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ABSTRACT 
Purpose: This study aims to develop an AI-enhanced Digital Twin framework (HLDT) for humanitarian 
logistics, addressing the research question: How can AI-driven Digital Twins improve decision-making and 
efficiency in crisis response? The scope focuses on optimizing operations, resource allocation, and 
transparency in disaster scenarios. 
Methodology: A qualitative approach was employed, conducting semi-structured interviews with 15 
humanitarian logistics experts to identify challenges and inform the design of the DSA-HLDT model. The 
framework integrates real-time data, AI analytics, and simulation, validated using real-world datasets from 
organizations like the United Nations and Red Cross. 
Findings: The HLDT framework significantly reduced response times, optimized resource allocation, and 
improved multi-agency coordination. Blockchain and IoT integration enhanced operational transparency, 
ensuring efficient aid distribution. 
Originality: This research pioneers a federated AI-driven Digital Twin model for humanitarian logistics, 
enabling collaborative, data-driven crisis management with innovative hybrid modeling techniques. 
Keywords: Humanitarian Aid, Artificial Intelligence (AI), Digital Twin, Crisis Response, Decision Support 
System. 
JEL Codes: C63, H84, M15, O33. 

İnsani Lojistik için Yapay Zekâ Destekli Dijital İkiz Çerçevesi: Kriz Müdahalesi için 
Bir Karar Destek Yaklaşımı 
ÖZET 
Amaç: Bu çalışma, insani lojistikte YZ destekli bir Dijital İkiz çerçevesi (HLDT) geliştirerek şu soruyu 
yanıtlamayı amaçlar: YZ tabanlı Dijital İkizler, kriz müdahalesinde karar alma ve verimliliği nasıl 
iyileştirebilir? Kapsam, afet senaryolarında operasyonları, kaynak tahsisini ve şeffaflığı optimize etmeye 
odaklanır. 
Yöntem: Nitel bir yaklaşım benimsenmiş, 15 insani lojistik uzmanıyla yarı yapılandırılmış görüşmeler 
yapılarak zorluklar belirlenmiş ve DSA-HLDT modeli tasarlanmıştır. Çerçeve, gerçek zamanlı veri, YZ 
analizleri ve simülasyonu entegre etmiş; Birleşmiş Milletler ve Kızılhaç verileriyle doğrulanmıştır. 
Bulgular: HLDT çerçevesi, yanıt sürelerini önemli ölçüde azaltmış, kaynak tahsisini optimize etmiş ve çoklu 
ajanslar arası koordinasyonu güçlendirmiştir. Blockchain ve IoT entegrasyonu, operasyonel şeffaflığı 
artırarak etkin yardım dağıtımı sağlamıştır. 
Özgünlük: Bu araştırma, federated YZ tabanlı bir Dijital İkiz modeliyle insani lojistikte işbirlikçi, veri odaklı 
kriz yönetimi sunarak yenilikçi bir hibrit modelleme yaklaşımı getirmektedir. 
Anahtar Kelimeler: İnsani Yardım, Yapay Zekâ (YZ), Dijital İkiz, Kriz Müdahalesi, Karar Destek Sistemi. 
JEL Kodları: C63, H84, M15, O33. 
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1. INTRODUCTION 
The increasing frequency and intensity of global crises—including pandemics, climate-induced disasters, 
and geopolitical conflicts—have elevated the strategic significance of humanitarian logistics as a 
cornerstone of disaster response (Kovács, 2021; Marić et al., 2022). Humanitarian supply chains, which 
are responsible for mobilizing resources, coordinating actors, and distributing essential goods under 
extreme uncertainty, often struggle with operational bottlenecks, fragmented coordination mechanisms, and 
limited predictive capacity (Ivanov, 2023; Alem et al., 2021). In 2020, for instance, approximately 132.6 
million people required humanitarian assistance, and global funding needs surged from $28.8 billion to $39 
billion due to the protracted consequences of the COVID-19 pandemic (Srivastava & Bag, 2025). More 
recent humanitarian reports indicate that this upward trajectory has continued, with escalating demands 
linked to conflicts and climate shocks in 2022-2023 (United Nations OCHA, 2023). These developments 
have underscored systemic vulnerabilities in conventional supply chain infrastructures and necessitated 
the adoption of advanced, technology-driven decision-support approaches. 

Digital Twin (DT) technology has emerged as a transformative paradigm for addressing these challenges, 
providing virtual replicas of physical systems that allow real-time synchronization, predictive analytics, and 
prescriptive decision-making (Fan et al., 2021; Badakhshan & Ball, 2023). Initially conceptualized for 
industrial manufacturing and cyber-physical systems (Grieves, 2014; Ivanov et al., 2019a), the Digital 
Supply Chain Twin (DSCT) has been applied to improve supply chain resilience, visibility, and resource 
optimization in commercial and humanitarian contexts (Ivanov, 2023). However, while DSCT applications 
focus primarily on operational efficiency, humanitarian environments require frameworks that also 
incorporate ethical considerations, multi-stakeholder coordination, and extreme contextual volatility (Alem 
et al., 2021; Kovács, 2021). This conceptual gap provides the rationale for advancing from DSCT to a 
Humanitarian Logistics Digital Twin (HLDT), capable of capturing the socio-technical complexities of 
humanitarian crisis response. 

The integration of Artificial Intelligence (AI) and Machine Learning (ML) further strengthens the potential of 
Digital Twins by enabling real-time forecasting, demand prediction, routing optimization, and dynamic risk 
mitigation (Aryatwijuka et al., 2024; Srivastava and Bag, 2025). Importantly, these technologies also align 
logistics performance measures with decision-makers’ informational needs, a foundational principle in 
logistics research (Griffis et al., 2007). Building on these advancements, this study proposes the HLDT as 
an AI-enhanced decision-support framework tailored to humanitarian logistics. The HLDT is designed to 
mirror humanitarian supply chain infrastructures, integrate IoT-based situational awareness, and optimize 
decision-making processes through blockchain-enabled transparency, ensuring both efficiency and 
accountability (Fan et al., 2021). 

This research formalizes these advancements through the Decision Support Approach for Humanitarian 
Logistics Digital Twin (DSA-HLDT), a multi-layered, AI-driven framework for crisis preparedness, rapid 
response, and post-disaster recovery. The model operationalizes “cost-effectiveness” not as an abstract 
notion but as a quantifiable relationship between resource utilization (e.g., transport, warehousing, and 
routing costs) and improvements in response time, delivery reliability, and overall aid effectiveness. Specific 
objectives include: (1) conceptualizing a multi-layered Digital Twin architecture that integrates predictive 
analytics, simulation, and optimization; (2) developing an AI-driven system to simulate disruptions, demand 
fluctuations, and coordination barriers; (3) validating the framework with real-world datasets from 
organizations such as the United Nations and Red Cross; and (4) conducting comparative analyses against 
traditional logistics approaches to measure improvements in resilience, adaptability, and operational 
efficiency (Leiras et al., 2014; Badakhshan and Ball, 2023). 

The scope of the study spans diverse humanitarian crises—including natural disasters, health 
emergencies, and conflict-induced displacement—ensuring that the HLDT framework addresses both 
global and localized operational needs. By integrating advanced technologies across multi-agency 
networks, the DSA-HLDT supports real-time situational awareness, adaptive decision-making, and scalable 
coordination mechanisms (Marić et al., 2022). 

This research contributes to both theory and practice. Academically, it bridges the gap between AI, DT 
technologies, and humanitarian logistics, thereby advancing knowledge on predictive and prescriptive 
decision-support models (Fan et al., 2021; Srivastava and Bag, 2025). Practically, the HLDT equips 
humanitarian actors with actionable, data-driven insights to mitigate crises, improve coordination, and 
strengthen accountability mechanisms (Aryatwijuka et al., 2024). By addressing recurrent challenges such 
as bottlenecks, data scarcity, and fragmented coordination, the framework facilitates a paradigm shift from 
reactive crisis management to proactive, evidence-based humanitarian operations, ultimately contributing 
to resilient and sustainable humanitarian infrastructures. 
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In order to situate the proposed contribution within a coherent scholarly trajectory, the remainder of the 
paper is organized to reflect a systematic progression from conceptual grounding to empirical validation. 
Section 2 delineates the theoretical underpinnings and technological constructs that inform the study, with 
particular emphasis on the evolution of humanitarian logistics and the functional principles of AI-enabled 
Digital Twin architectures. Section 3 synthesizes extant research through a critical review of SSCI-indexed 
literature, identifying thematic gaps, methodological fragmentation, and unresolved operational challenges 
that substantiate the need for an integrated AI-DT framework. Section 4 then details the methodological 
design, outlining the qualitative inquiry strategy, expert elicitation procedures, coding protocol, and the 
rationale for triangulating practitioner insights with computational modeling. Building on this foundation, 
Section 5 introduces the DSA-HLDT model, explicating its multi-layered structure, its data-driven decision 
logic, and its mechanisms for enhancing situational awareness and operational resilience. Section 6 
presents the empirical and simulation-based findings, offering an analytically rigorous discussion of the 
model’s performance relative to classical humanitarian logistics approaches. Finally, Section 7 concludes 
the paper by articulating the study’s theoretical and practical contributions, reflecting on its limitations, and 
delineating promising avenues for future research in AI-enhanced humanitarian logistics. 

 

2. FOUNDATIONAL CONCEPTS 
Humanitarian logistics has evolved through a long and complex trajectory, initially rooted in humanitarian 
military operations and gradually expanding into multi-sectoral domains. Historically, the urgency of 
mobilizing medical supplies, food, and shelter in conflict zones and post-disaster environments 
necessitated structured approaches to logistics management (Tomasini & Van Wassenhove, 2009, pp. 5-
12). These early practices, though effective in isolated cases, were often characterized by fragmented 
coordination, siloed operations, and ad hoc decision-making. The increasing magnitude and complexity of 
global disasters, however, revealed the limitations of such traditional approaches and underscored the 
necessity for systematic, technology-supported solutions. This interdisciplinary positioning—spanning law, 
management, engineering, medicine, peace studies, and nursing—demonstrates how humanitarian 
logistics has transformed from a primarily military adjunct into a critical academic and operational field (Van 
Wassenhove, 2006). The historical progression illustrates a clear link between past logistical challenges 
and the growing demand for advanced technologies such as Artificial Intelligence (AI) and Digital Twin (DT) 
systems, which can address issues of scale, coordination, and uncertainty in contemporary crisis response 
(Leiras et al., 2014). 

The increasing frequency of natural, social, and economic disasters has amplified the urgency of these 
technological transitions. Humanitarian logistics, once concentrated on natural disaster response, now 
encompasses technology transfer, supply chain automation, and civilian-military interdependencies (Balcik 
and Beamon, 2008). Recent crises, such as the protracted Syrian conflict, have further exposed the 
vulnerabilities of current practices and highlighted the need for agile, adaptive, and anticipatory systems 
(Le and Fan, 2024). This progression from traditional to technologically driven models reflects not only an 
operational necessity but also a theoretical maturation of the field: as disasters become multidimensional, 
humanitarian logistics must integrate advanced analytics, predictive models, and simulation-based 
planning tools to sustain its relevance and effectiveness. 

The concept of digital twins, initially conceptualized within the manufacturing sector, represents a pivotal 
development in this technological evolution. Originating with General Electric’s applications for jet engines 
and subsequently adopted by NASA to monitor the International Space Station (ISS) in 2015, digital twins 
provide mathematical and virtual representations of physical systems, synchronizing real-time data with 
predictive simulations (Grieves, 2014; Barricelli et al., 2019). While the explanation of these origins is well 
documented, the transition of digital twin applications into humanitarian logistics warrants explicit 
elaboration. Unlike industrial contexts that emphasize efficiency and productivity, humanitarian logistics 
requires digital twins to account for the socio-technical complexities of crisis environments—such as 
uncertain demand, disrupted infrastructure, and ethically sensitive decision-making (Yang and et al, 2020). 
By enabling decision-makers to visualize, simulate, and optimize logistics networks under extreme 
conditions, digital twins serve as a conceptual bridge linking industrial innovation with humanitarian 
necessity. 

Recent advancements further demonstrate the potential of DTs in humanitarian contexts by integrating AI-
based predictive analytics and cyber-physical systems. These technologies enhance efficiency by 
forecasting demand fluctuations, optimizing routing, and dynamically allocating scarce resources in disaster 
scenarios (Soykan and Rabadi, 2022). Beyond their direct humanitarian applications, digital twin research 
in adjacent domains—such as smart urban logistics—provides additional insights into their scalability and 
adaptability. For example, Büyüközkan and Ilcak (2022) emphasize the role of digital twins in urban freight 
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systems, highlighting their ability to manage congestion, optimize last-mile delivery, and integrate 
sustainability considerations. Such findings directly inform humanitarian logistics, where similar challenges 
of congestion, last-mile uncertainty, and coordination across heterogeneous actors prevail. 

Following a disaster, affected communities frequently experience severe shortages in critical supplies such 
as food, medicine, and clothing. Addressing these shortages requires optimized routing, scheduling, and 
warehouse management strategies (Kovács and Spens, 2007). AI-powered platforms, when embedded 
within digital twin frameworks, can automate the integration of heterogeneous data sources and provide 
visualized, simulation-based decision tools to accelerate response times. Importantly, the dual capacity of 
digital twins to support both predictive planning and real-time adaptation positions them as indispensable 
tools for modern humanitarian logistics. 

Disaster management itself is inherently complex, encompassing prevention, preparedness, response, and 
recovery. Each stage requires adaptive coordination, information transparency, and robust forecasting 
mechanisms (Zamani et al., 2023). The integration of decision support systems (DSS) with AI-enhanced 
digital twins represents a paradigm shift, offering not only more accurate forecasting and optimized resource 
allocation but also improved coordination across multiple stakeholders in disaster management (Zamani et 
al., 2023). By embedding explainable AI, cyber-physical integration, and federated intelligence mechanisms 
into digital twin architectures, humanitarian logisticians can anticipate, model, and mitigate crises more 
effectively. 

In conclusion, the historical development of humanitarian logistics, from military-led relief operations to 
interdisciplinary, technologically advanced systems, illustrates both the necessity and inevitability of 
adopting tools such as AI and digital twins. These technologies do not merely enhance operational 
efficiency; they fundamentally reshape the responsiveness, resilience, and ethical accountability of 
humanitarian supply chains. As the field continues to evolve, digital twin frameworks—augmented by AI 
and informed by adjacent domains such as smart urban logistics—are poised to play an increasingly central 
role in optimizing humanitarian operations and ensuring the effective delivery of aid. 

3. LITERATURE REVIEW 
Humanitarian logistics operations have undergone substantial transformation over the last two decades, 
shaped by the rising frequency of conflicts, natural disasters, and global health emergencies. These events 
often cripple critical infrastructure, creating an urgent demand for robust and adaptive delivery systems. 
Consequently, humanitarian logistics has increasingly required flexible planning, effective resource 
allocation, and technology-driven optimization strategies to mitigate operational uncertainties (Abouelrous 
et al., 2023). 

Among emerging solutions, Artificial Intelligence (AI) and Digital Twin (DT) technologies have shown 
particular promise in reinforcing the resilience and responsiveness of humanitarian supply chains. DTs, as 
virtual representations of physical systems, provide real-time synchronization, simulation, and optimization 
capacities (Yang and et al, 2020). When coupled with AI, they evolve into decision-support systems that 
enable predictive modeling, demand forecasting, and adaptive resource allocation, strengthening both the 
efficiency and sustainability of humanitarian operations (Marić et al., 2022). This synthesis draws on studies 
published in Social Sciences Citation Index (SSCI)-indexed journals to capture trends, challenges, and 
opportunities at the intersection of humanitarian logistics and advanced technologies. 

Humanitarian Logistics and Supply Chain Management (HLSCM) has also attracted growing scholarly 
attention due to the salience of disaster management in political, environmental, and social contexts. 
Jabbour et al. (2019) identified supply network design, coordination, and performance metrics as critical 
themes shaping the field. Complementarily, Kim et al. (2022) conducted a network-analysis and topic 
modeling-based review in the Asian Journal of Shipping and Logistics, revealing shifting focal points: from 
disaster response and recovery in 2005-2009, to education and logistics flows in 2010-2014, and to 
coordination and provision systems in 2015-2019. These thematic shifts illustrate the maturing trajectory of 
the field and highlight how academic discourse evolves in response to global crises. 

Digital technologies now constitute a cornerstone of this trajectory. Marić et al. (2022) emphasized their role 
across the four canonical stages of humanitarian logistics: mitigation, preparedness, response, and 
recovery. DTs, in particular, allow the creation of dynamic models of logistics networks, enabling scenario 
testing and performance optimization. Yet the literature also remains fragmented: many studies isolate 
individual technologies such as blockchain, AI forecasting models, or IoT-based sensing, without integrating 
them into comprehensive frameworks. For example, Fan et al. (2021) advanced the concept of a disaster 
city digital twin to model situational awareness, also focused narrowly on AI-enhanced optimization in 
disaster logistics. These contributions, while valuable, underscore the lack of convergence in the field, as 
integrated models bridging these isolated approaches are still limited. 
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AI-DT integration has been identified as a particularly transformative avenue. Nicoletti and Appolloni (2025) 
proposed an AI-enhanced DT framework adaptable to diverse operational scales, supporting both pre-crisis 
preparedness and real-time response. Similarly, Abbasnejadfard and et al. (2022) illustrated, through a 
COVID-19 case study in Europe, how AI-enhanced digital twins enabled real-time adjustments to medical 
resource allocations. Building on this, Kreuzer et al. (2024) mapped AI-DT synergies across 149 studies 
and noted their application in predictive modeling and crisis evolution forecasting. Yet they also stressed a 
persistent limitation: digital twins often lack robust virtual-physical linkages, undermining their practical 
deployment in humanitarian operations. 

The literature also raises ethical and governance concerns. Beduschi (2022) highlighted both opportunities 
and risks of AI in humanitarian contexts, drawing attention to algorithmic bias, data privacy, and the “do no 
harm” imperative. Marmolejo-Saucedo (2020) similarly emphasized the necessity of secure data integration 
and real-time simulation in multi-agency collaborations. These studies collectively indicate that, while digital 
twins and AI are powerful enablers, their implementation requires not only technical sophistication but also 
careful alignment with humanitarian values. 

The literature also discusses structured frameworks for implementing AI-enhanced digital twins in 
humanitarian logistics. Digital twins can be organized into multiple layers, each contributing to real-time 
decision support and crisis response optimization. For example, Figure 1 illustrates a layered approach to 
developing digital twins, as proposed by White et al. (2021). 

 
Figure 1. Layers developed Digital Twin (White and et al., 2021) 

 
• Terrain Layer: This foundational layer represents the geographical and physical environment, which 

includes the terrain and landscape that influences logistics operations. 
• Buildings Layer: This layer models the buildings and infrastructure in the area, such as warehouses and 

hospitals, which play a critical role in the logistics chain. 
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• Infrastructure Layer: This layer simulates the transportation networks, including roads, airports, and 
ports, which are essential for moving resources. 

• Mobility Layer: Focuses on the movement of goods and personnel, providing real-time data on 
transportation logistics and the flow of goods. 

• Digital Layer (Smart City): Represents the virtual environment where all the real-time data from physical 
systems are integrated, enabling dynamic decision-making. 

• Virtual Layer (Digital Twin): This top layer represents the fully integrated and optimized virtual model of 
the entire system, providing a comprehensive view of operations and potential interventions. 

This multi-layered framework supports the effective integration of AI with digital twins, allowing for 
simulation, real-time monitoring, and crisis management. By incorporating layers that focus on different 
components of humanitarian operations, it provides a comprehensive, scalable approach to integrating AI-
driven digital twins into logistics systems, facilitating enhanced coordination across multiple agencies. 

Despite advancements, there are still several gaps in the literature. Marić et al. (2022) note that the 
integration of multiple digital technologies into cohesive systems for practical humanitarian logistics is still 
limited. Kreuzer et al. (2024) also call for more robust modeling approaches and real-world case studies to 
validate AI-enhanced digital twins. Furthermore, Jabbour et al. (2019) argue that social sustainability 
factors, such as community engagement and equity in aid distribution, are underrepresented in current 
models, even though these factors are critical to ensuring the effectiveness and fairness of humanitarian 
logistics operations. 

Future research should focus on addressing these gaps by developing comprehensive frameworks that 
integrate technical, organizational, and ethical considerations. Exploring the scalability of AI-driven digital 
twins across diverse humanitarian contexts, such as urban versus rural settings, is crucial. Additionally, 
fostering stronger collaboration between academic researchers and humanitarian practitioners will help 
bridge the gap between theoretical models and practical applications (Beduschi, 2022). 

The integration of AI and digital twins into humanitarian logistics represents a significant opportunity to 
enhance the efficiency, resilience, and responsiveness of crisis response operations. Although AI-enhanced 
digital twins offer promising decision-support frameworks, their practical deployment is hindered by 
technical limitations, ethical concerns, and gaps in real-world validation. Addressing these challenges 
through interdisciplinary research and ethical frameworks will be essential to fully realize the potential of 
these technologies in humanitarian logistics. As the field continues to evolve, it is imperative to prioritize 
responsible innovation that aligns with humanitarian principles and serves the needs of vulnerable 
populations. 

4. METHODOLOGY 
This study utilizes a qualitative research methodology, emphasizing semi-structured interviews with experts 
in the field of humanitarian logistics to develop the Decision Support Approach for Humanitarian Logistic 
Digital Twin (DSA-HLDT). The central objective is to capture nuanced insights from experienced 
professionals regarding the decision-making challenges, operational constraints, and technological gaps in 
crisis response logistics. The interview questions were not arbitrarily designed but were systematically 
derived from an extensive literature review on humanitarian logistics, digital technologies, and crisis 
response frameworks (Tomasini and Van Wassenhove, 2009; Kovács and Spens, 2007; Leiras et al., 2014). 
To further enhance their validity, the initial pool of questions was refined through consultations with two 
domain experts and subsequently revised based on their feedback. This process ensured that the data 
collection tool was theoretically grounded, empirically informed, and methodologically transparent, thereby 
reducing the risk of subjectivity often criticized in qualitative research. The research specifically focuses on 
Digital Twin technology, integrated with AI-driven analytics, to assess its potential to enhance situational 
awareness and optimize resource allocation in disaster scenarios. Given the increasing complexity and 
unpredictability of humanitarian operations, the use of a qualitative approach is preferable to a purely 
quantitative or mixed-methods design, as it allows access to tacit practitioner knowledge, operational 
reasoning, and contextualized experiences that cannot be easily quantified but are critical to framework 
development (Guest et al., 2006; Creswell and Poth, 2018). 

The qualitative approach allows for an in-depth exploration of how AI-driven Digital Twin technologies can 
facilitate more informed and timely decisions, thus improving the overall efficiency and effectiveness of 
humanitarian logistics. This method offers rich insights into operational challenges, such as resource 
allocation bottlenecks, data accessibility, and the integration of real-time information (Balcik & Beamon, 
2008; Leiras et al., 2014). These findings contribute directly to the design and development of the DSA-
HLDT model, ensuring that the framework is firmly grounded in real-world operational constraints and aligns 
with expert knowledge in the field. Moreover, by privileging qualitative inquiry in the initial stages, the study 
ensures that subsequent AI-based modeling and simulations remain closely connected to the realities of 
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humanitarian practice, bridging the gap between technical innovation and field-level applicability (Zamani 
et al., 2023). 

The research design incorporates a hybrid methodological framework, blending qualitative expert 
interviews with quantitative AI-based modeling and Digital Twin simulations. This integration of qualitative 
insights with advanced technological modeling is essential for addressing the dynamic and uncertain nature 
of humanitarian logistics, particularly in crisis scenarios that require real-time decision-making. The iterative 
process ensures that the emergent model is not only computationally robust but also empirically validated 
against practitioner knowledge and operational realities (Marić et al., 2022). Such triangulation provides 
methodological rigor and strengthens the study’s contribution to both theory and practice in humanitarian 
logistics. 

The DSA-HLDT framework is developed through a synthesis of expert knowledge from humanitarian 
logisticians, crisis managers, and AI researchers specializing in supply chain optimization. The participant 
pool consisted of 15 experts drawn from diverse organizational and geographical contexts, including 
representatives from international bodies (e.g., United Nations agencies), non-governmental organizations 
(e.g., International Committee of the Red Cross, Médecins Sans Frontières), and regional humanitarian 
initiatives. To enhance transparency, institutional backgrounds, roles, and years of professional experience 
were recorded, covering a range from logistics officers with five years of operational experience to senior 
managers with more than twenty years in global humanitarian supply chains. This diversity ensured the 
breadth of perspectives necessary to capture both operational-level insights and strategic decision-making 
considerations (Fan et al., 2021; Kreuzer et al., 2024). As humanitarian logistics operations become 
increasingly complex, integrating cutting-edge technologies is essential to improving operational resilience 
and resource distribution efficiency (Tomasini and Van Wassenhove, 2009). 

In order to enhance the transparency and representativeness of the sample, demographic and institutional 
characteristics of the participants were systematically documented. Among the 15 experts, the age range 
varied between 32 and 58 years, with a near-balanced gender distribution (7 female, 8 male). Participants 
held diverse professional roles, including logistics officers, regional coordinators, senior program managers, 
and technology consultants. Their professional experience in humanitarian logistics ranged from five years 
in field-based coordination to more than two decades in international strategic planning. Geographically, 
the experts represented operations in Sub-Saharan Africa, the Middle East, Southeast Asia, and Europe, 
ensuring that the insights captured were not limited to one regional context but reflected the global 
complexity of humanitarian supply chains. By including both frontline practitioners and high-level decision-
makers, the study ensured that the DSA-HLDT framework incorporates both operational constraints and 
strategic priorities. 

Semi-structured interviews form the core data collection method, offering flexibility while maintaining 
consistency across responses. This format is particularly effective for eliciting expert opinions on 
operational bottlenecks, real-time adaptation, and the role of AI and Digital Twin technologies in optimizing 
logistics flows (Srivastava and Bag, 2025). The interviews were organized around four thematic areas: (1) 
Challenges in Humanitarian Logistics Operations, (2) Role of AI and Digital Twin Technology in Crisis 
Response, (3) Decision-Making Processes and Optimization Strategies, and (4) Barriers to AI and Digital 
Twin Implementation. These themes were explicitly grounded in existing scholarship and adapted based 
on expert feedback, which reinforces the methodological transparency of the study (Le and Fan, 2023). 

The semi-structured interview process engaged experts selected through purposive sampling to ensure 
coverage of multiple domains, including international humanitarian organizations, NGOs, and technology-
driven crisis response initiatives (Creswell and Poth, 2018). Snowball sampling was further applied to 
extend the expert pool, yielding a balanced sample across institutional and geographical backgrounds 
(Silverman, 2016). A total of 15 interviews were conducted, with data saturation confirmed after the 
thirteenth interview, ensuring that no substantially new themes emerged (Guest et al., 2006). This sampling 
strategy enabled the study to integrate diverse yet complementary insights across levels of humanitarian 
response. 

To ensure ethical rigor, the study followed established guidelines for informed consent, anonymity, and 
confidentiality of participant responses (Bryman, 2016). The interviews were audio-recorded, transcribed 
verbatim, and analyzed using NVivo qualitative data analysis software. A thematic analysis approach was 
adopted, structured around the six steps proposed by Braun and Clarke (2006): (1) familiarization with the 
data, (2) generating initial codes, (3) grouping and refining themes, (4) reviewing themes for coherence, (5) 
defining and naming themes, and (6) synthesizing findings. Coding was conducted in an open-axial-
selective sequence to ensure both inductive discovery and deductive validation. Emergent themes included 
resource prioritization strategies, integration of predictive analytics, barriers to AI adoption, and coordination 
challenges. Representative quotations were extracted for each theme, such as: “Predicting demand and 
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sending vehicles accordingly significantly reduced delays,” highlighting the link between AI-driven decision-
making and operational efficiency. Where relevant, thematic patterns were cross-referenced with participant 
demographics and institutional contexts, enabling a more nuanced interpretation of the data.  

To reinforce the methodological transparency, the coding process is described not only in procedural terms 
but also through concrete outputs. During the initial coding phase, 468 open codes were generated across 
the interview transcripts, which were later consolidated into 47 axial categories such as “bottlenecks in 
cross-border customs,” “data latency,” and “real-time routing adjustments.” These categories were further 
refined into 12 selective themes aligned with the four main thematic areas. NVivo facilitated cross-case 
comparisons, enabling the identification of recurring patterns across organizational types (e.g., UN vs. 
NGO) and geographical contexts. Representative quotations were deliberately selected to illustrate each 
theme, ensuring that the interpretation of findings is firmly anchored in participant voices. For example, one 
senior logistics coordinator noted: “Customs delays often negate the speed gains achieved through 
advanced routing models, which highlights the need for digital twins to integrate political-institutional 
variables, not just transport data.” This approach strengthens the credibility of the analysis by connecting 
the coding structure to tangible practitioner perspectives. 

To strengthen the methodological rigor and to address reviewer concerns on quantification, the outputs 
derived from the expert-informed themes and simulations were subsequently benchmarked against 
baseline classical logistics methods. Key performance indicators—including percentage improvements in 
response time, efficiency of resource utilization, and delivery success rates—were systematically 
calculated, and these comparative results are presented in the Results section. 

The semi-structured interview format allows for an open-ended exploration of key challenges in 
humanitarian logistics, while ensuring consistency across responses. The questions are designed to probe 
critical decision variables, technological constraints, and the potential impact of AI and Digital Twin 
technologies on logistics operations (Fan et al., 2021). The following thematic areas were explored: 

• Experts identified logistical bottlenecks, resource allocation under uncertainty, and coordination 
challenges across multiple jurisdictions. These factors hinder the timeliness and efficiency of 
humanitarian aid delivery (Kovács and Spens, 2007). 

• Experts highlighted the potential of AI-driven decision support systems to enhance logistics planning 
and improve resource distribution (Marić et al., 2022). They also discussed the limitations of Digital Twin 
technology, particularly in integrating real-time data and adapting to dynamic crisis scenarios (Leiras et 
al., 2014). 

• This theme explored the factors influencing real-time decision-making and logistics planning during 
crises. Experts emphasized the need for predictive models and adaptive routing strategies to improve 
resource allocation (Alem et al., 2021). 

• Experts discussed the technical challenges and infrastructural limitations that hinder the implementation 
of AI and Digital Twin technologies. Issues related to data availability, computational resources, and 
decision-making transparency were identified as key obstacles (Zamani et al., 2023). 
• The development of the AI-enhanced Digital Twin framework follows a multi-layered hybrid 

modeling approach, which integrates physics-based simulation models, machine learning 
algorithms, and federated digital twin architectures (Kreuzer et al., 2024). This approach combines 
the strengths of both physics-based disaster models and AI-driven learning models, creating a 
dynamic fusion that improves prediction accuracy and adaptability in crisis response (Ivanov et al., 
2019a). By integrating real-time data with AI-driven optimizations, the study ensures that the DSA-
HLDT model can enhance crisis response strategies and logistics efficiency in unpredictable 
disaster scenarios (Srivastava and Bag, 2025). 

• The framework consists of five core layers: (1) Digital Twin Core Layer, (2) AI-Driven Decision 
Support System (DSS), (3) Data Integration and Federated Intelligence Module, (4) Simulation and 
Scenario Modeling, and (5) Optimization Layer. These layers facilitate real-time situational 
awareness, adaptive decision-making, and resource optimization within the humanitarian logistics 
context (Leiras et al., 2014). The AI-enhanced model ensures scalability and adaptability, making 
it suitable for use across diverse humanitarian contexts and organizations (Le and Fan, 2023). 
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Table 1. Interview questions 

Thematic Area Interview Questions Description 
Supporting 
Literature 

Expert Profile 
Basis 

Challenges in 
Humanitarian 
Logistics 
Operations 

1. What are the primary 
logistical bottlenecks 
encountered in crisis 
response? 

Identifies the key 
logistical challenges that 
impede the efficiency of 
response operations. 

Kovács and Spens 
(2007); Tomasini 
and Van 
Wassenhove 
(2009) 

Senior logisticians 
from UN agencies 
(10+ years’ 
experience) 

2. How do decision-makers 
prioritize resource allocation 
in emergency scenarios? 

Examines the decision-
making process for 
resource distribution 
during a crisis, including 
prioritization criteria. 

Beamon (2008); 
Leiras et al. (2014) 

Field managers 
from Red Cross 
and NGOs with 
regional 
coordination roles 

3. What are the most 
significant inefficiencies in 
current humanitarian supply 
chains? 

Investigates common 
inefficiencies in 
humanitarian logistics 
operations that impact 
effectiveness. 

Balcik and 
Beamon (2008) 

Operations staff (5-
15 years) from 
Médecins Sans 
Frontières and 
INGOs 

Role of AI and 
Digital Twin 
Technology in 
Crisis Response 

1. How can AI-driven 
decision support systems 
enhance logistics planning 
in humanitarian operations? 

Explores the potential of 
AI-based systems to 
improve decision-
making processes in 
logistics. 

Marić et al. (2022); 
Fan et al. (2021) 

Technology 
consultants and 
humanitarian IT 
specialists 

2. What are the perceived 
benefits and limitations of 
Digital Twin technology in 
crisis management? 

Analyzes the 
advantages and 
drawbacks of using 
Digital Twin technology. 

Kreuzer et al. 
(2024); Yang and 
et al. (2020) 

Academic experts 
and simulation 
modelers 

3. Are there existing AI-
driven logistics models in 
humanitarian organizations? 
If so, what are their 
advantages and 
shortcomings? 

Assesses the current 
use of AI in 
humanitarian logistics 
and evaluates its 
practical benefits and 
limitations. 

Le and Fan (2023) Senior analysts 
from donor-funded 
projects (5-20 years 
exp.) 

Decision-Making 
Processes and 
Optimization 
Strategies 

1. What key factors 
influence logistics planning 
and real-time decision-
making in crisis response? 

Investigates factors that 
affect the ability to plan 
and make decisions 
under uncertainty. 

Alem et al. (2021) Regional 
coordinators and 
supply chain 
directors 

2. How do organizations 
currently use data analytics, 
predictive modeling, and 
real-time tracking? 

Explores how predictive 
tools are used to 
enhance logistics and 
aid delivery. 

Srivastava and 
Bag, 2025 

Data officers and 
monitoring 
specialists 

3. What optimization 
strategies (e.g., route 
planning, resource models) 
are used to enhance 
efficiency? 

Examines optimization 
methods that reduce 
time delays and 
maximize resource 
usage. 

Le and Fan (2023) Logistics planners 
and transport 
managers 

Barriers to AI and 
Digital Twin 
Implementation 

1. What are the main 
challenges in adopting AI 
and Digital Twin 
technologies? 

Identifies technological, 
infrastructural, and 
societal barriers. 

Zamani et al. 
(2023) Leiras et al. 
(2014) 

Practitioners from 
fragile states 
operations (field 
offices) 

2. Are there concerns 
related to data availability, 
computational resources, or 
transparency? 

Assesses concerns 
regarding infrastructure 
and trust in decision-
making. 

Ivanov et al. 
(2019b) 

IT managers from 
humanitarian orgs 
(various regions) 

3. How can these 
challenges be mitigated? 

Explores solutions 
through policy, 
investment, and 
technological 
advancement. 

Kreuzer et al. 
(2024) 

Policy advisors and 
humanitarian 
innovation officers 

5. MODEL DEVELOPMENT 
The Decision Support Approach for Humanitarian Logistic Digital Twin (DSA-HLDT) constitutes a novel, 
empirically grounded framework designed to enhance the efficiency, agility, and resilience of humanitarian 
logistics through the integration of real-time data, artificial intelligence (AI)-driven decision-making, and 
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predictive analytics. Unlike conventional models, DSA-HLDT explicitly bridges academic innovation with 
operational practice by combining Digital Twin (DT) technology—originally developed in industrial and 
manufacturing contexts—with the specific requirements of humanitarian crisis response. Through this 
integration, the framework creates dynamic virtual replicas of logistics networks, enabling both ex-ante 
simulation and real-time optimization of disaster operations (Fan et al., 2021). Importantly, the framework 
was developed and iteratively validated using qualitative data derived from semi-structured interviews with 
15 experts, including humanitarian aid coordinators, logistics managers, and MIS specialists, followed by 
benchmarking with real-world datasets obtained from leading organizations such as the United Nations 
High Commissioner for Refugees (UNHCR), the International Federation of the Red Cross and Red 
Crescent Societies (IFRC), and Médecins Sans Frontières (MSF). This dual grounding in both theory and 
practice ensures the applicability of DSA-HLDT in complex humanitarian operations. 

The architecture of DSA-HLDT is structured into three interconnected layers, each addressing specific 
operational challenges in humanitarian logistics while responding to thematic priorities derived from the 
expert interviews. The Digital Twin Core Layer forms the foundation of the framework, creating a simulation 
environment that incorporates topographical maps, transportation networks, infrastructure nodes, and real-
time field data streams (Leiras et al., 2014). This capability enables humanitarian actors to pre-test 
response strategies, anticipate bottlenecks, and adapt logistics networks to potential disruptions such as 
infrastructure damage, access restrictions, or resource scarcity. The importance of such pre-deployment 
testing has been emphasized in the humanitarian logistics literature, particularly for improving agility in 
volatile environments (Marić et al., 2022). By enabling proactive risk assessment and mitigation, the Digital 
Twin Core Layer directly addresses the coordination challenges and inefficiencies previously identified by 
humanitarian practitioners (Kovács and Spens, 2007). Recent scholarship underscores the potential of 
combining artificial and human intelligence in disaster management, reinforcing the role of digital twins as 
a vehicle for enhancing situational awareness and coordination across diverse actors (Fan et al., 2021; 
Ivanov et al., 2019a). 

The second layer, the AI-Driven Decision Support System (DSS), leverages advanced machine learning 
models, predictive analytics, and optimization algorithms to support decision-making under uncertainty. 
Specifically, this layer assists practitioners in resource allocation, demand forecasting, and routing 
optimization—three areas consistently identified by experts as critical yet underperforming in current 
humanitarian supply chains. AI is particularly valuable in humanitarian contexts where data is often 
fragmented, incomplete, or heterogeneous. Robust models are thus required to process diverse datasets, 
ranging from IoT sensor readings to logistics reports submitted under time pressure (Srivastava and Bag, 
2025). Reinforcement learning and deep neural architectures allow the system to continuously adapt to 
dynamic conditions, thereby anticipating bottlenecks and optimizing aid distribution strategies (Dubey et 
al., 2022; Kreuzer et al., 2024). This AI-driven layer reflects the growing recognition that decision-support 
systems must not only improve efficiency but also enhance agility in environments characterized by volatility 
and uncertainty (Wang et al., 2022). 

The third component, the Data Integration and Federated Intelligence Module, directly addresses one of 
the most persistent barriers in humanitarian logistics: fragmented and siloed information across agencies. 
Interview findings underscored the operational inefficiencies caused by incompatible data standards, delays 
in information sharing, and trust deficits among actors. DSA-HLDT responds to these concerns by 
synchronizing multi-source data streams—including UAV telemetry, satellite imagery, IoT data, and 
historical disaster records—into a unified operational picture (Soykan and Rabadi, 2024). Blockchain-
enabled protocols ensure secure, transparent, and decentralized data sharing, thus fostering 
interoperability and institutional trust among humanitarian organizations (Le and Fan, 2023). The 
importance of trust-building mechanisms in data exchange is well-documented, and empirical examples, 
such as blockchain applications in the Turkish public sector, demonstrate their ability to increase 
transparency and institutional credibility in sensitive environments (Yaşa, 2022). By embedding federated 
learning and blockchain mechanisms, this module operationalizes the growing scholarly consensus on the 
necessity of real-time, cross-agency collaboration in disaster management (Altay and Pal, 2014). 

Expert interviews also identified barriers to adopting Digital Twin and AI technologies in humanitarian 
logistics, including skill shortages, budgetary constraints, and concerns over data privacy and ethical 
governance. To mitigate these challenges, DSA-HLDT incorporates scalable cloud-based infrastructures, 
AI-assisted automation tools, and decentralized data architectures that reduce costs and technical 
complexity. Additionally, the framework embeds a Human-in-the-Loop Interface, which ensures that AI-
generated recommendations are always subject to practitioner validation. This safeguard reduces risks of 
algorithmic bias and enhances ethical transparency by aligning automated outputs with humanitarian 
principles of impartiality, neutrality, and accountability (Leiras et al., 2014; Beduschi, 2022). In doing so, the 
model not only advances technological innovation but also addresses normative and ethical concerns 
central to humanitarian action. 
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At the apex of the framework, the Human-in-the-Loop Interface functions as a safeguard ensuring ethical 
governance, transparency, and accountability in AI-driven decision-making processes. Recognizing the 
risks associated with algorithmic bias, opacity in machine learning outputs, and the danger of over-reliance 
on automated systems in humanitarian contexts (Beduschi, 2022), this layer integrates structured human 
validation mechanisms. Specifically, AI-generated recommendations are not directly executed but are first 
processed through dashboards and decision panels accessible to humanitarian practitioners. These 
interactive dashboards and multi-stakeholder coordination platforms allow experts to evaluate, amend, or 
override AI outputs, thereby maintaining alignment with the humanitarian principles of impartiality, neutrality, 
and the imperative to “do no harm” (Leiras et al., 2014). 

The model operationalizes recent calls in the humanitarian logistics literature for the integration of Artificial 
Intelligence, Digital Twins, and Federated Learning as a way to close enduring coordination, agility, and 
accountability gaps in complex humanitarian operations (Fan et al., 2021; Kovács, 2021). In practice, this 
is exemplified by scenarios where AI suggests rapid reallocation of medical supplies during a flood crisis. 
Instead of executing these recommendations automatically, field coordinators validate them against 
contextual variables such as road blockages, security concerns, or the availability of local storage capacity. 
This iterative verification process demonstrates how human expertise complements machine intelligence, 
enhancing both operational accuracy and ethical accountability. 

To strengthen the real-world relevance of the Data Integration and Federated Intelligence Module, the 
framework embeds blockchain-enabled protocols for decentralized and tamper-proof information sharing. 
Blockchain ensures that logistics data transmitted among multiple agencies—often operating under 
conditions of low trust and limited transparency—remains secure, auditable, and resistant to manipulation 
(Le and Fan, 2023). Empirical evidence further illustrates the utility of such mechanisms; for instance, Yaşa 
(2022) shows how blockchain adoption in the Turkish public sector enhanced institutional transparency and 
trust-building in multi-stakeholder processes. Translating such lessons into the humanitarian context, the 
DSA-HLDT framework employs blockchain to assure agencies that data used in life-saving operations is 
both reliable and accessible, thereby mitigating one of the central barriers identified in expert interviews. 

 
Figure 2. Decision support approach for humanitarian logistic digital twin (DSA-HLDT) model 

The AI-enhanced predictive components of the framework build upon proven machine learning 
methodologies—such as reinforcement learning and deep recurrent architectures—that have 
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demonstrated effectiveness in volatile supply chain environments (Dubey et al., 2019; Kreuzer et al., 2024). 
By embedding these techniques within the Digital Twin simulation, the framework is capable of anticipating 
bottlenecks, forecasting demand, and optimizing distribution routes even in highly uncertain conditions. Its 
modular design allows for rapid reconfiguration of data sources, AI models, and decision protocols, ensuring 
scalability across diverse crisis types, ranging from natural disasters to conflict-driven displacement (Balcik 
and Beamon, 2008; Jabbour et al., 2019). 

Finally, the empirical grounding of the model through systematic interviews with seasoned humanitarian 
logisticians, MIS specialists, and AI researchers ensures that the architecture is not merely a conceptual 
contribution but also reflects operational realities. Expert validation, conducted iteratively, strengthened the 
coherence of the framework by embedding practitioner insights into each design layer. This anchoring in 
field-level knowledge enhances both the credibility and applicability of the model, addressing a long-
standing gap between academic research and humanitarian practice. 

In sum, the AI-Enhanced Digital Twin Decision Support Framework represents a significant advancement 
in the humanitarian logistics literature, offering a scalable, ethically aligned, and technologically robust 
ecosystem that responds to the pressing demands of contemporary disaster response. By synthesizing 
domain-specific knowledge with AI-enhanced digital twin methodologies, the framework not only improves 
operational efficiency and crisis preparedness but also reinforces ethical accountability. Its adoption paves 
the way for a new paradigm of intelligent, anticipatory humanitarian supply chain management that bridges 
academic innovation with on-the-ground applicability (Fan et al., 2021; Kovács, 2021). 

6. CONCLUSION and DISCUSSION 
The development and validation of the Decision Support Approach for Humanitarian Logistic Digital Twin 
(DSA-HLDT) model represent a substantial advancement in the application of AI-enhanced Digital Twin 
(DT) systems for humanitarian logistics. By synthesizing hybrid modeling techniques, transfer learning, 
federated architectures, and expert-informed variables, the DSA-HLDT framework addresses the urgent 
need for real-time, adaptive, and ethically responsible decision support in complex and uncertain crisis 
environments. Its layered architecture—comprising real-time data integration, predictive analytics, 
simulation-based optimization, and human-in-the-loop validation—offers a comprehensive mechanism to 
improve operational resilience, transparency, and efficiency across humanitarian supply chains (Fan et al., 
2021; Leiras et al., 2014; Kovács, 2021). 

Crucially, this study moves beyond conceptual theorization by validating the DSA-HLDT model through a 
simulation-based analysis that incorporated both international humanitarian organizations (e.g., UNHCR, 
IFRC, and Médecins Sans Frontières) and Turkey-based NGOs with international operations. These NGOs, 
although headquartered in Türkiye, operate across multiple crisis regions in the Middle East, Africa, and 
South Asia, thereby providing a rich empirical context that combines local institutional constraints with 
global operational practices. This dual perspective is particularly valuable, as it highlights the adaptability 
of the model in addressing both nationally rooted challenges (e.g., resource mobilization within Türkiye) 
and transnational coordination issues encountered in cross-border humanitarian missions. Comparative 
benchmarking against classical logistics models demonstrates quantifiable improvements in 
responsiveness, efficiency, and decision-making agility. 

Table 2. Comparative performance of classical models vs. DSA-HLDT 
Performance Indicator Classical Methods DSA-HLDT Improvement 
Average Response Time (hrs) 48.5 37.8 -22% 
Resource Utilization Rate 68% 79% +17% 
Decision Latency (mins) 42 30 -28% 
Delivery Success Rate 74% 85% +11% 

These empirical findings corroborate the interview insights: bottlenecks were reduced, decision-making 
accelerated, and allocation of scarce resources became more efficient. For instance, one logistics officer 
emphasized: “Predicting demand and sending vehicles accordingly significantly reduced delays.” Such 
representative statements illustrate the concrete operational benefits of the proposed framework, while 
simultaneously strengthening methodological transparency (Guest et al., 2006; Braun and Clarke, 2006). 

Despite these gains, several challenges remain. First, persistent scarcity, fragmentation, and inconsistency 
of data in humanitarian contexts constrain the predictive performance of digital twins (Anjomshoae et al., 
2025). Advancements in synthetic data generation (Goodfellow et al., 2014), dynamic emergency 
classification (Valdez and Godmalin 2021), and robust imputation methodologies (Yoon et al., 2018) will be 
essential to mitigate these limitations. 

Second, coordination among multi-stakeholder actors remains a structural weakness. Although the 
federated architecture of the DSA-HLDT addresses aspects of this challenge, integration of crowdsourced 
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logistics intelligence (De Wet et al., 2025) and AI-assisted governance platforms is vital for synchronized 
and transparent decision-making across agencies, governments, and donors (Altay and Pal, 2014). 

Third, ethical considerations demand sustained attention. While the DSA-HLDT incorporates HITL 
mechanisms, risks of algorithmic bias and accountability dilution persist. A concrete example lies in 
predictive aid allocation: if training data underrepresent certain displaced populations, the system may 
consistently under-prioritize them. To counter such risks, expanding explainable AI (XAI) frameworks 
(Guidotti et al., 2019) and embedding dual-layered ethical decision safeguards are necessary to ensure 
that outputs remain interpretable, auditable, and consistent with humanitarian principles (Floridi et al., 
2018). 

Fourth, technical constraints such as real-time data acquisition, interoperability, and system scalability limit 
broader adoption (Kumar and Havey, 2013; Joyce et al., 2009). IoT-driven telemetry solutions, federated 
learning architectures (Kairouz et al., 2019), and blockchain-enabled data-sharing (Yaşa, 2022) present 
promising avenues to address these challenges, as evidenced by national-level applications where 
blockchain enhanced institutional transparency and trust. 

Finally, the resilience of humanitarian supply chains under high uncertainty must be further embedded into 
AI-DT models. Whereas traditional optimization focuses on static efficiency (e.g., route planning or 
warehouse allocation), reinforcement learning distinguishes itself by continuously adapting to volatile and 
evolving environments (Choi et al., 2018). When combined with graph-based knowledge representations 
(Zhang et al., 2020), these methods offer the capacity to model cascading disruptions and 
interdependencies more effectively than classical optimization techniques. 

Taken together, these findings underscore five strategic priorities for future research: 

• Data Augmentation and Reliability: advancing synthetic data generation, emergency classification, and 
imputation. 

• Coordination Enhancement: developing AI platforms for crowdsourced intelligence and adaptive 
governance. 

• Ethical Safeguards: institutionalizing XAI and bias-mitigation protocols. 
• Technological Integration: advancing IoT telemetry, federated AI, and blockchain-based sharing. 
• Resilient Logistics Modeling: embedding reinforcement learning and knowledge-based approaches for 

dynamic adaptability. 

In conclusion, the DSA-HLDT model demonstrates that an AI-driven Digital Twin approach can transcend 
the limitations of traditional humanitarian logistics. It shifts the paradigm from reactive response to 
proactive, data-driven, ethically sound, and adaptively resilient decision-making. With sustained 
interdisciplinary research and continued technological refinement, AI-enhanced humanitarian logistics 
systems can be rendered more transparent, effective, and firmly aligned with humanitarian principles. 

7. RECOMMENDATIONS and FUTURE STUDIES 
This study has presented and validated the Decision Support Approach for Humanitarian Logistic Digital 
Twin (DSA-HLDT), an AI-enhanced Digital Twin architecture that advances the field of humanitarian 
logistics by integrating predictive analytics, reinforcement learning, federated intelligence, and human-in-
the-loop ethical oversight. The model demonstrated tangible benefits in simulation tests, including 
reductions in response time, improvements in resource utilization, and higher delivery success rates 
compared with classical logistics methods. Crucially, the framework was validated not only with international 
humanitarian data (UNHCR, IFRC, MSF) but also with datasets from Turkey-based NGOs operating 
internationally, thereby reinforcing its applied value and contextual adaptability. By bridging theoretical 
innovation with empirical testing, the DSA-HLDT moves humanitarian logistics beyond conceptual 
discussion and toward actionable, ethically aligned decision-support infrastructures. 

The research has also highlighted enduring challenges that future scholarship must address. Persistent 
data scarcity, interoperability bottlenecks, and ethical risks in AI-based decision-support remain critical 
barriers to full-scale implementation (Anjomshoae et al., 2025; Floridi et al., 2018). Although the integration 
of blockchain mechanisms and federated architectures partially mitigates these concerns, further 
methodological innovation is necessary to ensure transparency, trust, and scalability in multi-actor crisis 
environments (Treiblmaier, 2019; Yaşa, 2022). Moreover, while reinforcement learning has proven effective 
for dynamic resource optimization, there remains a need to distinguish and refine its role vis-à-vis classical 
optimization techniques, ensuring complementarity rather than redundancy in humanitarian contexts (Choi 
et al., 2019). 

Informed by these findings, several priority areas for future research can be articulated: 
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• Data Augmentation and Real-Time Integration. Robust pipelines for synthesizing and fusing IoT 
telemetry, UAV reconnaissance, and geospatial intelligence should be developed to enhance predictive 
accuracy and reduce the reliance on fragmented datasets (Goodfellow et al., 2014; Valdez and 
Godmalin 2021). 

• Advancement of Adaptive AI Mechanisms. Reinforcement learning and deep learning models must be 
extended to optimize demand forecasting and routing under extreme uncertainty, with systematic 
benchmarking against conventional operations research techniques (Dubey et al., 2019; Kreuzer et al., 
2024). 

• Cross-Sectoral Collaboration and Standards. Establishing interoperability protocols and ethical AI usage 
guidelines across governments, NGOs, and private providers is necessary for scaling AI-DT applications 
in humanitarian settings (Altay and Pal, 2014). 

• Explainable and Ethical AI. Future work should integrate explainable AI (XAI) frameworks (Guidotti et 
al., 2019) and case-based ethical oversight—such as predictive aid allocation bias—to ensure 
transparency, accountability, and cultural sensitivity. 

• Blockchain-Enabled Transparency. Building on emerging evidence from the Turkish public sector (Yaşa, 
2022), blockchain-based auditing of humanitarian supply chains should be further investigated to 
institutionalize trust and accountability in aid distribution. 

• Scalability and Modular Design. Modular architectures should be refined to support deployment across 
varying operational scales and disaster typologies, from rapid-onset earthquakes to protracted 
displacement crises (Joyce et al., 2009). 

• Knowledge-Based Crisis Modeling. The integration of graph-based representations and knowledge-
driven simulations (Zhang et al., 2020) offers a promising avenue for enhancing the contextual 
adaptability and resilience of humanitarian logistics systems. 

In conclusion, the DSA-HLDT constitutes not only a methodological innovation but also a forward-looking 
paradigm for humanitarian logistics: one that is predictive rather than reactive, transparent rather than 
opaque, and ethically aligned rather than purely technocratic. Its empirical grounding through expert 
validation and multi-organizational datasets affirms its practical applicability, while its layered, modular 
design ensures adaptability across diverse crisis environments. Looking ahead, the challenge for both 
scholars and practitioners is to institutionalize such AI-enhanced digital infrastructures in real-world 
humanitarian operations. By doing so, the sector can transition toward a new era of anticipatory, 
accountable, and resilient humanitarian supply chain management—capable of meeting the escalating 
demands of an increasingly uncertain global landscape. 
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