty propagation, and
ambiguity in interpreting decision outcomes. By
enforcing strict analytical role separation, the
proposed framework prioritizes decision logic over
computational coupling, resulting in clearer, more
defensible outcomes.

A key advantage of the proposed design is the
explicit separation of spatial evaluation from
decision ranking. Raster-level ranking approaches
implicitly treat spatial units as decisions, which can
distort planning interpretation and hinder
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implementation. Restricting ranking to discrete,
implementable alternatives aligns analytical outputs
with real-world decision processes, improving
interpretability, accountability, and robustness.

The framework further enhances reliability through
controlled uncertainty containment. By confining
fuzzy reasoning to the weighting stage, subjective
uncertainty is resolved prior to spatial modeling and
ranking, preventing uncertainty amplification and
enabling transparent sensitivity analysis. As a result,
decision stability reflects genuine robustness rather
than artifacts of methodological interaction.

These design principles are broadly applicable
across spatial decision-making domains, including
urban planning, environmental decision support,
infrastructure siting, and smart city systems. By
shifting the emphasis from ad-hoc methodological
integration to principled modularization, the
framework provides a scalable, explainable, and
transferable foundation for robust GIS-based
decision support.

8 Conclusion and Transferability

This study formalized a set of modular design
principles for GIS-based soft computing decision
support systems that enforce analytical role
separation, controlled uncertainty handling,
decision-level evaluation, and non-distortive
sensitivity analysis. These principles are reusable
across diverse spatial decision contexts and are
independent of application domain, data type, or
spatial scale. By constraining each method to a
single analytical role, the framework prevents
methodological overlap and enhances transparency

and reproducibility. The modular architecture
supports partial or full automation of the decision
workflow, enabling scalable and repeatable
implementation  within modern  planning
environments. Importantly, the design ensures that
spatial evaluation informs—but does not replace—
decision making, preserving interpretability and
policy relevance. Beyond the validated municipal
context, the framework is directly applicable to
urban planning, environmental decision support,
infrastructure siting, and smart city analytics. By
shifting emphasis from ad-hoc integration to
principled system design, this work provides a
transferable foundation for robust, explainable, and
defensible spatial decision support systems.
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