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ABSTRACT

Decision-making in omnichannel logistics networks requires balancing multiple
performance dimensions under dynamic and uncertain operating conditions. In
practice, key performance indicators (KPIs) are frequently applied for ex-post
evaluation, while their direct integration into decision formulation remains lim-
ited, leading to a structural separation between performance management and al-
ternative selection. This study proposes a KPI-driven decision framework that em-
beds multidimensional performance indicators at the modeling stage. Alternatives
are represented within a unified multi-criteria structure, where KPI dimensions are
normalized and aggregated into a weighted composite index. The decision prob-
lem is formulated as the maximization of expected composite performance over
discrete alternatives under scenario uncertainty. A simulation-based operational-
ization is developed to incorporate stochastic variation in key indicators while
preserving a consistent comparison logic across scenarios. The resulting structure
enables robust ranking and selection of alternatives based on expected multidi-
mensional performance. The study provides an interpretable and computationally
reproducible framework for multi-indicator decision support in omnichannel lo-
gistics networks.

1 INTRODUCTION

Omnichannel logistics networks (OLNs) represent a structural transformation of contemporary dis-
tribution systems. Rather than functioning as linear transportation chains, they operate as coordi-
nated multi-layer configurations in which physical flows, information streams, and financial trans-
actions are integrated within a unified service architecture. Recent studies have proposed digital
infrastructures that integrate material, financial, and informational flows through hypernetwork ar-
chitectures and blockchain-synchronized digital twin systems, enabling real-time coordination in
complex logistics and urban ecosystems (Ruponen et al., 2025). This structural coupling creates
decision environments characterized by multidimensional performance interdependencies and dy-
namic uncertainty. Decisions in such networks require balancing economic efficiency, service qual-
ity, environmental sustainability, and operational stability across interconnected layers.

From a theoretical standpoint, OLNs can be interpreted as performance-embedded decision systems.
Unlike traditional logistics models that treat performance indicators as external evaluation criteria,
omnichannel environments require that performance dimensions be structurally integrated into the
configuration logic of alternatives. In this sense, decision-making is not merely a problem of param-
eter optimization but a problem of structuring a multidimensional decision space under uncertainty.

Existing research on logistics decision-making has developed along two dominant trajectories. The
first trajectory emphasizes solver-based optimization, typically employing mathematical program-
ming and operations research techniques to design networks, allocate facilities, or determine routing
strategies. These approaches provide analytical rigor and often focus on minimizing cost or maxi-
mizing profit subject to operational constraints. However, performance indicators in such models are
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usually embedded as coefficients or constraints rather than conceptualized as structural dimensions
of the decision space itself.

The second trajectory focuses on performance management and the development of key perfor-
mance indicators (KPIs) to measure logistics outcomes. Performance measurement frameworks fa-
cilitate monitoring, benchmarking, and managerial control. With the advancement of multi-criteria
decision-making (MCDM) techniques, researchers have attempted to compare alternatives across
multiple performance dimensions and to incorporate uncertainty through scenario analysis or simu-
lation. Yet, even within these approaches, KPIs are frequently employed as ex-post evaluation tools.
They assess predefined alternatives rather than define the architecture of the decision process.

Accordingly, a methodological discontinuity persists between performance logic and decision logic.
Performance measurement systems describe outcomes, whereas decision models structure choices;
the two are rarely integrated at the foundational modeling stage. This separation becomes increas-
ingly problematic in omnichannel logistics networks, where interdependencies across layers amplify
the effects of multidimensional trade-offs and uncertainty.

To address this theoretical gap, the present study advances a KPI-embedded decision framework
that reconceptualizes performance indicators as constitutive elements of the decision space. In this
framework, each alternative is represented as a vector of normalized KPI dimensions, and multidi-
mensional performance is aggregated into a composite representation within a unified metric space.
The decision problem is formulated as the maximization of expected composite performance across
discrete alternatives under scenario uncertainty.

Formally, this formulation defines a decision rule based on expected composite performance, en-
abling consistent comparison of alternatives within a multidimensional KPI space under stochastic
operating conditions.

To operationalize this theoretical construct, a simulation-based mechanism is developed. Stochastic
realizations of KPI values are generated for alternative configurations, enabling expected composite
performance to be estimated under environmental variability. This computational translation pre-
serves interpretability while allowing decision logic to remain consistent across scenarios.

The theoretical contribution of the study lies in formalizing the integration of performance manage-
ment and decision modeling within a unified analytical structure. By conceptualizing omnichannel
logistics networks as performance-embedded decision systems and advancing an expected com-
posite performance maximization framework, the study contributes to logistics decision theory and
provides a reproducible multi-criteria architecture for decision-making under uncertainty.

This study does not propose a new routing algorithm. Instead, it formalizes a KPI-based decision
architecture in which performance indicators participate directly in the comparison of alternatives
under uncertainty.

2 LITERATURE REVIEW AND THEORETICAL BACKGROUND

2.1 OPTIMIZATION-ORIENTED LOGISTICS DECISION MODELS

Research on omnichannel logistics decision-making has developed primarily along an optimization-
oriented trajectory, focusing on formal network design, facility allocation, and routing configuration
under predefined objective structures (Li and Shi, 2024). Existing studies have explored logistics
decision-making from different perspectives. One stream of research takes optimization models
as the primary approach, improving the operational efficiency of logistics systems through math-
ematical programming and operations research methods. Such studies typically focus on logistics
network design and route configuration, with cost, time, and resource utilization as the main opti-
mization objectives. Nguyen et al., starting from the design of omnichannel distribution networks,
combined delivery responsiveness with profit maximization, and constructed a stochastic program-
ming model to characterize network structure decisions (Nguyen et al., 2025); Lin et al., from the
perspective of facility location and fulfillment coordination, jointly optimized logistics system lay-
out and fulfillment strategies by considering transportation costs, market demand, and customer
channel choices (Lin et al., 2022); Qiu et al. focused on inventory replenishment and transportation
coordination, studying distribution routing and replenishment decisions under demand uncertainty
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and service level constraints (Qiu et al., 2025); Li and Shi adopted a multi-objective perspective, in-
corporating delivery time, logistics cost, and product characteristics (such as freshness of perishable
goods) into a unified optimization framework (Li and Shi, 2024).

2.2 KPI AND PERFORMANCE MANAGEMENT APPROACHES

Another stream of research focuses on performance management tools and emphasizes the role of
performance indicators in logistics management. These studies typically use performance mea-
surement frameworks or indicator systems to systematically evaluate logistics operational outcomes
(Govindan et al., 2022). Relevant research shows that performance indicators help describe the
operational status of logistics systems and support the decomposition and monitoring of manage-
ment objectives (Özkanlısoy and Bulutlar, 2023). With the development of research, multi-criteria
decision-making methods have gradually been introduced into the logistics field to consider multiple
performance dimensions simultaneously (Ismail et al., 2024; Więckowski and Sałabun, 2025). Such
methods attempt to establish trade-offs among different indicators to support the comparison and
ranking of alternatives.

2.3 METHODOLOGICAL DISCONTINUITY BETWEEN PERFORMANCE AND DECISION LOGIC

These channels serve different demands and correspond to different performance objectives (Cao
et al., 2025b). Decision-makers within logistics networks must make trade-offs among cost, service
level, and operational stability (Cao et al., 2025a;b). The coexistence of multiple objectives and
the coordination of multiple actors make logistics and supply chain systems exhibit characteristics
of complex networks. The coupling relationships among different factors significantly increase the
complexity of the decision-making process, making traditional single-indicator-oriented decision
methods difficult to apply effectively (Ma et al., 2024).

In actual operations, enterprise decision-making typically relies on existing performance manage-
ment systems and indicator rules. These rules are formed based on historical experience and es-
tablished managerial logic and tend to remain stable over a long period, but they may be difficult
to adjust and optimize in a timely manner under dynamic environmental changes (Munmun et al.,
2023). At the same time, key performance indicators are usually used for ex-post performance
evaluation; decision-makers rely more on them to summarize and provide feedback on operational
outcomes rather than embedding them directly into the process of selecting alternatives, which leads
to a certain degree of separation between performance information and the decision-making process
(Filani et al., 2023; Rahman et al., 2025). If performance indicators are not incorporated into the
decision expression, different alternatives lack a basis for comparability and are difficult to evaluate
and select systematically within a multidimensional performance framework, which further weakens
the rationality of decision-making (Petropoulos et al., 2026).

Some studies simulate the operational state of supply chains under demand fluctuations, unexpected
disruptions, and external risk shocks through scenario design and uncertainty analysis, thereby eval-
uating the resilience and robustness of different decision alternatives in complex environments (Dol-
gui et al., 2018; Ivanov, 2022). However, from the overall development of the literature, most exist-
ing research still primarily uses performance indicators for ex-post evaluation. Indicator results are
typically employed to assess the operational effectiveness of predetermined alternatives, rather than
being directly incorporated into the decision modeling process. This results in a certain degree of
separation between performance management and decision optimization and, to some extent, lim-
its the systematic application of multi-indicator information at the decision stage. The persistence
of this separation suggests a structural misalignment between evaluation architectures and decision
architectures, particularly in multidimensional logistics systems.

This unresolved discontinuity motivates the development of a KPI-embedded decision framework.

3 CONCEPTUAL FRAMEWORK

Based on the above background, this study proposes a KPI-driven decision optimization framework
for omnichannel logistics networks, in which performance indicators are incorporated into the initial
decision structure and integrated under a unified weighting scheme to form a multi-indicator decision
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expression, allowing performance across different dimensions to be compared and selected within
the same structural framework.

On this basis, a simulation-based implementation pathway is constructed to translate the decision
structure into a computational process. By generating indicator distributions under route-specific
scenarios and performing normalization and weighting integration, a repeatable multi-indicator de-
cision ranking mechanism is established.

4 METHOD

In the KPI-driven decision framework, KPIs are incorporated as foundational dimensions of the de-
cision model and enter the analytical structure at the initial stage. This enables alternative decision
objects to be described and compared within a unified representation. Considering the coexistence
of multiple actors and operating conditions in omnichannel logistics networks, the study adopts a
KPI-centered methodical structure in which performance dimensions are organized at the model-
ing stage to ensure completeness and comparability of inputs. Indicators are structured into three
reference dimensions: economic (resource consumption), operational (efficiency), and risk-related
(system stability), allowing multidimensional performance to be consistently embedded into a com-
mon decision space. This dimensional structure reflects the multidimensional nature of logistics
performance and enables alternatives to be represented consistently within the decision space.

In practical decision environments, the composition of KPIs varies across scenarios. The three
reference dimensions provide a structural basis that allows scenario specific indicators to be incor-
porated into a unified evaluation framework while maintaining adaptability under changing oper-
ating conditions. To operationalize the proposed framework under uncertainty, a simulation-based
implementation is developed in which representative transport routes are defined as decision ob-
jects. Probabilistic distributions of key performance indicators, including cost, delivery time, emis-
sions, customs efficiency, and transport distance, are specified to capture variability across operating
scenarios. These distributions represent typical operational fluctuations observed in logistics envi-
ronments and allow uncertainty to be represented in a controlled and reproducible manner across
simulation scenarios. This enables the decision structure to incorporate environmental uncertainty
directly rather than relying on deterministic parameters.

All indicators are then normalized to ensure comparability across different measurement scales:

Ui =

m∑

j=1

wj x̂ij

where x̂ij denotes the normalized value of indicator j for alternative i, and wj represents the corre-
sponding weight.

Normalization transforms heterogeneous indicators into a common scale so that different KPI di-
mensions can be consistently represented and compared within a unified evaluation space. Cost-
type indicators are inversely transformed (“smaller is better”), whereas benefit-type indicators are
positively normalized (“larger is better”), allowing all KPIs to enter a unified evaluation domain. A
predefined weighting structure is then applied to the normalized indicators to compute a composite
performance score. The weighted aggregation represents a linear composite performance approx-
imation within a normalized KPI space. This formulation provides a transparent and interpretable
representation of multidimensional performance while preserving the relative contribution of each
KPI dimension within the decision model.

The weighting structure reflects the relative importance of performance dimensions in the decision
context and allows preference priorities to be expressed across indicators. In the present study,
weights are assigned to reflect typical decision priorities in logistics planning environments, where
economic efficiency, operational performance, and system stability jointly influence route selection.
This additive formulation assumes partial compensability among KPI dimensions, meaning that
strong performance on one indicator may offset weaker performance on another. Such an assumption
is consistent with utility-based multi-criteria decision models when trade-offs among performance
dimensions are considered acceptable within the decision environment.
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By repeating the simulation across multiple stochastic scenarios, the mean composite score of each
alternative is calculated to obtain a robust ranking outcome. The use of repeated stochastic realiza-
tions allows the framework to evaluate the stability of alternative rankings under varying operational
conditions.

Through this process, the conceptual KPI-driven decision structure is translated into a computational
decision mechanism capable of continuous operation under uncertain conditions, while maintaining
a consistent comparison logic across scenarios.

5 RESULTS

The KPI-driven decision framework was applied to evaluate alternative transport routes under
stochastic operating conditions. Three route configurations were considered as decision alterna-
tives: the Kazakhstan route, the Kyrgyzstan route, and a hybrid route combining elements of both
corridors. To represent environmental variability, Monte Carlo simulation with 1,000 stochastic re-
alizations was conducted for each route configuration. KPI values for transportation cost, delivery
time, emissions, customs efficiency, and transport distance were generated using stochastic distribu-
tions reflecting typical operational variability in cross-border logistics environments.

To ensure cross-indicator comparability, all KPI dimensions were normalized onto a unified [0,1]
scale. Cost-type indicators were inversely transformed, while benefit-type indicators were posi-
tively normalized. The normalized indicators entered a weighted aggregation structure, yielding the
composite performance index:

Ui =

m∑

j=1

wj x̂ij

Under scenario uncertainty, the decision rule is defined as the maximization of expected composite
performance:

R∗ = argmax
i

E [Ui]

The expected value is estimated through Monte Carlo simulation across N stochastic realizations:

CCIi =
1

N

N∑

s=1

U
(s)
i

where U
(s)
i denotes the composite performance of alternative i in scenario s.

The simulation results show that although individual KPI values fluctuate across stochastic real-
izations, the aggregated composite index maintains a consistent comparative structure across route
alternatives. This indicates that the KPI-driven decision formulation captures structural differences
in multidimensional performance rather than scenario-specific variations.
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Figure 1: Average composite performance of route alternatives.

Figure 1 presents the mean composite scores obtained for each route across the simulation runs. The
results indicate systematic differences in aggregated KPI outcomes among the alternatives.

Figure 2: Distribution of composite performance by route

Figure 2 illustrates the distribution of composite scores across the simulation runs. Although KPI
values vary across stochastic realizations, the distribution ranges of the three routes remain suffi-
ciently separated to preserve a stable ranking structure.

These results provide quantitative evidence that the KPI-driven decision formulation supports con-
sistent alternative comparison under uncertain operating conditions.

6 DISCUSSION

Conceptually, the proposed framework reframes logistics decision-making as a performance-
structured decision architecture. Rather than treating key performance indicators (KPIs) as external
evaluation outputs applied after a solution is selected, the framework incorporates KPI dimensions
directly into the decision formulation. In this representation, alternatives are evaluated within a
multidimensional KPI space, allowing performance information to participate directly in the deci-
sion rule under uncertainty. Our prior study on AI-enabled route selection in a Russian–Chinese
bioethanol corridor (Barykin et al., 2025) demonstrated the feasibility of multi-criteria logistics op-
timization using AI-based methods. The present study extends this line of work by formalizing
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KPI dimensions as structural components of the decision model rather than as purely evaluative
indicators.

This formulation links performance measurement with decision modeling. In conventional logistics
practice, KPIs are mainly used to summarize operational outcomes and support managerial monitor-
ing. Decision models, in contrast, define how alternatives are compared and selected. By embedding
normalized KPIs and their relative priorities within the decision rule, the framework allows multi-
dimensional performance information to directly influence alternative comparison within a unified
decision structure.

The simulation-based implementation further illustrates the behavior of the framework under uncer-
tainty. Although individual KPI values fluctuate across stochastic scenarios, the normalization and
aggregation structure remains constant, preserving comparability across realizations. The simula-
tion results indicate that the relative ranking of alternatives remains stable across repeated scenarios,
suggesting that the decision outcomes are robust to moderate variations in KPI realizations.

Several limitations should be acknowledged. First, the weighted additive formulation assumes par-
tial compensability among KPI dimensions and is most appropriate when trade-offs between indica-
tors are acceptable in the decision context. Second, the framework is designed primarily for discrete
alternative comparison rather than continuous network optimization with endogenous decision vari-
ables. In many logistics planning contexts, mathematical programming methods can be used to
generate feasible network configurations or candidate routing solutions. The KPI-driven frame-
work proposed in this study is intended to complement such optimization approaches by providing a
transparent mechanism for comparing alternatives when multiple performance dimensions and un-
certainty must be considered simultaneously. Third, decision outcomes depend on KPI specification,
normalization ranges, and weight assignment; therefore, sensitivity checks remain advisable when
applying the framework to new environments.

Future research may extend the framework in several directions. Empirical validation using real
operational data would strengthen external validity and allow scenario distributions to be estimated
from observed variability. Alternative weight identification methods and scenario-dependent weight-
ing schemes could also be explored to reflect evolving managerial priorities. In addition, integration
with real-time data environments may enable the framework to support adaptive decision processes
while preserving interpretability.

Compared with simpler decision approaches based on single-indicator optimization or deterministic
evaluation, the proposed framework provides a structured mechanism for integrating multiple KPI
dimensions and uncertainty within a unified decision architecture. In contrast to MCDM sustain-
ability frameworks that focus primarily on performance evaluation (e.g., (Ismail et al., 2024)), the
present study embeds KPI structures directly within the decision rule, enabling multidimensional
performance to shape alternative selection under uncertainty.

7 CONCLUSION

This study develops a KPI-driven framework for decision optimization in omnichannel logistics net-
works by embedding multidimensional performance directly into the decision formation process
rather than limiting KPIs to ex-post evaluation. By treating KPIs as endogenous decision dimen-
sions, the proposed approach converts performance information into a structured comparison logic
that supports systematic alternative selection under uncertain and changing operating conditions.

A simulation-based operationalization translates the conceptual structure into a computational deci-
sion mechanism. Monte Carlo scenario generation allows environmental variability to be reflected in
KPI realizations, while invariant normalization and aggregation rules preserve comparability across
scenarios. The empirical demonstration shows that the resulting composite performance formu-
lation produces stable ranking outcomes based on expected multidimensional performance across
stochastic scenarios.

The framework contributes to logistics decision theory by bridging performance management and
decision modeling within a unified analytical structure and by providing an interpretable multi-
criteria architecture suitable for discrete alternative selection under uncertainty. For transparency
and reproducibility, the model is operationalized through a Python-based simulation implementation
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provided as supplementary material, enabling verification and facilitating further methodological
development and extension to additional omnichannel settings.
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