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1. Introduction

This chapter will introduce the Disaster Time Capsule as the topic of this
thesis.

1.1 Motivation

Each year, natural disasters cost the world over US $2.3 trillion in direct,
economic, societal and ecosystem losses [1, p. 78]. And yet, this already
enormous figure rests on a deeply incomplete foundation: an analysis run
on the International Disaster Database (EM-DAT) revealed that a large por-
tion of data crucial for understanding disaster impact is simply never col-
lected [2], [3, pp. 14—15].

The United Nations Office for Disaster Risk Reduction (UNDRR) exists to
address exactly this issue, as it is mandated to '[...] help decision makers
across the globe better understand and act on risk'.
To achieve that, the UNDRR established the Sendai Framework for Disaster
Risk Reduction in 2015, setting multiple objectives for preventing new dis-
asters across technology, politics, education, etc. [4].

Alarmingly, in the UNDRR 2023 midterm report, it was found that only two
out of the seven overall targets defined in the Sendai Framework showed
any improvement, which - with only seven years remaining on the frame-

work's timeline - is a catastrophic realization.

The academic world identifies the underlying challenges e.g. in the human-
itarian community’s highly fragmented information landscape [5, p. 407], the
existence of multiple studies around socio-technical systems with little to
none emphasis on digital storage or disaster reduction [6, p. 1] or the sheer
number of different types of documents, ranging from field reports to tech-

nical data analysis artifacts [7, p. 377].

But even inside of the UN, multiple different entities identified a common
challenge, that summarizes most of the above points: missing high quality

data on disaster events [8].
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In response, the UNDRR released a special report in 2024 titled 'Forensic
Insights for Future Resilience - Learning from Past Disasters'. This report
highlighted the importance of collecting, analyzing and using said data to
reduce the impact of future disaster events, positioning post-disaster data
collection as a critical missing pillar in the global resilience architecture [9,
pp. 124-125].

This work aims to make a direct contribution to this development by propos-
ing a reference architecture for a Post-Disaster Information System (PDIS)
that collects multi-source and multi-format data for any disaster event and
stores and maps it to a newly conceptualized Disaster Time Capsule.

1.2 The ,Disaster Time Capsule‘-Concept

The Disaster Time Capsule concept proposes a structured information sys-
tem that is designed to capture, preserve and give context-relevant access
to multi-source and time-aware data generated during and after disaster

events.

Principles from the topic areas of information systems architecture, disaster
informatics, data analytics and knowledge management are used to ad-
dress critical gaps in post-disaster forensic analysis. The Disaster Time
Capsule aims to reduce the loss and fragmentation of situational data that
occurs in the absence of dedicated preservation infrastructure.

The main intent is to put the focus on disaster-related information as op-
posed to treating it as a byproduct. At the core, the proposed architecture is
designed to collect and process data to enable retrospective analysis, insti-
tutional accountability and evidence-based resilience planning. Combining
multi-source and multi-format data streams into a unified archival structure,
positions the Disaster Time Capsule as a full information lifecycle architec-
ture that could prove essential to the future of disaster science.

In addition to the humanitarian aspects, the concept also engages with foun-
dational challenges found in business informatics. Namely, integration of
heterogeneous data, system (and entity) interoperability and governance of
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sensitive information under real-world regulatory constraints, e.g. GDPR-

compliance.

The reference architecture designed and evaluated in this thesis realizes
the novel Disaster Time Capsule concept as a layered, modular system
which provides a replicable blueprint applicable across varying disaster
types and institutional contexts.

1.3 Research objectives

This thesis aims to fulfill the overall objective of (1) creating a research-
backed reference architecture for a novel type of Post-Disaster Information
System. For that, two concatenated sub-objectives are set: (1a) Conduct
research on the general topic of PDIS and identify deficiencies and gaps of
existing systems in respect to technology and architecture. The research
results then need to be studied and (1b) used to derive a catalogue of re-
quirements that the proposed reference architecture is then designed

around.

The second objective is the (2) evaluation of said architecture. In the first
part, the drafted architecture is (2a) evaluated against the literature-derived
requirements and in the second part, (2b) expert interviews are conducted
to evaluate the usefulness and effectiveness of the architecture.

1.4 Research design
The thesis follows a sequential, method-chained research design in three

phases, each building on the one before.

Phase 1 establishes the empirical foundation through a systematic literature
review (SLR), bounded to general post-disaster information systems and
their architectures. The SLR follows the protocol in chapter 2.2 . Its purpose
is to identify the types of PDIS, their architectures, and their common gaps
and deficiencies. Adjacent topics that fall outside the core SLR, such as the
regulatory context, are covered by targeted supplementary literature and

serve to contextualize the findings, not to generate primary evidence.
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Phase 2 derives a requirement catalogue for the proposed system from the
findings of Phase 1. The requirements are drawn from the identified gaps,
deficiencies, and recurring practices. The catalogue is a single flat list, R1
to R14, not a split into functional and non-functional requirements. The rea-
soning is given in chapter 3.1 . The requirements are then set against the

regulatory and domain constraints collected in chapter 3.4 .

Phase 3 uses the requirements to design the Disaster Time Capsule refer-
ence architecture. Recurring structural patterns are extracted from the re-
viewed systems through cross-case comparison of architectural organiza-
tion, data flow, and separation of concerns. These patterns inform a refer-
ence architecture built on the Input-Process-Output model (in German, the
EVA-Prinzip), the backbone of the design. The architecture is then evalu-
ated in three ways: a requirements-coverage audit that traces every require-
ment to an architectural element (chapter 5.2 ), a backward-traversal use-
case validation that walks from the end-user interfaces to the data sources
(chapter 4.5 ), and expert interviews with four domain experts from enter-
prise architecture, humanitarian operations, and academic disaster-support
and Al research (chapter 5.3 ). The backward-traversal method and the flat
requirements scheme both follow a recommendation from the first expert

interview, held as a design review while the architecture was in draft.

2. Basic Terminology / Related Research

This chapter revolves around the definition and available research on and
around the topics of Disaster Informatics and Post-Disaster Information Sys-

tems.
2.1 Key Concepts and Domain Definitions
2.1.1 What is Disaster Informatics about?

The term ‘disaster’, as specified by the United Nations General Assembly,
is a ‘[...] serious disruption of the functioning of a community or a society at
any scale due to hazardous events interacting with conditions of exposure,
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vulnerability and capacity, leading to one or more of the following: human,

material, economic and environmental losses and impacts’ [10, p. 13].

Disaster informatics is a multidisciplinary research field that - according to
Ogie & Verstaevel - stretches across Information Technology, Health/Med-
icine, Information Systems (IS), social sciences and more. It focuses on the
design, development and use of information and communication technology
(ICT) in socio-technical systems across all disaster phases [11, pp. 5-8].
While Ogie & Verstaevel outline the ‘disaster’ term broadly by including all
hazard types, the present thesis restricts its scope to natural disaster
events, consistent with the previously mentioned Sendai Framework’s em-

phasis on natural and climate-related hazards [12].

2.1.2 Disaster Phases & which ones the thesis focusses on

Disaster-management literature organizes events along a phased life cycle.
Alexander formalizes this as a five-phase disaster cycle covering resilience
building, preparation, emergency response, recovery, and reconstruction
[13, p. 15]. The Sendai Framework for Disaster Risk Reduction adopts a
comparable phase logic across its four priorities and seven targets [12]. The
same structure surfaces in operational research: Hashemi Petrudi et al. sort
humanitarian supply chain challenges into pre-disaster (mitigation, prepar-
edness) and post-disaster (response, recovery) buckets [14, p. 5]. The vo-
cabulary varies across sources, but the underlying division is consistent: a
pre-event phase concerned with prevention and readiness, an acute phase
covering the immediate emergency response, and a post-event phase cov-

ering recovery and long-term reconstruction.

Recent recovery literature reframes the post-disaster phase as an oppor-
tunity rather than a return to baseline. Johnson and Olshansky argue that
‘post-disaster reconstruction can offer opportunities to fix long-standing
problems: to improve construction and design standards, renew infrastruc-
ture, create new land-use arrangements, reinvent economies, and improve
governance’, and that ‘if done well, reconstruction can help break the cycle

of disaster-related impacts and losses, and improve the resilience of a city
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or region’ [15, p. 3]. Later in their report, Johnson and Olshansky illustrate
this betterment logic through cases such as Wenchuan and Christchurch,
where reconstruction was linked not only to rebuilding damaged assets but
also to land-use change, infrastructure renewal, and new governance ar-

rangements.

For a post-disaster information system, this implies that information support
is not limited to restoring operations but can also contribute to enabling bet-

ter-informed recovery decisions and longer-term resilience building.
The Focus of this Thesis

This thesis focuses on the post-disaster phase of natural disasters. The
acute aftermath is addressed only where it is necessary to establish the
context for what follows. The primary attention is on the period that begins
once acute response has stabilized: restoration, reconstruction, and the
long-term reassessment of the event once it is effectively over. The Disaster
Time Capsule concept introduced in chapter 1.2 is designed for this period.
It opens at the start of an event, accumulates and contextualizes the data
generated during and after the event, and supports the retrospective analy-

sis on which recovery, reconstruction, and institutional learning depend.

The information needs of the post-disaster phase are the most poorly
served by existing systems and the most consequential for long-term out-
comes. The UNDRR 2024 Forensic Insights for Future Resilience report
makes this point at policy level, treating post-event data collection as a crit-
ical missing pillar in the global resilience architecture [9]. The post-disaster
period is therefore both the phase with the highest unsatisfied information
demand and the phase whose data, if properly captured, has the largest

downstream value for resilience planning.

2.1.3 What is a Post-Disaster Information System?

The term ‘post-disaster information system’ does not appear to have a uni-
versally accepted definition in the disaster informatics literature. Related
systems appear under several labels, which fall into a few groups. The first
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is built around early warning: systems that detect a hazard and alert author-
ities or the public before or at the onset of an event, such as the early-warn-
ing reference architecture of Meissen and Voisard [16], the Twitter-based
tsunami warning system of Chatfield and Brajawidagda [17], or the auto-
matic warning architecture of Montanari et al. [18]. A second group is de-
scribed more broadly as disaster or emergency management information
systems: operational systems that let responders share and use information
during an event, for example the disaster management information systems
compared by Rafi et al. [19, p. 972], the incident information management
framework of Peng et al. [20], or the community-based emergency manage-
ment system of Li et al. [21]. A third group carries more specialized labels
tied to a particular function, such as the disaster data management frame-
work of Grolinger et al. [22] or the online crisis management system Safe-
Link of Zreik and Parfouru [23].

These groups differ mainly in when they act. Early warning systems address
the time before and at the onset of a disaster, while the management and
crisis systems address the active response. The period that remains under-
served is the one after the event has begun, in which data must be pre-
served and made available for later analysis. Van de Walle and Comes de-
scribe this as the sustainability principle of humanitarian information man-
agement: post-emergency data should be preserved for preparedness,
analysis, and evaluation, yet this is the principle most often undermined in
practice [5, p. 406]. A post-disaster information system begins where early
warning ends. It is concerned with the disaster once it has been initiated,

and above all with what remains of it afterward.

No reviewed system has explicitly named a ,post-disaster information sys-
tem’, but the systems above cover overlapping parts of this task. Building
on them, and on Meesters et al.'s Crisis Memory premise that ‘learning and
understanding what actually happened before, during, and after the crisis is
extremely important for the improvement of the response process’ [24, p.
4], this thesis defines a PDIS as an information system that collects, inte-

grates, contextualizes, and preserves multi-source data generated during
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and after disaster events, for the primary purpose of supporting forensic

analysis, institutional learning, and evidence-based planning.

2.1.4 German PDIS landscape

In Germany, the landscape of PDIS’s seems not trivially accessible and the
publicly available information is limited. A simple Google Search with the
search term ‘Post Disaster Information Systems Germany’ did not bear
meaningful results. Through an LLM-assisted web search (using An-
thropic’s Sonnet 4.5 model) a couple of systems were identified. An over-

view of these can be found in Table 1.

Purpose

Outreach

at-

tempted?

Received ac-
cess or addi-
tional docu-

mentation?

Disaster Protec- | Part of the German Weather | Yes. No public or ac-

tion Portal Service (DWD). Claims to ademic access

(FeWIS) provide disaster information allowed, re-
for all types of work (natural ceived FeWIS
& civil) in disaster and citizen handbook.
protection contexts.

Enhanced Im- Advanced disaster damage Yes, butno | -

pact-Based and loss data information reply.

Knowledge Sys- | system, backed by EU.

tem (AHEAD)

Modular Warn- Federal Alerting System be- | No, outof | -

ing System hind public warning apps scope.

(MoWas) (e.g. NINA or KATWARN)

Natural Hazards | Geographic Website that No, static -

Portal (NGP) shows danger potential of dif- | information
ferent extreme weather con- | portal only.
ditions

Center for Satel- | Part of German Aerospace No, spe- -

lite-based crisis | Center (DLR) — creates and cialized
provisions different tools for tools only.
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information ser- | analyzing satellite crisis data.
vices (ZKIl) B2G-focus.
Table 1. Identified (P)DIS systems in Germany

Outreach was attempted to FeWIS from the German Weather Service
(DWD) asking for an academic access for evaluation purposes as well as
additional documentation, but the access was denied. A handbook for the
application was made accessible, which showed that the actual functionality
of the system is smaller than advertised on the website and focuses on fire
brigades and weather information.

The AHEAD project backed by the EU appeared related to PDIS, but reach-
ing out to the provided contact email (ECHO-CP-KAPP@ec.europa.eu) and

to a researcher involved in the project (Professor Menoni from Politecnico

di Milano) and asking for additional information was unsuccessful.

This indicates that the research area of PDIS in Germany still has potential
to be explored, with EU-backed projects like AHEAD even hinting to a high
political interest of implementing such systems.

2.2 Systematic Literature Review

This chapter pertains to the planning, execution and reporting of the Sys-
tematic Literature Review. The aim is to compile a variety of scientific pa-
pers surrounding the topic of disaster informatics and systems adjacent to
the ‘Disaster Time Capsule’ concept, as outlined in 1.2 The ,Disaster Time

Capsule*-Concept.

2.2.1 Planning the SLR

The Systematic Literature Review (SLR) was conducted following the meth-
odology proposed by Tranfield et al., which provides a systematic, transpar-
ent and replicable protocol for evidence extraction in management and or-

ganizational research [25].

As the research area of disaster informatics combines multiple disciplines,
and the specific topic of this thesis requires a significant amount of qualita-
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tive research, this framework was preferred for its iterative and adaptable
approach over a stricter framework such as that proposed by Kitchenham
et al. [26], which requires a fixed and immutable search protocol better

suited to experimental research.

The accepted downside resulting from this decision is a slightly reduced
replicability, which was accounted for by outlining all process deviations and
post-adjustments in highly detailed fashion.

The SLR was designed around four central research goals, each addressing
a different dimension of the PDIS landscape:

(1) What types of Post-Disaster Information Systems exist?

(2) What usage areas and application domains do these systems ad-
dress?

(3) How are existing systems architecturally organized, and what struc-
tural patterns recur across them?

(4) What deficiencies, gaps and unresolved challenges have been iden-
tified in the literature?

These goals collectively inform both the requirements catalogue developed
in chapter 3. Requirements Analysis and the architectural design decisions
taken in 4. Reference Architecture.

Three academic databases were selected for the search: ScienceDirect,
IEEE Xplore and SpringerLink. This combination was chosen to provide
broad and complementary coverage of the relevant scientific literature. Sci-
enceDirect contributes primarily to the management, social science, and in-
terdisciplinary IS research. IEEE Xplore covers technical and engineering
oriented research. Both of these offer mostly scientific (conference) papers.

SpringerLink complements this literature review as a third database with
more generalized research and a deeper focus on (scientific) books as op-
posed to the other two.

The review was structured around two parallel search groups, each target-
ing a distinct aspect of the research goals. Search Group 1 targeted general
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Post-Disaster Information Systems using the following Boolean query, ap-

plied consistently across all three databases:
("post — disaster" OR "disaster recovery" OR "emergency" OR "crisis"
AND ("information system" OR "information management")
AND "natural disasters"

Search group 2 targeted architectural contributions specifically, using this

formula:
("post — disaster" OR "disaster recovery" OR "emergency" OR "crisis"
AND ("architecture")
AND ("natural disaster * ")

Database-specific filters were applied to improve precision, if they were
available. The chosen filters can be found in the appendix of this document.

Additionally, all papers had to adhere to the following inclusion and exclu-
sion criteria. They were included if they were: peer-reviewed academic pub-
lications (journal articles or conference papers), written in English, published
from the year 2000 onwards and focused on IS or IT systems designed for

disaster or emergency management contexts.

Papers were excluded, if they dealt exclusively with physical sensing hard-
ware or forecasting models without an IS component, constituted non-peer-
reviewed reports, or were inaccessible in full text after institutional and

open-access options were explored.

2.2.2 Conducting the SLR

The initial database searches were executed as described in the planning
stage. Search Group 1 returned a combined total of 119 records across all
three databases: 16 from ScienceDirect, 35 from IEEE Xplore and 68 from
SpringerLink. Search Group 2 consisted of 101 results: 43 from ScienceDi-
rect, 32 from IEEE Xplore and 26 from SpringerLink. Therefore, the com-
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bined initial literature collection contained 220 records, with an approxi-

mately even distribution across the different databases.

To manage the scale of the initial corpus efficiently, a pre-screening process
assisted by a Large Language Model (LLM) was introduced. Specifically,
Anthropic’s Sonnet 4.5 model was used to flag all literature with a first-pass
relevance filter prior to manual review. It is important to mention that this did
not automatically exclude any record but rather acts as an indicator as to
how much time should be spent per specific item in the manual title/abstract
screening process. Each of the 220 records were assessed using the re-
search goals and the inclusion/exclusion criteria defined in 2.2.1 Planning
the SLR.

The model was prompted to classify each record as either relevant or non-
relevant based on title and abstract and was explicitly instructed to default
to inclusion in ambiguous cases, as well as adding a one-sentence sum-
mary. The full prompt and classification criteria are documented in the sup-
plementary materials in the appendix of this document to enable replicabil-
ity. This pre-screening resulted in 99 out of the total 220 papers flagged as

potentially excludable, based on the given criteria.

Next, the collection was deduplicated, which identified 8 duplicate records
that were then flagged as such and consequently excluded. Another 4 rec-
ords were excluded because of being non-accessible.

A manual screening phase was then conducted in which titles and abstracts
were reviewed against the inclusion and exclusion criteria. This phase ex-
cluded 130 records, primarily studies whose abstract revealed a focus on
purely technical sensing systems, pre-disaster risk modelling or domains
such as public health management that did not constitute PDIS in the sense
defined by this thesis. Notably, the LLM-assisted pre-screening step ex-

cluded less records than the manual process.

The final collection of literature consisted of 78 records spanning across
publication years from 2002 to 2026, with the majority concentrated in the
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period after the year 2010. The papers were transferred to the citation and
source management tool Zotero. The findings derived from this literature
collection are reported in the following section and form the direct empirical
basis for the requirements analysis in chapter 3.

2.2.3 Reporting and Dissemination

Following Tranfield et al.’s two-stage reporting model, the synthesis of the
literature will be executed through the two steps of (1) a descriptive analysis
characterizing the scope and distribution of the field and (2) a thematic anal-
ysis that surfaces the substantive findings, research gaps and their implica-
tions for the design work in the following chapter [25, pp. 218-219].

Descriptive Analysis

All literature from the conducted SLR was assigned to one of six primary
sub-topic categories, which were derived following the manual screening

process:

1) Reference Architectures: (n=33, 42,3%)

2) Data sources and Ingestion: (n=12, 15,4%)

3) Interoperability and Governance: (n=11, 14,1%)
4) Decision Support (n=9, 11,5%)

5) Al and processing (n=8, 10,3%)

)
)
)
)
)
6) Existing challenges (n=5, 6,4%)

(
(
(
(
(
(

If literature addressed more than one of these categories in depth, a sec-
ondary category was additionally assigned, as seen in the funnel diagram.
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Al & Processing
(8)

Data Sources &
estion
Z)

ScienceDirect
n=59
S h 5 h S h S h Decision
IEEE Xplore earc earc earc earc Support (9)
n=67 Results Results x Results Results —
n=220 n=212 n=207 n=78 Existing
Challenges
(5+8)
SpringerLink
n=94 Interop &
Governance
(11)
Duplicates Non-Accessible Non-fitting
n=8 n=4 (screening) Ref.
n=130 —» Architectures

*Categorization: '+'-values represents works with second categories (33+11)

Figure 1. SLR Funnel Diagram With Result Categories

Temporally, the distribution of the literature shows that the targeted re-
search field is rather young, with about 80% of included papers having been
published after 2010. This time frame coincides with the recognition of post-
disaster data gaps in the Sendai Framework monitoring cycle, previously

mentioned in the introduction of this work in chapter 1.1 .

Most literature was drawn from the areas of IS and computer science, with
meaningful subsets drawn from engineering and social sciences yet again
underlining the interdisciplinary nature of disaster informatics established in
chapter 2.1.1 .

Additionally, this distribution - especially the dominance of the ‘Reference
Architecture’ category - clearly underlines the focus of this work on architec-
tural findings and the different intersections with the technical, social and,

partly, legal areas.
Thematic Analysis

Analyzing the content of the literature, three major themes emerge that val-

idate the gap in research this thesis aims to address.

Layer-based IPO (input-process-output) architectural pattern
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Focusing on architectural patterns, the layer-based design approach is the
dominating pattern across most of the relevant literature. A general separa-
tion of (1) (data) input, (2) processing and (3) output emerges as a norm.

This pattern is visible e.g. in the work of Peng et al. in which the architecture
for an ‘Incident information management framework’ is developed, with
clear layered differentiation between data input/integration, diverse re-
sponse mechanisms, data mining and multiple (graphical) outputs [20, p.
322]. Furthermore, the work of Laksmiwati et al. shows a similar foundation
with a total of six differently interacting layers, starting with spatio-temporal
disaster data that’s enriched with additional GIS and context data, going
through different layers of support, conversion, processing and finally que-
rying and visualization [27, p. 3]. The work on ‘Cloud-based disaster man-
agement architecture’ by Ozen & Souri also builds on clearly labeled differ-
entiated layers, with an Internet of Things (loT) layer for data ingestion, a
decision-making disaster management layer for processing data and deriv-
ing actionable information and a cloud computing layer for data/information
storage [28, p. 72361].

No generalizable architecture across different disaster types

In contrast to the general observation of using layer-based architecture and
an input-processing-output schema, no single generalizable end-to-end
PDIS design has emerged that is transferable across disaster types or insti-

tutional contexts.

Most systems as seen in the prior examples are focused on specialized
fields within the disaster research area. While Chatfield & Brajawidagda
scope their Disaster Management System around a specific Tsunami Case
Study [17] (single disaster, single type), Alabbad et. al focuses on flood mit-
igation [29] (general flood disasters). Ozen and Souri take multiple disaster
types into account, but approached the architecture loT-centric [28] (general
disaster, single technology). Similarly, Meissen & Voisard designed a sys-
tem that is loT-centric as well, and focused on weather-based disasters only
[16].
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The presumption that there does not seem to be a standardized reference
architecture for disaster information systems is e.g. further validated by the
current work of Gacitua, who explicitly names the [...] lack of standardized
frameworks for assessing and improving disaster management [...]" a criti-

cal research gap [30, p. 1].
Recurring challenges in interoperability

Analyzing the works of literature identified through the SLR, the importance
of interoperability as a foundational requirement for PDIS emerges. Para-
doxically, multiple sources report on the lack of implemented interoperability
within these kinds of systems. Avanzi et al. e.g. offer a possible explanation
for why this gap may exist and propose a matrix that assesses interopera-
bility challenges across four concerns (vertical): business, process, service
and data. Each of these are mapped to three categories of barriers (hori-
zontal): conceptual, technical and organizational [31, p. 28]. This framing
makes it explicit that the challenge of successfully implementing interoper-
ability is a multi-dimensional problem. So apart from technical difficulty, mul-
tiple other points of failure on different levels of abstraction can prevent ef-
fective information exchange in crisis situations. Referencing the ‘Handbook
of Emergency Response’ by Badiru et al., Avanzi et al. observe that the
design of many systems in this domain historically did not consider the as-
pect of interoperability at all and therefore conclude that interoperability

should be a core requirement of effective crisis management.

Expanding on that premise, Ye et al. describe most existing emergency-
related systems as ‘[...] partial, fragmented [...]' and ‘lack[ing] of a unified
senior management and scheduling platform’ which, according to the
source, makes it ‘difficult for various departments to cooperate [and] coor-
dinate timely and effectively’ [32, p. 2]. The argument of fragmentation is
supported by Van de Walle, who even extends the characterization of the
information landscape as secretive and mistrusted [5, p. 407]. The work of
Truptil et al. also acknowledges the heterogeneity of collaborating entities

in crisis situations and attributes it to the mission-specific needs of each
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institution. To mitigate that and enable improved collaborative efforts, a ‘Me-
diation Information System’ is proposed that - instead of converging all sys-
tems into a unified system - rather acts as a dedicated intermediary layer
between otherwise heterogeneous systems [33].

An additional aspect for interoperability unfolds with the integration of vari-
ous data sources into disaster IS. Grolinger et al. identified in 2013 that cur-
rent data storage systems for the vast range of different types of disaster-
related data storage system provide only few or no integration capabilities
[22, p. 1]. Looking at more recent contributions in this area it becomes ap-
parent that many of them address individual source types in isolation, and
sometimes even just a single aspect of an individual source. A few exam-
ples include Gupta & Roy (2025), who focused on analyzing social media
images in disaster situations [34], Bhoi et al. (2020), who proposed a frame-
work for analyzing disaster-related text content from social media platforms
[35], or Kim & Leite (2026), who evaluated the usage of LiDAR point clouds
for post disaster damage assessments [36].

Examples like this are common in the literature collection formed by the
SLR. But not all papers fall into this trope. A partial exception is e.g. pre-
sented by Yuan et al. (2021), who proposed a framework that bridges peo-
ple-generated situational disaster reports with 10T sensor readings to im-
prove the quality of road network assessments in disaster scenario [37].
Still, this contribution remains bound to a single type of infrastructure type
and doesn’t translate into a reusable cross-source integration layer. Taken
together, the interoperability challenge operates at every level from institu-
tional coordination to the integration of individual data streams; and none of
the examined systems resolves this end-to-end.

These three themes together, the layer-based IPO architectural pattern, the
absence of a generalizable end-to-end architecture and the challenges in
interoperability, build the foundation of the requirements derived in the fol-
lowing chapter.
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3. Requirements Analysis

This chapter turns the findings of the systematic literature review into a cat-
alogue of requirements for the Disaster Time Capsule. It follows the report-
ing stage of the review model used in chapter 2.2 and forms the bridge be-
tween the empirical evidence of chapter 2. and the architectural design of
chapter 4.

3.1 Analytical Framework
Each requirement is derived in two steps. First, a recurring gap or pattern is
identified in the literature. Second, the requirement is stated in plain lan-
guage and anchored in concrete findings. Every requirement carries an
identifier (R1 to R14), a short name, and a one-sentence description of the
capability or quality it demands.

The catalogue is a single flat list, not a split into functional and non-functional
requirements. That split would assume a concrete system with fixed behav-
ior and quality attributes. This thesis designs a reference architecture,
where the same requirement can appear as a function in one implementa-
tion and as a quality attribute in another. Interoperability is the clearest ex-
ample: at the reference level it is a quality the architecture must have, while
a specific implementation may realize it as a set of functions in a mediation
component. This position was raised and supported in the design-review
interview (P1, appendix). The requirements are therefore presented as one
general list, each grounded in the literature in the same way.

External regulatory and domain constraints are treated separately in chap-
ter 3.4

3.2 Requirements Derivation

The total fourteen requirements below in this chapter describe what the Dis-
aster Time Capsule must do and the qualities it must exhibit. They are
grouped into five themes for readability. The flat R1 to R14 numbering car-

ries the full sequence.
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3.2.1 Collecting heterogeneous data

Disaster data is scattered across many source types, and most systems in
the literature handle only one of them. Grolinger et al. describe the condition
directly: ‘current data storage systems are disparate and provide few or no
integration capabilities’, facing data that ranges from incident and situation
reports to social media and simulation models in formats from Word and
PDF to images [22, p. 313]. Peng et al. formulate the architectural answer,
a data integration layer that fuses heterogeneous sources and can ‘provide
a unified data integration interface to upper application modules’ [20, p.
318]. Zhang et al. and Ye et al. make the same demand for absorbing many
data types and devices without a rigid schema [7, p. 374] [32, p. 3]. This
gives rise to R1 (Multi-modal Data Collection) and R2 (Flexible Infor-
mation Types): the system must ingest fundamentally different source

types and store them without being limited by a fixed schema.

3.2.2 Enriching data with context

Ingested data is only useful if its time and place are known. Ghosh states
the premise plainly: ‘all disasters have a geographic and temporal impact
that determines the extent and duration of their effects’ [38, p. 707].
Meesters et al. add that a platform must track events as they unfold so that
trends become visible [24, p. 4], and Li et al. and Zreik and Parfouru show
concrete ways to attach spatial and temporal tags at ingestion [21, p. 119]
[23, p. 3442]. This results in R3 (Temporal and Spatial Tagging), demand-
ing every entry records and exposes its time and location context.

Decision-makers also need to know how far a piece of information can be
trusted. Van de Walle and Comes state that ‘users must be able to evaluate
the reliability and credibility of data and information by knowing its source
and method of collection’, and note that guidance for working with uncertain
data, such as error margins instead of false precision, is largely absent [5,
p. 406]. Chen et al. and Avanzi et al. reinforce that completeness, accuracy,
and responsible data tracking are decisive in crisis exchange [39, p. 304]
[31, p. 32]. None of the reviewed architectures reflects this. R4 (Trust Level
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Tagging) summarizes it as exposing the source and origin of each entry,
and R5 (Certainty Level Tagging) as communicating the confidence at-
tached to each derived result.

3.2.3 Turning data into decisions

A post-disaster information system serves very different actors, and they do
not all need the same view. Meesters et al. argue that a shared data base
and role-specific delivery are not in conflict: one system can serve different
stakeholders according to their needs [24, p. 5]. This matters because re-
sponders have little time to learn tools [40, p. 12], and because the actor
landscape reaches from field operators to ministry-level authorities [19, p.
983]. What a field responder needs during response differs from what an
analyst needs weeks later. For the Disaster Time Capsule architecture, this
is represented in R6 (Role-Differentiated Information Delivery): the sys-
tem exposes role- and context-appropriate subsets of the capsule to each
user type.

Operational knowledge from a response, what worked and what failed, is
rarely captured and is usually lost before the next event. Meesters et al.
name community knowledge capture and a shared institutional memory as
a core design premise [24, p. 4]. Zhang et al. extend this across the disaster
lifecycle: a system must hold historical and current information together so
that it can be reused across events [7, p. 376]. R7 (Persistent Institutional
Memory) defines it as requirement by preserving past capsule contents,

index them, and make them retrievable for current and future events.

Raw data has to become decision-relevant output. Peng et al. specify an
analytics layer above data integration that handles the ‘modeling, fusion,
and filtering’ of heterogeneous data [20, p. 318]. Recent work shows this is
feasible in disaster contexts, from machine-learning triage [41] to deep-
learning classification of social-media text and imagery [35] [42]. Xu et al.
review the field and propose a 3M framework of multimodal fusion, multi-
source validation, and multi-agent collaboration as the direction for LLM-

based analytics [43, p. 19]. None of these operates over a unified, trust-
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tagged dataset. R8 (Advanced Decision-Support Analytics) captures it:
a processing layer for classification, summarization, anomaly detection, and
multi-criteria decision support that carries the trust and certainty metadata
through to its outputs.

3.2.4 Connecting and safeguarding

Coordination across organizations is a structural weak point. Nespeca et al.
show that disaster systems only partly support coordinated self-organiza-
tion, because information available in one group is not shared with others
[44, p. 10]. Van de Walle and Comes call the humanitarian information land-
scape ‘very fragmented’ as a structural property, not an exception [5, p.
407]. Rafi et al., Meesters et al., and Avanzi et al. treat interoperability
across organizational and technical levels as a baseline requirement, in-
cluding offline operation when infrastructure fails [19, p. 979] [24, p. 5] [31,
p. 32]. R9 (Cross-Entity Interoperability) adds the requirement of data and
process integration across government, NGO, and private entities, including
operation under degraded infrastructure.

The retrospective value of the Capsule depends on the record being tam-
per-evident. Van de Walle and Comes name accountability and verifiability
as core principles: information must be accurate, consistent, and externally
verifiable [5, p. 406]. Gacitua uses blockchain for tamper-resistant sharing
between agencies [30, p. 16], and Rafi et al. define data authentication as
confirming the origin and integrity of data [19, p. 978]. This results in R10
(Immutable Audit Trail): all ingested data and derived information is held
in an append-only, tamper-evident store that allows reliable back tracing of

events, decisions, and sources.

Different actors have different data entitlements, and one access layer can-
not serve all of them without over- or under-exposing data. Ye et al. require
a ‘multi-level security management mechanism’ with rights differentiated by
user [32, p. 3]. Lv et al. illustrate this through a three-level administrative
architecture where each governmental tier holds only the data within its

scope [45, p. 800], and Rafi et al. establish protected communication as a
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precondition for any access control [19, p. 979]. R11 (Access Levels)
therefore requires role- and attribute-based access with auditable authori-
zation. R11 stands in tension with R9, reconcilable through federated iden-
tity where access decisions stay with the owning entity.

3.2.5 Operating under disaster conditions

A post-disaster system that fails under disaster conditions defeats its own
purpose, and communication infrastructure is the first thing to degrade. Gro-
linger et al. tie high availability to continuity during disasters and to scaling
across commodity servers for demand spikes [22, p. 314]. Ye et al. require
continuous, around-the-clock operation under many concurrent users [32,
p. 3], and Ali et al. document bandwidth and connectivity limits as recurring
rather than exceptional [46, p. 538]. This gives rise to R12 (High Availabil-
ity and Resilience): continuous operation across the disruptions and traffic
spikes typical of disasters, including degraded-communication modes. R12
conflicts directly with R13, since redundancy raises cost.

A system the public-sector and humanitarian actors cannot afford does not
solve their problem. Hashemi Petrudi et al. identify lack of funding as one of
the most significant challenges in humanitarian operations [14, p. 17], and
Rashidi et al. include economic feasibility as a necessary deployment di-
mension [6, p. 3]. Grolinger et al. offer the architectural answer: cloud de-
ployment removes the large up-front investment and lets a system start
small and scale [22, p. 313]. R13 (Cost-Effectiveness) frames the system

as deployable and operable under the funding constraints typical of the field.

No reviewed system was built to be reused across disaster types, institu-
tions, or countries. Ye et al. treat openness and extendibility as a distinct
quality property [32, p. 3]. Meesters et al. require any system to ‘adapt and
be a good fit and tailored to the local context’ and to stay non-directive so
that communities can shape it [24, p. 4], and Asundi grounds this in software
quality: modifiability, maintainability, and portability [47, p. 134]. R14 (Ex-

tensibility and Adaptability) closes the catalogue, requiring the system to
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be configurable and extendable to different disaster types, institutional con-

texts, and national settings without fundamental redesign.

A compact overview of these requirements can be found in Table 2, which

consolidates R1 to R14 with their identifiers, names, and descriptions.

3.3 Requirements catalogue

The following table contains all requirements that were established through
the Requirements Analysis conducted throughout chapter 3. They are de-
scribed with an identifier, a name and a short description. The original cita-

tions can be found in the explanatory section in chapter 3.2 .

‘ Identifier Name
R1 Multi-Modal Data Col-

Short Description

Ingest data from many

Sources
[7], [20], [22], [32]

lection different source types
R2 Flexible Information Handle varying for- [71, [20], [22], [32]
Types mats/schemas without | (Shared with R1)

rigidity

R3 Temporal & Spatial
Tagging

Reliable time & loca-

tion tagging per entry

[21], [23], [24], [38]

R4 Trust Level Tagging

Expose source/trust-

worthiness of each

[5], [31], [39]

entry
R5 Certainty Level Tag- Communicate confi- [5], [31], [39]
ging dence/completeness (Shared with R4)
of data
R6 Role-Differentiated In- | Role-appropriate info | [19], [24], [40]
formation Delivery delivery per user type
R7 Persistent Institutional | Preserve & index past | [7], [24]
Memory capsule contents for
reuse
R8 Advanced Decision Analytics layer: classi- | [20], [35], [41], [42],
Support Analytics fication, anomaly de- | [43]

tection, decision sup-

port
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R9 Cross-Entity Interoper- | Cross-entity data/pro- | [5], [19], [24], [31],
ability cess integration, of- [44]
fline-capable
R10 Immutable Audit Trail Append-only, tamper- | [5], [19], [30]
evident audit trail
R11 Access Levels Role/attribute-based [19], [32], [45]
access control
R12 High Availability & Re- | Continuous operation | [22], [32], [46]
silience despite disrup-
tions/spikes
R13 Cost-Effectiveness Deployable within hu- | [6], [14], [22]
manitarian/public-sec-
tor budgets
R14 Extensibility & Adapta- | Configurable across [24], [32], [47]
bility disaster types/con-
texts

Table 2. Requirements List for the Disaster Time Capsule

3.4 Regulatory and Domain Constraints
Implementing systems that handle data, but especially sensitive data,

should follow considerations about regulatory and domain constraints [5],
[6], [48].

To include this perspective in the reference architecture for the Disaster

Time Capsule, this chapter examines a set of laws that fall in that category.

3.4.1 Data Protection (GDPR)

The Disaster Time Capsule's aim of preserving case-based disaster data
for retrospective analysis could be constrained by the General Data Protec-
tion Regulation (GDPR).

Article 5(1)(e) of the GDPR (Regulation (EU) 2016/679) states the storage-
limitation principle, and Article 5(1)(b) states the purpose-limitation principle.
An implementation therefore needs a legal basis for keeping the data
longer. This can be a justification against the storage-limitation principle, or
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the humanitarian exception in Recital 46 together with the vital-interests pro-
visions in Article 6(1)(d) and Article 9(2)(c).

Van de Walle and Comes reference the operational side through the UN-
OCHA Confidentiality principle: sensitive information is distributed to a de-
fined set of users only, for a defined purpose, and after informed consent
[5, p. 406]. This principle can be related to R4 (Trust Level Tagging), R10
(Immutable Audit Trail) and R11 (Access Levels), and lands at the Access
Rights Controller and the Role-Aware Projection module of the Extraction
Layer (L3).

3.4.2 Humanitarian Information-Management Principles (OCHA)

Van de Walle and Comes list OCHA's principles for humanitarian infor-
mation management [5]. Beyond Reliability and Confidentiality, the set in-
cludes Accessibility, Timeliness, Sustainability, Impartiality, Applicability,
and Interoperability. In contrast to the GDPR, the OCHA principles are a
guideline established by a global NGO. They form the reference set many

humanitarian organizations align to.
These guidelines touch R4, R5, R6 and R9.

3.4.3 Sendai Framework

The Sendai Framework for Disaster Risk Reduction 2015-2030, which was
previously introduced in chapter 1.1 is the United Nations' global reference
for disaster risk reduction. The Sendai Framework, similar to the OCHA prin-
ciples, is not a law, but a set of shared priorities and targets that govern-
ments and international organizations align their disaster policies with [12].

Rashidi et al. frame their open-access repository about natural-disaster in-
formation-management as ‘one of the few implementations following the
framework's recommendations for designing holistic’ and including multiple

stakeholders in their research approach [6].
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The Sendai Framework’s guidelines influence R7 (Persistent Institutional
Memory), R9 (Cross-Entity Interoperability) and R14 (Extensibility and
Adaptability).

3.4.4 Cross-Organizational Governance

Dahlan et al. describe that there are still no lasting mechanisms and policies
to connect disaster-management organizations, and agencies tend to act
on their own instead of sharing information [49]. Inter-agency sharing de-
pends on several things being aligned across agencies, among them legis-
lation, directives, and common technology standards [49, pp. 4-5]. Rijke et
al. add that such governance cannot be fixed once and reused everywhere.
It has to fit the purpose and the context it is used in [50, p. 4].

These cross-organizational considerations accentuate R9 and R11.

3.4.5 Al-Specific Regulation (EU Al Act)

Some papers in the context of disaster information systems discuss the use
of Artificial Intelligence in the handling of disaster challenges [51], [52], [53].

The EU Al Act (Regulation (EU) 2024/1689) classifies Al systems used to
assist in emergency first-response services as high-risk under Annex Il
5(d). This classification triggers high-risk-system obligations, covering risk
management, technical documentation, and human oversight under Articles

9-15, as well as post-market monitoring under Article 72.

No paper in the SLR references the EU Al Act directly, presumably because
it is a quite recent regulation. Nevertheless, it should be considered for im-
plementations of the Disaster Time Capsule.

4. Reference Architecture

4.1 Design Baseline & Principles

The reference architecture developed in this chapter is built on the require-
ments from chapter 3. Each of the fourteen requirements resolves to at least
one architectural element: a named layer, a module inside a layer, or a de-

sign principle that spans over the whole architecture.
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The choice to build an abstract reference architecture, rather than one con-
crete system, is grounded in the disaster-management IS literature.
Schryen and Wex survey design-science work in the field and name a per-
sistent gap: Research about disaster IS lacks ‘generic, abstract, and more
general design knowledge that is useful to construct effective processes,
algorithms, and systems across a wide range of specific incident situations’
[54, p. 4109]. The Disaster Time Capsule addresses that gap directly. It is
meant to apply across disaster types and deployment contexts, not to serve
one event. Schryen and Wex also classify ‘architecture’ as a recognized
design-science artifact type [54, p. 4106], which supports calling this contri-
bution a reference architecture rather than a system specification.

Building on Medvidovic and Taylor [55, p. 471], Meissen and Voisard define
a reference architecture as ‘the set of principal design decisions that are
simultaneously applicable to multiple related systems ... with explicitly de-
fined points of variation’ [16, p. 514]. The Disaster Time Capsule meets that
standard: its layers and principles are fixed, and each layer's concrete im-

plementation is left as an explicit point of variation.

The three-layer structure is modeled after the Input-Process-Output model
(the EVA-Prinzip, introduced in chapter 1.4) and on the SLR, where the
dominant pattern in the Reference Architectures category is the layered
separation of ingestion, processing, and output. Ali et al. describe their dis-
aster-management network in the same terms, as a three-layer, layer-based
architecture [46, p. 541]. The Disaster Time Capsule adjusts this baseline
by adding a dedicated contextualization layer between ingestion and pro-
cessing, motivated by the temporal and trust-tagging requirements (R3 to
R5) that no reviewed architecture addresses.

Grolinger et al. and Peng et al. ground the integration and processing layers:
a knowledge-acquisition function that obtains, processes, and stores data
from heterogeneous sources [22, p. 314], and a data-integration module
that sits between the sources and the analytics and provides ‘a unified data

integration interface to upper application modules’ [20, p. 318]. Zreik and
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Parfouru give the precedent for a separate contextualization component,

attaching entity-level metadata to data independently of ingestion and ana-

lytics [23, p. 3442].

Not every requirement maps to a module. R12, R13, and R14 are qualities

that must hold at every layer rather than functions that live in one place, and

the cross-cutting side of R9, R10, and R11 works the same way. These

requirements are realized as design principles that bind every layer bound-

ary. Table 3 lists them.

‘ Design Principle

Openness (R9)

Explanation

Every layer boundary exposes doc-
umented, technology-neutral inter-
faces that external systems can
consume without system-specific

knowledge.

Traceability (R10)

The Capsule Store keeps all items
write-once; every change is a new

version, never an overwrite.

Least-privilege access (R11)

Access to capsule data is role- and
attribute-bound, with authentication

at every boundary that exposes it.

Graceful degradation (R12)

Under partial infrastructure outage,
each layer queues and retries ra-
ther than failing hard.

Deployability under budget (R13)

The design favors commodity and
cloud-native components over be-

spoke infrastructure at every layer.

Variability at defined points
(R14)

Disaster types, source types, tag-
ging thresholds, projection formats,

and retention periods are configura-
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tion parameters, not hard-coded

constants.

Table 3. Architectural design principles

The whole of chapter 4 is specified at a technology-independent level. No
product, framework, or vendor is named, and that abstraction is what keeps
the reference architecture applicable across deployment contexts. Section
4.2 names the components and the data flow between them; section 4.3
details each layer's modules and the module-level realization of every re-
quirement; sections 4.4 and 4.5 develop the data model and validate the
architecture against a use case assembled from SLR-documented systems.

4.2 Architecture Overview

The Disaster Time Capsule reference architecture has five elements. The
Data Sources Boundary names the categories of source data the system
ingests, without committing to specific providers or formats. The ICE-core is
the processing center and holds three layers: the Integration Layer (L1) in-
gests source data, the Contextualization Layer (L2) enriches records with
source and context metadata, and the Extraction Layer (L3) provides ac-
cess-controlled analytics over capsule contents. The External Interfaces
Boundary names the categories through which external consumers reach
the system. The Capsule Store sits beside the |ICE-core as its persistent
foundation and is the ‘capsule’ in the conceptual sense of chapter 1.2: a
write-once, event-scoped repository that retains everything tied to a disaster
event for its full forensic-analysis and institutional-learning lifecycle. L1 is
the only layer with a write path into the store, through a single append-only
interface; L2 and L3 read from it and version-tag records. The Regulatory
Considerations Band runs beneath the architecture as a cross-cutting con-
cern that bounds ingestion and access policy. Figure 2 shows the arrange-
ment, a higher resolution version can be found in the appendix.
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Figure 2. Reference Architecture Diagram for the Disaster Time Capsule

4.3 Layers & Modules

The reference architecture shown in chapter 4.2 breaks down into bounda-
ries, layers and modules. Boundaries in this context refer to points of inter-
action with the environment(s) outside of the Disaster Time Capsule. This
architecture has two of these boundaries: The Data Sources Boundary (left
in image) for inbound data from various sources and the External Interfaces
Boundary (right in image) for any accesses to the DTC and its contents.

Between the boundaries sits the ‘ICE’-Core, which contains the three core
layers of the architecture (Integration, Contextualization and Extraction) as
well as the Capsule Store which represents the persistent storage of the

architecture.

A cross-cutting additional element of the architecture is the Regulatory Con-
siderations band that bundles multiple legal and customary considerations
that need to be made for a future implementation.

4.3.1 Data Sources Boundary

The Data Sources Boundary names the source landscape the Disaster
Time Capsule ingests from. The categories come from the SLR and are not
absolute; an implementation may add or drop categories. Six are described
below.
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Warning Systems

Warning systems detect an early-stage hazard and notify other parties. The
SLR covers them for tsunamis [17], landslides [56], and disasters in general
[16]. Their notification output is a critical early signal for the Capsule.

Social Media

Social media carries the informal disaster reporting that official channels
miss. The SLR applies it in different ways: mining unstructured posts [57],
feeding knowledge management [22], analyzing posted imagery [34], and
running machine-learning models on it [42]. The relevant data formats are

text posts, image posts, hashtags, and short video.
Government Data

Government entities hold authoritative data but often do not share it, a prob-
lem several papers trace to mistrust and reluctance to cooperate. The same
papers study the success factors of interoperable government information
systems [58] and how these systems reduce disaster risk [49]. The formats
to expect are situation reports, climate data such as rainfall, storms, and
temperature, and warning and evacuation plans. Grolinger et al. add that
local disaster-management agencies store most of their information in un-
formatted PDF or Word documents [22, p. 315].

Sensor Networks

Many warning systems rest on sensor or remote-sensing networks: agent-
based loT for floods [59], cloud-based loT with machine learning [28], or
LiDAR-based damage assessment [36]. These systems are usually built for
one purpose and ignore interoperability, so the Capsule ingests their output
to combine otherwise isolated signals. Their formats vary widely, from sat-
ellite imagery to sensor readings and GIS metadata.

Internal Data Sources

The UNDRR report cited in chapter 1.1 stresses collecting more disaster
data so that past events can be learned from [9]. An implementer should
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therefore also account for data it already holds internally: past case records,
an organization catalog, or archived satellite imagery, as in Zhang et al.'s

knowledge-management framework [7].
Various HCI

Not all inbound data comes from automated systems. Human input, people-
in-the-loop, belongs on the boundary too. Yuan et al. show that human-
sourced data improves the timeliness and contextual richness of situational
assessments [37], and Puspita et al. built a mobile app that lets any citizen
file a disaster report with a pinpointed location [60]. The Capsule should
accept coordinate data and structured, semi-structured, and unstructured
human reports.

The boundary commits to categories, not technologies: which formats and
APIls a source exposes is left to the Source Adapters of the Integration Layer
(chapter 4.3.2). Each category also carries entry preconditions, such as an
access agreement for government feeds or validation for social media,
which are handled at implementation and bounded by the Regulatory Con-
siderations Band.

4.3.2 Integration Layer (L1)

The Integration Layer (L1) is the first processing layer. All inbound data ar-
rives here before it enters persistent storage. It supports R1 (Multi-Modal
Data Collection), R2 (Flexible Information Types), R9 (Cross-Entity Interop-
erability), and R10 (Immutable Audit Trail). Two SLR sources set the pat-
tern. Peng et al. describe a central data-integration module that handles
source data from different computers, file formats, languages, and operating
systems [20, p. 318]. Grolinger et al. propose a data-processing layer in
their Disaster Cloud Data Management architecture that handles different
document types, from PDFs and social-media posts to simulation models
and web pages [22]. L1 realizes this through four modules.
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Multi-Format Source Adapter

The Multi-Format Source Adapter is derived from Grolinger et al.'s and Peng
et al.'s just mentioned architectures. Each source type has its own adapter,
which handles parsing, authentication, and retries on failure.

Data Transformer

The Data Transformer converts the ingested data into a format the Capsule
Store can hold. It supports R1 and R2 and follows the same ingestion liter-
ature as the rest of L1, in particular Peng et al.'s requirement to ‘provide a
unified data integration interface to upper application modules’ [20, p. 318].

Event Lifecycle Controller

The Disaster Time Capsule collects disaster data case by case (chapter
1.2), so the system has to detect lifecycle events in that data, such as the
start or the end of a disaster event. Warning systems already do this at the
technical level, translating sensor data into concrete hazard alerts, as in
Meissen and Voisard's reference architecture [16, p. 516].

Capsule Writer

The Capsule Writer persists ingested data in the store. It contributes to R7
(Persistent Institutional Memory) and, together with L2, to R10 (Immutable
Audit Trail). It has to stay flexible enough to connect to both relational and
non-relational databases, depending on the chosen storage solution (see

Capsule Store).

4.3.3 Contextualization Layer (L2)

Data ingested from other sources may be highly specific to the original sys-
tem, already being transformed to fit the Disaster Time Capsule schema in
L1. To improve the usefulness of the data in later accesses and analysis, a
core capability of the DTC is to contextualize the ingested data. Multiple
requirements request this capability in different characteristics: directly by
R3 (temporal & spatial tagging), R4 (trust level tagging) and R5 (certainty
tagging); and indirectly by enabling capabilities for the Extraction Layer (L3).
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Literature from the SLR indicates contextualization of disaster-related data
as foundational requirement. Zreik and Parfouru describe a dedicated Con-
text Model that includes a variety of interest-focus entities, essentially claim-
ing that context work requires a separate state and its own step in data
pipelines in disaster contexts [23]. The DTC translates this requirement into

four modules.
Temporal/Spatial Tagger

Laksmiwati et al. highlight the importance of adding time and space records
to disaster-related information. In their work, they contribute a Spatio-Tem-
poral Architecture for a national Disaster Management Information System,
which explicitly defines multiple modules for processing and storing data
about space and time [27]. As a module separate from the main Data In-
gestion Flow, it bears the responsibility of tagging incoming event records
with this metadata.

Source Trust Scorer

The Source Trust Scorer assigns a source-credibility indicator to each rec-
ord based on the profile of the source it came from. The scoring scale is a
configuration choice rather than an architectural constant. This module sup-
ports R4 (Trust Level Tagging) and is grounded in Van de Walle and
Comes's UNOCHA-derived reliability principle that ‘users must be able to
evaluate the reliability and credibility of data and information by knowing its
source and method of collection’ [5, p. 406].

Source Matcher

A system that ingests many sources about the same event will hold near-
duplicate records. The Source Matcher identifies these matches across
sources and contributes one signal toward the certainty score, supporting
R5 (Certainty Level Tagging). The SLR offers different matching strategies.
Li et al. use mediator-based schema integration, where each source maps
to a mediated schema, together with an emergency-related ontology to unify
semantically related data [21, pp. 2-3]. Shan and Yan instead compute case

Jan Echebiri 1210637 BIS Master’s thesis 2026 | Page: 34



Jan Echebiri 1210637 BIS Master’s thesis 2026 | Page: 35

similarity with a combination of Euclidean and cosine distance to match a
new event against prior cases [61, p. 34]. Either gives the matcher a con-

crete mechanism the implementer can choose.
Certainty Aggregator

The certainty aggregator represents the capability of deriving a level of cer-
tainty of the reliability of the event record. It should be designed to use dif-
ferent signals from modules inside the L2 layer (e.g. temporal-spatial

metadata, matching sources) and calculate a score from that.

There are different ways of handling this. A basic form is described by
Puspita et al., who in their work around a crowd-sourced disaster data pro-
poses a ‘simple additive weighting method’ to get a indication around accu-
racy when multiple records from different sources a bundled [60, p. 500].

4.3.4 Extraction Layer (L3)

The Extraction Layer is the third and last processing layer of the ICE-core.
It provides classification, information derivation, relevancy scoring, role-
aware projection and access-controlled querying over contextualized cap-
sule contents. L3 is the only layer that exposes capsule data to the External
Interfaces Boundary as no path from the Capsule Store to the boundary
bypasses L3.

Classifier

The Classifier labels capsule records: disaster versus non-disaster, disaster
type and severity, and priority. The model choice between rule-based, sta-
tistical, neural, and/or LLM is an implementation decision, not an architec-

tural commitment.

It contributes to R8 (Advanced Decision-Support Analytics). The SLR shows
a couple of implementation approaches: neural classification with a CNN-
and LSTM-based model over disaster tweets [35], a decision-tree classifier
for loT sensor data [59, p. 4], statistical classification with SVM and logistic

regression for information quality [61, pp. 36-37], generic supervised data-
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mining classification [20, p. 4], and domain-specific detection of structural
damage types from LiDAR point clouds [36, p. 4]. An LLM-based classifier
could be one further option on this spectrum, which keeps the model choice
open to the implementer.

Information Derivation

The Information Derivation Module extracts structured entities and relation-
ships from unstructured or semi-structured records: news text, social media
posts and unformatted institutional documents. This module is the primary
entry point for LLM’s in the Disaster Time Capsule [43], [51], [52]. Xu et al.,
taken as an example, formulate the operational approach as the 3M frame-
work: Multimodal processing, Multi-source validation, and Multi-agent coor-
dination as a combined pipeline rather than three separated services [43].
Derived entities are stored with LLM-specific metadata, like model ID,
prompt version and output confidence so that derivation outputs remain ex-

plainable to the process that produced them (supporting R10).

Extracting Information from independent data records also supports require-
ment R8 (Advanced Decision Support Analytics), which was highlighted as
a substantial operational value addition by the expert interviews conducted
in chapter 5.

Relevancy Scorer

Supporting requirement R8, the Relevancy Scorer extends the Advanced
Decision Support Analytics by applying a dynamic score of relevancy to
every query coming in via the External Interfaces Boundary. This scoring
should be based on the context of the query and enable the Role-Aware
Projection module to find relevant records.

A related implementation proposal is made by Bhoi et al. who use super-
vised machine learning algorithms to identify the most relevant social media
posts around different disaster-related topics [35, pp. 7-8].

Jan Echebiri 1210637 BIS Master’s thesis 2026 | Page: 36



Jan Echebiri 1210637 BIS Master’s thesis 2026 | Page: 37

Access Rights Controller

The Access Rights Controller handles authentication, authorization, and ac-
cess scope. Every query from the External Interfaces Boundary is checked
against its access rights before it reaches capsule data. The SLR shows
more than one way to realize this. Ye et al. specify a ‘multi-level security
management mechanism’ that separates data security from per-user rights
management [32, p. 3]. Zhao et al. combine a unified identity authentication
with per-subsystem read and write scoping [62, p. 3]. Li et al. apply authen-
tication and authorization to give differentiated access per organization and
individual, which fits the cross-entity setting of R9 [21, p. 3]. Rafi et al. state
the baseline that only ‘authorized personnel’ should reach certain parts of a
disaster information system [19, p. 978].

Role Aware Projection

In collaboration with the Access Rights Controller that aims to identify enti-
ties along with their roles, the Role Aware Projection uses this role to format
the requested data into a role-appropriate view. This can depend on their

origin organization, their function, their intent, etc.

Meesters et al. describe the design premise for this in their work on ,Design-
ing Disaster Information Management Systems 2.0° by concluding that sys-
tems can ‘[...] serve different stakeholders each with their own information
needs’, given that they are ‘[...] working on and contributing to a shared set
of information’ [24, p. 5]. Shan and Yan support this by describing a user-
interface component ...] which may be tailored to the user’s individual pref-
erences and expertise’ in their work about Emergency Response Decision

Support Systems.

4.3.5 Capsule Store

The Capsule Store is the persistent storage of the Disaster Time Capsule
and sits beside the ICE-core. It holds the event records ingested through L1
and the contextualization metadata added by L2, and L3 reads from it to
extract information. To support R7 (Persistent Institutional Memory) and
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R10 (Immutable Audit Trail), it is append-only, keeping a record of every

record, change, and access.

The database type is left to the implementation, and the SLR shows several
viable storage models. Grolinger et al. propose a hybrid of relational and
NoSQL databases, choosing the store per data structure and access pat-
tern, to keep the system available under load [22, p. 315]. Zhang et al. take
a different route with a centralized knowledge base that holds a structured
disaster case base of processed knowledge instead of raw records [7, pp.
6-7]. Li et al. avoid a central store altogether, using a federated, peer-to-
peer virtual database in which each organization keeps its own dataset [21,
p. 3]. These models are not exclusive: a Disaster Time Capsule may com-
bine database systems to suit the range of ingested data. Further consider-

ations about the data schema are highlighted in chapter 4.4 .

4.3.6 Regulatory Considerations Band

Chapter 3.4 collected the regulatory and domain constraints around the Dis-
aster Time Capsule concept. The Regulatory Considerations Band repre-
sents them in the architecture as a single cross-cutting concern. It spans
five areas: data protection under the GDPR, the EU Al Act, the humanitarian
information-management principles of UN OCHA [5], the Sendai Framework
[12], and cross-organizational governance [49]. In the architecture the band
has two main impacts: what L1 may ingest and under which agreements,
and what L3 may release and to whom. The band's role here is to keep
these constraints visible as a property of the whole architecture rather than
a feature of one module. Data-sharing agreements between organizations,
which a domain expert confirmed are standard practice (chapter 5.3), are
the clearest case of a constraint that the band applies on both the ingestion
and the release side.

4.3.7 External Interfaces Boundary

The External Interfaces Boundary is the delivery-side counterpart of the
Data Sources Boundary. It names the interface categories external consum-

ers reach the Disaster Time Capsule through, without prescribing a specific
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API, protocol or user interface. The boundary exposes two channels: Data

Services and Communication.
Data Services

The Data Services channel is a structured query API for automated con-
sumers: external systems, research data pipelines and institutional report-
ing tools. This channel is part of the realization of R9 (Cross-Entity Interop-
erability) and R7 (Persistent Institutional Memory). Systems and architec-
tures described in papers from the SLR contain different examples for these:
domain-specific services for disaster applications [63], web interfaces for
rule definition and policy management as well as APIs for interoperability
methods [18, pp. 36—37], or GUI applications for creating data analyses [29].

Communication

The Communication channel is a reporting and notification channel for hu-
man stakeholders: incident commanders, institutional reviewers and public
information officers. It delivers summaries, reports and other findings from
the Information Derivation Module, anomaly alerts from the Classifier, and
stakeholder-differentiated reports as scoped by the Role-Aware Projection
Module. l.e. it delivers derived information from the data records stored in
the Disaster Time Capsule.

This channel is part of the realization of R6 (Role-Differentiated Information
Delivery). Considering the usage of Machine Learning methods and sys-
tems such as LLM-systems in the Extraction Layer (L3), this information
may be delivered through a chatbot interface, as described by Tsai et al. in
their work on a platform for disaster operators [64]. In a warning-oriented
scope, Meissen and Voisard describe the communication channels of mo-
bile phones and media outlets as an integral part of their architecture, along-
side community-level warning systems [16, p. 517]. Meesters et al. pick up
the same aspect and include e.g. the instant messaging service WhatsApp
as well as Social Media platforms in general in these [24, p. 7].
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Together, the two channels keep the delivery side symmetric with the inges-
tion side: the architecture commits to interface categories, and the imple-
menter chooses the concrete protocols and formats behind them.

4.4 Data Model Considerations from SLR literature

The Disaster Time Capsule is proposed in this thesis at a reference-archi-
tecture level. It is meant to give a high-level overview of the concept of a
Disaster Time Capsule and include considerations for later implementation.
Chapter 4.3 presented layers and modules of the architecture and their con-
siderations, and this chapter aims to observe different data models found in
the SLR literature and derive considerations relevant for implementing the
Disaster Time Capsule. Table 4 summarizes these approaches which are
explained in more detail in the following text.

‘ Consideration Source

Separating Predictable and Un- | Laksmiwati et al. [27]
predictable Data
Deciding between Unified Data | Zhao et al. [62]

Scheme and Domain-Split Data

Scheme

Differentiating Temporal and | Zreik & Parfouru [23]
Static Entity Relations
Centrally Unified Schema vs Fed- | Li et al. [21]
erated Local Schemas

Table 4. Data Model Considerations from SLR literature

Predictable vs Unpredictable Data

Laksmiwati et al. propose a spatio-temporal data model for the use in a Dis-
aster Management Information System [27]. They split the disaster data in
two types: Predictable Data and Unpredictable Data. The former has de-
fined attributes that the system processes in specific ways, the latter has
attributes that are only defined at runtime. According to the source, these
undefined attributes are variations of existing data types. Examples taken
from the paper include the ‘OtherDisaster’-object, the ‘OtherAids’-object and
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the ‘OtherHandling’-Object. The ‘Other’-modifier indicates that the data is of

a similar category but different in its attributes.

To accommodate this in the system, Laksmiwati et al. propose two ways of
implementing. One method is the usage of an Object-Oriented Database
Management System (OODBMS) that stores all the data and the other is
the usage of a separate metadata table that holds the attribute definitions.
For their system, the decision went to the OODBMS-approach, as they ob-
served other spatio-temporal systems implementing it similarly.

Either way, a dedicated module for identifying and separating predictable
and unpredictable data in the system was defined. In the Disaster Time
Capsule architecture proposed in this thesis, the Integration Layer (L1)

could be mapped to this responsibility.
Shared Data Model vs Domain-Split Data Model

The Capsule Store element of the Disaster Time Capsule architecture de-
scribed in chapter 4.3.5 raises the consideration between a single database
type and multiple combined database types. Zhao et al. deepen this consid-
eration in the disaster data context [62]. In their work about natural disaster
related Emergency Management Systems, they propose a set of multiple
databases as the base data layer of their system. These databases each
serve a different type of disaster, e.g. earthquakes, snowstorms or sand-
storms. Depending on the specific implementation of the Disaster Time
Capsule architecture the consideration between this fragmented setup
could be weighed against a single unified database scheme.

Temporal Relations vs Static Relations

Zreik & Parfouru explored the topic of Modelling Context in Disaster Man-
agement Systems, focusing on the ‘SafeLink’ system [23].

They firstly define the word ‘context’ for the scope of SafelLink as an aggre-
gation of ‘interrelated elements’. In the area of disasters, they introduce a
defined differentiation criteria for these relations. The researchers split them
between temporal and static relations, with the difference being that some
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events only change circumstances for a short period of time while others
have permanent effect, which is a significant information especially in dy-

namic disaster contexts.

Zreik and Parfouru approach this process of building - or modelling — context
by extracting so-called interest focuses, which select relevant contextual in-
formation and classifies it with quality constraints such as accuracy, resolu-
tion, freshness, certainty, as well as duration-based notions like life duration.
This approach is aiming to support relevant information retrieval and in turn,

enable better-decision making.

Accordingly, the Contextualization Layer (L2) of the proposed Disaster Time
Capsule architecture would carry the responsibility for this consideration. It
already includes the certainty aspect which could be extended to capture
more quality-related attributes as described in this paper.

Centrally Unified Schema vs Federated Local Schemas

Li et al. propose a community-based collaborative information system for
emergency management that connects the local resource databases of dif-
ferent organizations within a community [21]. Their contribution addresses
how multiple organizations with their own existing databases can be inte-

grated without giving up ownership of their internal schemas.

For their system, Li et al. propose a data integration approach, in which each
participating database keeps its own local schema and a global schema
translates between them. They implement this global schema based on the
W3C Emergency Information Interoperability Framework, extended with
concepts around location, time, weather and other emergency-related prop-
erties. Each participating dataset then only needs to specify how its own
concepts correspond to the shared ontology, rather than restructuring its
data. According to the authors, the main argument for this federated setup
is resilience and autonomy, because the failure of one dataset does not af-
fect the rest of the system, and each source owner keeps full control over
access to and sharing of their data.
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This paper therefore raises a consideration for the Integration Layer (L1)
and the Capsule Store of the Disaster Time Capsule architecture proposed
in this thesis. Depending on the specific implementation, the Capsule Store
could either enforce a unified capsule record schema or accept sources un-
der their own local schemas and delegate the ‘schema-translation’ to L1.
The latter option respects source-owner autonomy but results in ongoing

maintenance for L1.

4.5 Architecture Application in SLR Use Cases

4.5.1 Method: Backward Traversal from End-User Interfaces

To explore the practical use of the Disaster Time Capsule reference archi-
tecture, this chapter looks at systems and their real-world applications from
the SLR collection and constructs a composite scenario out of them. Ele-
ments from the architecture are then mapped to the capabilities the scenario

requires.

The method follows the recommendation from the design-review interview
(P1, appendix) to traverse backward from end-user interfaces through the

layers to the data sources they rest on.

4.5.2 The Composite Scenario

The composite scenario is a construction for this thesis. It walks through an
urban flood disaster setting, designed to make use of every element of the
reference architecture in one flow. The individual capabilities in the
walkthrough come from disaster-information systems documented in the

SLR corpus:

Rainfall accumulates over roughly 36 hours, river gauges cross alert thresh-
olds, and low-lying districts are affected. Emergency operators work from a
command center, first responders act in the field, decision-makers plan re-
source allocation, citizens report through mobile apps, coordinators bridge

organizations, and forensic analysts examine the event weeks later.
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The capability table below (Table 5. Capabilities covered by SLR-backed

composite ) summarizes the capabilities the composite scenario requires

and their SLR sources, and maps each one to a Disaster Time Capsule

element.

DTC element

Capabilities in the composite

SLR anchors

Data Sources

Boundary

Citizen reporting, sensor feeds,
warning feeds, emergency calls,

social media, government feeds

[16], [17], [24],
[35], [49], [59],
[60], [63], [63],
[66], [67]

Integration Layer
(L1)

Multi-format ingestion, normali-
zation, event lifecycle detection,

capsule writing

[7], [16], [22],
[69], [63], [68]

Contextualization
Layer (L2)

Temporal and spatial tagging,
source trust scoring, source

matching, certainty aggregation

[51, [17], [23],
[27], [39], [60]

Extraction Layer
(L3)

Access control, classification, in-
formation derivation, relevancy

scoring, role-aware projection

[3], [20], [24],
[35], [43], [59],
[61]

Capsule Store

Persistent institutional memory

across events

[6], [7], [22], [68]

External Inter-

faces Boundary

Dashboard access (Communi-
cation), public warning delivery,
cross-organizational export

(Data Services)

[16], [17], [29],
[49], [59], [67];
[P2]

Regulatory Con-
siderations Band

Governs ingestion policy and ac-

cess policy across layers

[5] ; ch 3.4

Table 5. Capabilities covered by SLR-backed composite scenario

4.5.4 Architecture Traversal Through the Composite

As the flood unfolds, the emergency operator at the command center works

from a dashboard that surfaces the current situation. The dashboard
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reaches the Disaster Time Capsule through the Communication channel of
the External Interfaces Boundary, in the same shape realized by Alabbad et
al.'s MiDAS framework, where an operator enters an address and receives
damage and mitigation analysis for certain areas [29]. Public warnings leave
through the same channel to reach affected citizens, similar to the kind
Meissen and Voisard describe for early warning systems [16] or Indonesia's
BMKG-operated Twitter warning system as documented by Chatfield and

Brajawidagda [17].

Behind the boundary, the request is handled by the Extraction Layer (L3).
The operator's session first passes through the Access Rights Controller,
which considers the OCHA Confidentiality principle formulated by Van de
Walle and Comes [5]. The Role-Aware Projection module then formats the
response for the operator's role, following Meesters et al.'s call for stake-
holder-differentiated views [24] and Shan and Yan's interfaces that are cus-
tomized for different areas of expertise [61]. Relevant results come from the
Information Derivation Module, which applies Xu et al.'s 3M framework to
tagged event-records as the LLM-based approach [43, p. 17]. The Classifier
and Relevancy Scorer enrich the projection with disaster-type, severity and

priority tags.

The records the operator sees have already been enriched by the Contex-
tualization Layer (L2). The Temporal/Spatial Tagger attaches time and lo-
cation, foundational to Laksmiwati et al.'s DIMaS [27] and Zreik and Par-
fouru's SafeLink [23]. The Source Trust Scorer scores credibility in accord-
ance with the OCHA Reliability principle [5]. Where multiple sources report
the same event, the Source Matcher identifies co-references and the Cer-
tainty Aggregator combines them into a certainty score, following e.g. the
‘simple additive weighting’ of Puspita et al. [60].

The Integration Layer (L1) is where the flood scenario's source data enters
the Disaster Time Capsule. Sensor readings, warning-agency messages,
citizen reports and social-media traffic arrive through the Multi-Format

Source Adapter, which handles source-specific parsing, authentication and
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retries. Grolinger et al. describe this pattern for heterogeneous document
ingest [22], and Feng and Lee build it into their Next Generation Service-
Oriented Emergency Management System, by collecting data from different
entities in disaster scenarios [63]. The Data Transformer normalizes input
into the DTC's capsule schema, a step that Chekati et al. also describe for
their l1oT pipeline for Flood Disaster Management [59]. The Event Lifecycle
Controller detects when the flood event opens and closes. The Capsule
Writer commits the record into the Capsule Store, the append-only long-

term memory alongside the ICE-core.

The backward traversal ends at the Data Sources Boundary, which names
the source categories the DTC accepts. In the flood composite scenario,
sensor networks stream rainfall and river-level readings as in Chekati et al.'s
loT platform [59] and Meissen and Voisard's sensor subsystems [16]. Warn-
ing systems deliver structured hazard messages of the kind Meissen and
Voisard document [16] and the Indonesian tsunami flow Chatfield and Bra-
jawidagda observe [17]. Citizens report through mobile applications, follow-
ing the crowd-sourcing pattern of Puspita et al. [60], Meesters et al. [24] and
Murayama et al.'s Recovery Watcher [65].

Social media contributes as a type of ,human sensor’ [37], by analyzing
posts and identifying disaster events [57], damages [34], disaster locations
[69], and even requested and offered resources [35].

Government agencies contribute data individually or through inter-agency
feeds, as e.g. documented by Wang et al. for the 2008 Wenchuan response
[67] and supported by Dahlan et al. for cross-agency information sharing
[49].

All steps in this traversal are influenced by the Regulatory Considerations
Band, which highlights the considerations that need to be made when han-

dling these and other types of data in disaster contexts.

Jan Echebiri 1210637 BIS Master’s thesis 2026 | Page: 46



Jan Echebiri 1210637 BIS Master’s thesis 2026 | Page: 47

4.5.5 Module Placement and Interaction Summary

No single system in the SLR realizes the whole of the Disaster Time Cap-
sule architecture. Every element the architecture names has been derived,
in some form, by systems documented in the SLR corpus. The reference
architecture's contribution is to place them under a unified case-based sys-
tem, an append-only Capsule Store, and a cross-cutting Regulatory Con-
siderations Band, so that a scenario like the composite flood exercises them

in a single coherent flow.

5. Evaluation

5.1 Evaluation Approach

Evaluating a reference architecture matters, especially for a concept that
could carry real-world consequences. Schryen and Wex note that case and
field studies in real disasters ‘can have severe consequences for human
lives when the artifacts show unexpected deficiencies’, and recommend in-
stead interviewing authorities and aid organizations about their decision and
coordination behavior [54, p. 4108]. The Disaster Time Capsule follows this
recommendation with two methods: a requirements-coverage audit (chapter

5.2) and expert interviews (chapter 5.3).

The coverage audit traces every requirement (R1 to R14) to the architec-
tural element that realizes it, and every element back to a requirement, to
surface gaps in either direction. The expert interviews gather domain per-
spectives on the requirements and the architecture: their completeness, any
gaps, real-world applicability, and usefulness as a reference. Hove and
Anda characterize semi-structured interviews as combining ‘specific ques-
tions [...] and open-ended questions to elicit unexpected types of infor-
mation’ [70], which lets shared themes keep the responses comparable
while participant-specific themes leave room for expertise the interviewer
did not anticipate. Expert interviews are an established evaluation input in
information-systems research [71]. The participants, the interview instru-
ment, and the findings follow in chapter 5.3.
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The requirements coverage audit checks whether (1) each of the fourteen

requirements from the catalogue in chapter 3.3 can be traced to a concrete

element of the reference architecture, and (2) whether every architectural

element in turn traces back to at least one requirement. The mapping is

based on the layer and module descriptions from chapter 4.3 , and the six

design principles from chapter 4.1 . Table 6 below shows this mapping re-

quirement by requirement.

cision-Support An-
alytics)

tion, Relevancy Scorer

Requirement Architectural Element(s) Coverage

R1 (Multi-modal L1: Multi-Format Source Adapter, | Full
Data Collection) Data Transformer
R2 (Flexible Infor- L1: Data Transformer, Multi-For- Full
mation Types) mat Source Adapter
R3 (Temporal and L2: Temporal/Spatial Tagger Full
Spatial Tagging)
R4 (Trust Level L2: Source Trust Scorer Full
Tagging)
R5 (Certainty Level | L2: Source Matcher, Certainty Ag- | Full
Tagging) gregator
R6 (Role-Differenti- | L3: Role Aware Projection; Exter- | Full
ated Information nal Interfaces Boundary: Commu-
Delivery) nication channel
R7 (Persistent In- L1: Capsule Writer; Capsule Full
stitutional Memory) Store; External Interfaces Bound-

ary: Data Services
R8 (Advanced De- | L3: Classifier, Information Deriva- | Full
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els)

R9 (Cross-Entity L1 (Integration Layer); External Full
Interoperability) Interfaces Boundary: Data Ser-

vices; Design Principle: Open-

ness
R10 (Immutable L1: Capsule Writer + L2 (collabo- | Full
Audit Trail) ration); Capsule Store; Design

Principle: Traceability
R11 (Access Lev- L3: Access Rights Controller; De- | Full

sign Principle: Least-privilege ac-
cess control

R12 (High Availa-
bility and Resili-
ence)

Design Principle: Graceful degra-
dation

Partial: principle-
level only, no dedi-
cated module

R13 (Cost-Effec-
tiveness)

Design Principle: Deployability
under budget constraints; Cap-
sule Store (database choice note)

Partial: principle-
level only, no dedi-
cated module

R14 (Extensibility
and Adaptability)

Design Principle: Variability at de-
fined points

Partial: principle-
level only, no dedi-
cated module

Table 6. Coverage of Requirements in Reference Architecture

Eleven of the fourteen requirements resolve to at least one dedicated mod-
ule in the reference architecture. The remaining three, R12, R13 and R14,
are only defined as design principles rather than named components.

Availability, cost-effectiveness and extensibility are qualities the whole sys-
tem has to exhibit and are therefore not explicitly represented as modules.
Still, the exclusion in the diagram is worth to be highlighted, since it shows
that the reference architecture treats functional requirements and quality at-
tributes differently, even though both are part of the same requirements cat-
alogue. No architectural element was found without a corresponding re-
quirement, so the mapping holds in both directions.

5.3 Evaluation by domain experts
5.3.1 Method and participants

Four expert interviews inform the evaluation of the reference architecture.

They differ in format: the interview with participant P1 was unstructured,
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those with P2 and P3 were semi-structured and held live, and the interview
with P4 was semi-structured and conducted asynchronously by email, using
closed-format agreement scales alongside short open answers. All four
share the same themes, requirements coverage, architecture arrangement,
feasibility of implementation, and future outlook, which keeps the responses
comparable while leaving room for each expert's own focus. P4's closed-
format answers add a light quantitative cross-check on the qualitative find-

ings from the live interviews.

‘ ID Role and Expertise Domain Date

P1 | Enterprise Architecture profes- Methodological review of July 2nd
sor at a German university the requirements cata- 2026
(anonymized) logue and the layer ar-

rangement at the design-
review stage

P2 | Domain expert at the World Operational feasibility, de- | July 7th
Food Programme (WFP), Al and | ployment realities in a hu- | 2026
technology for disaster infor- manitarian setting, LLM in-
mation systems (name anony- tegration
mized)

P3 | Prof. Ari Aharari, Faculty of Research and implemen- | July 8th
Computer and Information Sci- | tation perspective, LLM 2026
ence, Sojo University, Kuma- operationalization, parallel
moto, Japan work on a Kumamoto City

disaster-support platform

P4 | Dr. Farhad Mehdipour, Re- Academic Al, loT and July 9th—
search Director, IT and Applied | data-science perspective; | 14th
Management, Otago Polytech- | asynchronous closed-for- | 2026
nic Auckland International Cam- | mat cross-check (asyn-
pus (OPAIC), New Zealand chro-

nous)

Table 7. List of expert interview participants

The participants were chosen for four distinct perspectives on the same ar-
chitecture: a methodological review of the requirements-and-layers deriva-
tion (P1, an Enterprise Architecture professor), operational experience from
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humanitarian practice (P2, a representative of the World Food Programme
working on the SKAI damage-assessment tool), research-oriented disaster-
support expertise focused on Al integration (P3, Prof. Ari Aharari, Sojo Uni-
versity), and academic Al, loT, and data-science expertise (P4, Dr. Farhad
Mehdipour, Otago Polytechnic). Table 7 lists the participants. Each inter-
view was written up as a thematic findings protocol; the full protocols are in
the appendix, and the synthesis below is organized by finding rather than
by participant. Where a single expert's statement is quoted, the inline label
[Pn] identifies the source. The overview of the expert findings can be found

in Table 8 below.

‘ Finding P1 P2 P3 P4
Flat R1-R14 scheme | proposed | endorsed | endorsed | —
(drop FR/NFR split)

Requirements cata- | — endorsed | endorsed | mostly
logue valid / complete

R4 Trust Level Tag- - strongly — fully
ging is the hardest

Five-element archi- | validated | endorsed | endorsed | fully
tecture viable at refer-

ence level

Pll/ data privacy =top  — strongest | drives agree
operational risk masking

Pll masking as an in- | — - recom- agree
core (L3) capability mended
Embedded LLMs (in | — — endorsed | fully
modules, not a sepa-

rate element)

Human-in-the-loop - core - fully
mandatory for LLM

output
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Feedback loop / bidi-  — - proposed | agree
rectional flow recom-

mended

Prototype feasible | — prod: 2-3 | 3—4 weeks | < 6
(small scope) yr months
Silos confirmed / sys- | — confirmed | confirmed | —

tems not interopera-
ble

Table 8. Expert interview findings

5.3.2 Requirements validation

All four experts approved the approach of deriving requirements from the
literature and the resulting catalogue. The flat R1-R14 scheme drew inde-
pendent support from two of them: P1 proposed dropping the functional and
non-functional split, since at the reference-architecture level whether a re-
quirement is a function or a quality attribute depends on the implementation
one has in mind [P1], and P3 endorsed the same move independently, on
the grounds that the architecture is a reference and proposal rather than a
commercial product [P3]. That convergence, one methodological and one
research-oriented, is a strong validation of the flat list adopted in chapter
3.1.

The requirement the experts stress-tested hardest is R4 (Trust Level Tag-
ging). P2 called it ‘one of the most challenging things in the current era of
false information’ and ‘very ambitious’, framed as a demand for realism ra-
ther than a reason to drop it [P2]; P4 independently rated it the hardest re-
quirement to realize. Two experts converging on R4 is a sign that its justifi-
cation in chapter 3.2 should name the difficulty openly and point at the
mechanisms that make it realizable. P2 added a nudge that carries across
the catalogue: research ‘should not only be ambitious but also be realistic’,
recording why hard requirements have not been built before, not only that

they are wanted [P2].
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P2 also surfaced per-source preconditions the catalogue does not show:
government feeds need a data-sharing agreement, recognized interna-
tional-organization or NGO status, a trust score, or an open host govern-
ment, while social media needs modality validation and sarcasm handling
[P2]. He confirmed multi-modal collection (R1) as a must-have once the all-
sources scope was clarified, and asked, together with P3, that internal and
institutional data be represented explicitly on the Data Sources Boundary
[P2; P3]. Asked to prioritize, P2 declined a fixed ranking, noting priorities
shift by team, an emergency team tolerating an estimated 10 to 20 percent
false items for speed while a security division tolerates none, because ‘false
news can cost lives’ [P2]; his own leaning was toward multi-modal collec-
tion, analytics support, and a cost-effectiveness-plus-interoperability pair-
ing, treating flexible information types as ‘an add-on’ [P2]. P4 added two
forward-looking asks, treating Al governance and human oversight as ex-
plicit requirements, and adding community participation and co-design for
vulnerable groups [P4].

5.3.3 Architecture validation

The endorsements place the five-element architecture (Data Sources
Boundary, ICE-core, External Interfaces Boundary, Capsule Store, and the
Regulatory Considerations Band) at the right level for a reference model.
P2 called it ‘a very realistic diagram ... technologically and administratively
a very viable system, a very important system and a very usable system’,
estimating roughly 90 percent implementable within WFP's scope [P2]. P3's
verdict was equally strong (‘the architecture is amazing ... you put all the
necessary modules and elements here’) [P3], and P4 rated the five-element
structure coherent at the reference level. P2 and P3 confirmed the abstrac-
tion level from opposite ends: P2 found it ‘the concept level, not the imple-
mentation level’, more than enough for the program and portfolio managers
who would pitch it [P2], and P3 judged it right for the software engineers
who need ‘clear images’ to pick modules and build [P3].
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Two modules drew specific endorsement. P2 called the Access Rights Con-
troller ‘one of the most important components ... core part of any information
system’, with the finding that a built-in access-control component makes a
system more adoptable, not only more compliant: ‘if | know it will not share
my information without proper access rights, | can trust the system’ [P2]. He
validated the Immutable Audit Trail the same way, linking it to blockchain
and smart contracts as ‘a really good addition’ [P2]. The Event Lifecycle
Controller was accepted as realistic and already partly practiced, with con-
crete timing: imagery arriving 24 hours to 6 days after an event, and stop

windows ranging from days for earthquakes to a month for floods [P2].

The strongest risk finding is shared across three experts: Pll and data pri-
vacy. P2 called exposing vulnerable people's data something that ‘can jeop-
ardize the whole system no matter how good it is’ [P2]; P3 recommended
an in-core masking capability in the Extraction Layer, drawing on his Kuma-
moto system where only the top 1 to 2 percent of users see personal data
[P3]; and P4 agreed Pll is the single biggest operational risk. This three-way
convergence is why the Regulatory Considerations Band and an L3-side
masking capability carry weight. On LLMs, P3 and P4 both endorsed keep-
ing them embedded in the modules that need them rather than as a sepa-
rate element [P3; P4], and P2 and P4 both held human-in-the-loop to be
mandatory for any LLM output [P2; P4]. Finally, P3 and P4 independently
recommended a feedback path that returns decisions and field outcomes
into the system, so two of the four experts point at the same extension. The
architecture of record remains single-pass, and the feedback loop is taken

up as the primary design direction in chapters 6.1 and 7.2.
5.3.4 Feasibility and outlook

On effort, the live experts gave estimates for different scopes that do not
conflict. P2 put a production-grade humanitarian deployment at a minimum
of two years, plus roughly a further year for a full build, against six to twelve
months for a corporate team, noting that humanitarian approval processes

alone can add months [P2]. P3 estimated a research prototype built by the
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author alone at ‘three or four weeks’ with current agentic-coding tools [P3],
and P4 placed a single-developer prototype within six months. The three

are consistent once scope is fixed: production versus proof-of-concept.

Both P2 and P3 offered ways to make the artifact more usable to imple-
menters. P2 proposed that an organization unable to build the full system
could assemble it from existing systems mapped to the requirements and
modules, since ‘many organizations don't even know where to look’, naming
SKAI, PRISM, ADAM, HungerMap LIVE, and Palantir as candidates [P2].
P3 proposed a short, clickable per-source mockup, with sample JSON,
sample output, and a mock Ul, so that non-technical government staff can
see how to connect a source to the capsule [P3]. P4's next step was a real-
world, co-designed pilot with emergency agencies and community organi-

zations. These feed the Outlook in chapter 7.2.

Two premises of the thesis were confirmed from the field. The silo problem
is real: P2 reported that WFP's own tools ‘don't talk to each other’, and P3
described Japanese local and central government systems that ‘are not
connected to each other’ [P2; P3]. And the concept appears novel: P3
searched for comparable detailed reference architectures and could not find
one, ‘especially the idea of the capsule’ [P3]. P2 closed with a methodolog-
ical caveat for the evaluation itself, that his view ‘will be biased’ and that
more organizations should be consulted [P2], a point chapter 7.2 takes up.

6. Discussion & Limitations

6.1 Discussion

The main artifact of this research is a technology-independent reference
architecture for a post-disaster information system, derived from an SLR
and validated by expert interviews. Its value lies in its abstract form and its
apparent novelty as a concept [54]. Throughout working on this topic, a few

insights could be identified.

Working with the literature around different systems in the disaster infor-
mation management context, it became apparent that the main challenge of
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this type of PDIS might not lie in the technical complexity, but in the organi-
zational [5], [49], [72] and regulatory areas, as e.g. discussed in chapter
3.2.4 and 4.3.6 . Blockers arise from missing trust between independent
entities, fragmented information silos and bureaucracy. This circumstance
changes the original purpose of the Disaster Time Capsule concept. It pre-
viously was aimed at solving the challenge of handling large distributed and
unconnected data around disaster events, but with this new observation, it

also poses as a potential enabler of trust in complex disaster scenarios.

Another point of discussion lies in the design decision process. Through the
process of building the reference architecture from the requirements, a uni-
directional flow was established, grounded in systems from the literature.
Later in the evaluation phase, two out of four interviewees from different
backgrounds advocated for a feedback loop in the architecture flow [P3; P4].
They argued that a system that processes data in a continuously ongoing
disaster event would need to reevaluate its information derivations con-
stantly. This is currently not reflected in the resulting architectural diagram

but should be strongly considered for a potential iteration of it.

This is also linked to the underrepresented area of LLM-integration in the
architecture. While some modules reference it internally, some of the inter-
viewees commented on the expansion of it, integrating it into more modules
but also considering human-in-the-loop methods, Al-assisted decision mak-
ing and agentic capabilities [P3; P4]. All of these were not included in the
design process for this iteration of the architecture.

Lastly, the research method could be extended. In this research, require-
ments were derived from an SLR and then built into the architecture. The
architecture was validated by backward-traversal and by domain experts. It
could be argued that field-testing the concept with an implemented proto-
type could surface topic areas of interests or downsides of the architecture
that cannot be evaluated solely by the concept.
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6.2 Limitations
The research methodology in this thesis and the results coming out of it
have a couple of limitations that should be considered when using them in

future references and implementations.
Missing implementation or demonstration

The result of the research conducted in this thesis is a reference architec-
ture for the proposed Disaster Time Capsule system. While the architecture
addresses lack in availability of abstract designs, it does not include a pro-
totype or deployment as a concrete demonstration of the concept to show
its functionality or evaluate it by testing it with real disaster scenarios, oper-
ators and data.

Limited evaluation ground

Aside from the lacking demonstration of the concept in a real implementa-
tion, the expert validation was also limited. It is beneficial for a holistic eval-
uation of the architecture that the interviewees come from different back-

grounds (research, architecture, humanitarian aid), which is given.

What could be improved to ground the validation in more depth is the num-
ber of interviewees per group. One of the experts explicitly highlighted that
his view might be biased because he works for a specific NGO and to in-
crease the representativeness of the evaluation, multiple different NGOs
should be interviewed. The same applies to the other areas. A view that was
e.g. not yet considered at all is that of an experienced software engineer
that is specialized in the development of disaster information systems, who
could provide valuable input on the implementation considerations that the

reference architecture includes.

Views from experts in political or regulatory fields around disaster reduction
or governmental affairs could also prove valuable for the considerations
about inter-governmental or inter-organizational operability, especially for

the area of data sharing agreements and data privacy. This could also be
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beneficial in widening the regulatory view from now EU-centric legislature to

worldwide legislature.
Limited comparison to currently used systems

The premise of proposing the Disaster Time Capsule concept lied partly in
the assumption that a similar system does not yet (publicly) exist. This claim
is difficult to prove, since non-accessibility to these systems does not dis-
prove their existence. Therefore, the assumption is arguably not grounded
enough in its current state to position the Disaster Time Capsule as a foun-
dationally new type of system in disaster research.

7. Future Work & Conclusion

7.1 Summary of Scientific Contribution

This thesis proposes a reference architecture for a Post Disaster Infor-
mation System labeled the ‘Disaster Time Capsule’. It focuses on Interop-
erability, Multi-Disaster Coverage and Forensic Analysis Enablement.

These contributions close the objectives set in chapter 1.3. The first objec-
tive, building a research-backed reference architecture for a new type of
Post-Disaster Information System, was met in two steps: the systematic lit-
erature review in chapter 2.2 identified the gaps and deficiencies of existing
systems, and chapter 3 turned those findings into the flat requirements cat-
alogue, R1 to R14, that the architecture in chapter 4 is designed around.
The second objective, evaluating that architecture, was met on both tracks
it named. The requirements-coverage audit in chapter 5.2 traced every re-
quirement to an architectural element, and the four expert interviews in
chapter 5.3 assessed the usefulness and effectiveness of the design, with
each expert approving the method, the requirements, and the architecture.
The objective set at the start of the thesis is therefore addressed in full,

within the conceptual, pre-implementation scope stated in the limitations.

This work addresses the lack of generic abstract design knowledge in the
Disaster Management research field [54] by providing a high-level architec-

ture.
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The process for that included identifying relevant literature about Post Dis-
aster Information Systems through a Systematic Literature Review of 78
papers (2.2 Systematic Literature Review), analyzing said literature to then
derive 14 general requirements (3. Requirements Analysis), and transform
them into a Reference Architecture with implementation considerations

alongside literature-backed requirements (4. Reference Architecture).

The results were evaluated by four experts, from the field of computer sci-
ence research and humanitarian aid, each approving of the research
method, the derived requirements as well as the proposed architecture (5.
Evaluation).

7.2 Outlook / Future Work

The Disaster Time Capsule reference architecture is a high-level architec-
ture for Post-Disaster Information Systems. Defining the right level of ab-
straction that still supports implementation efforts is a foundational design
challenge. Therefore, future work could extend this research by focusing on
certain technical depths that were not explored here to preserve the tech-
nology-independence. Further research could e.g. go into detail on defining
a referential data model, evaluating specific technologies for the architec-

ture’s modules or developing strategies around governmental buy-in.

The expert interviews conducted in the evaluation phase also pointed to a
couple of possible future research topics built on top of this thesis. It could
be explored, how the Disaster Time Capsule could be realized by a set of
multiple already existing systems, that together cover all of the require-
ments. Or it could be explored, how the architecture could be made more
interactive to support implementation efforts. Also a prototypical implemen-
tation could be created that could then be further evaluated in field testing

with real disaster scenarios.

Another point of continuation would be the further exploration of Machine
Learning integration, be it by use of classic statistical models or modern
approaches like Large Language Models, that could enable more sophisti-
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cated functionality and self-improving capabilities for the Disaster Time Cap-

sule.

7.3 Closing Remarks

Disasters around the world, natural or man-made, can be difficult to under-
stand. The challenge oftentimes is not per se the analysis of the data, but
having it available in the first place. Many disaster information systems are
built isolated around specific use cases, making it non-trivial to connect to
external systems and collect the data. Even global humanitarian organiza-
tions such as the United Nations treat this as a critical problem to address.

The reference architecture for the Disaster Time Capsule proposed in this
thesis aims to improve this circumstance. The architecture is meant to be
an adaptable template for different use cases and scenarios, agnostic to
disaster type and data format.

Implemented in a realized system, the Disaster Time Capsule has the po-
tential to assist in the reduction of disaster risk, because the right data to
learn from is available to anyone who needs it: governmental and non-gov-
ernmental organizations, private and public companies, and individuals all

over the world.
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VI. Appendix

This chapter contains attachments referenced in the thesis above. Some
attachments are in the submission folder and are referenced by path.

- SLR table with categorization (from excel) Alternatively submit excel
together with Thesis

- Requirements List?

- DTC Architecture Diagram

- Expert Interview Transcripts

A. Interview Method and Instrument

Four expert interviews were conducted between 2 and 14 July 2026. The
interview with P1 was an unstructured design-review conversation, docu-
mented afterward as a memo in the summary protocol (no audio recording;
handwritten notes written up the same day). The interviews with P2 and P3
were semi-structured expert interviews held live by online video call with
screen sharing, recorded with consent and transcribed. The interview with
P4 was a semi-structured expert interview conducted asynchronously by
email, using closed-format agreement scales alongside short open an-

SWers.

The semi-structured interviews followed a thematic interview guide. The in-
terviewer followed the guide but was free to follow up on responses. The
same guide was used where the participants' expertise overlapped and di-
verged into participant-specific themes where it did not. Each guide had
three parts:

e Warm-up (2-3 questions): orientation, participant background, and
current work relevant to the thesis.

e Themed question blocks (5-7): each theme with 2-4 open questions
and optional follow-up prompts, chosen to exercise the participant's
domain expertise against the current design. The four cross-cutting

themes shared across interviews were requirements coverage, ar-
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chitecture arrangement, feasibility of implementation, and future out-
look.
e Wrap-up (2-3 questions): overall assessment, missing elements, and

follow-up availability.

During the live interviews, the requirements catalogue (chapter 3.3), the ar-
chitecture diagram (chapter 4.2), and the layer descriptions (chapter 4.3)
were shared on screen and walked through with the participant. Anonymiza-
tion was handled per participant, as recorded in each summary below.

B. Interview Summaries

Interview summary: P1 (Enterprise Architecture professor)

Format: unstructured design-review interview, in person, ~60 minutes, 2
July 2026. Consent given for an anonymized memo; no audio recording.
Name, affiliation, and identifying details withheld at the participant's request;
position and domain expertise named because they are load-bearing for

interpretation.

Context: the interview took place when the reference architecture had
reached a first complete draft. P1 was approached for methodological au-
thority in enterprise-architecture design, the area where the thesis contribu-

tion sits.
Two positions from this interview are load-bearing for the thesis:

e Backward traversal as the validation method. P1 recommended vali-
dating the architecture by traversing backward from the end-user in-
terfaces to the data sources, so that every module proves its place
by serving at least one concrete end-to-end demand, and so that the
source-category typology is derived from what the trace's endpoint
must ingest. This grounds the use-case validation in chapter 4.5.

e Removal of the functional / non-functional split. P1 argued that at the
reference-architecture level the FR/NFR distinction cannot be made
cleanly, because whether a requirement is realised as a function or

as a quality attribute depends on which implementation of the refe-
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rence architecture one has in mind. This was adopted: the catalogue
is a flat list, R1 to R14, with the rationale in chapter 3.1.

P1 also noted that the architecture diagram at the design-review stage
showed a unidirectional data flow, which P1 raised as a diagram-clarity
point.

Interview summary: P2 (World Food Programme)

Format: semi-structured expert interview, ~90 minutes, online with screen
sharing, 7 July 2026. Recorded with consent; recording and full transcript
retained. WFP and its damage-assessment tool SKAI may be named; the
participant's personal name is withheld at his request, and he is attributed
as a representative of the World Food Programme working on Al and tech-
nology for disaster information systems.

Context: P2 leads WFP work on Al for emergency preparedness and re-
sponse. SKAI is a post-disaster building-damage-estimation tool feeding re-
source and personnel allocation and inter-agency coordination, extended to
temporary-settlement detection for refugees. For WFP, "disaster" includes
conflict, internally displaced people, and cross-border refugees. The order-
ing success metric is lives saved, with cost saving last. P2 confirmed SKAI
"will fit into this one as one of the components" of a broader post-disaster

information system.
Requirements

e Approved the requirements-from-literature approach and the ca-
talogue's composition.

o Flagged R4 (Trust Level Tagging) first and most strongly: "one of the
most challenging things in the current era of false information ... very
ambitious”, framed as a demand for realism, not a rejection.

e Methodological nudge across the catalogue: research "should not
only be ambitious but also be realistic", recording why hard require-
ments have not been built before.
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e Per-source preconditions the catalogue does not surface: govern-
ment feeds need a data-sharing agreement, recognised internatio-
nal-organisation or NGO status, a trust score, or an open host
government; social media needs modality validation and sarcasm-
versus-literal handling.

e R1 scope: the all-sources scope was the interviewer's clarification,
confirmed by P2 ("Good, so all the data you need"), not P2's own
assertion. P2 separately affirmed multi-modal collection as a must-
have and stressed its variety.

e Priorities shift by team: an emergency team accepts an estimated 10-
20% false items for speed, a security division accepts none ("false
news can cost lives"). His own leaning: multi-modal collection, ana-
lytics support, and a cost-effectiveness-plus-interoperability pairing;
flexible information types treated as "an add-on". "We don't want just
the digitized solutions. We want the effective digitized solutions."

e Asked that internal / institutional data be represented explicitly ("we

start with what we have").
Architecture

e Overall: "a very realistic diagram ... technologically and administrati-
vely a very viable system, a very important system and a very usable
system." Roughly 90% implementable within WFP's scope; declined
to detail the remaining 10% on record.

e Largest operational-failure risk: Pll and data privacy, raised un-
prompted. Exposing vulnerable people's data "can jeopardize the
whole system no matter how good it is."

e Access Rights Controller: "one of the most important components ...
core part of any information system." Key finding: a built-in access-
control component makes a system more adoptable, not only more
compliant. "If | know it will not share my information without proper

access rights, | can trust the system."
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e Immutable Audit Trail: validated, linked to blockchain and smart con-
tracts as "a really good addition."

e Event Lifecycle Controller: realistic and already partly practiced. Start
timing constrained by data latency (SKAI imagery arrives 24 hours to
6 days after an event); stop windows range from days for earth-
quakes to a month for floods. "This is a great component.”

e Data-sharing agreements in the system: moved from "legal and ex-
ternal" to genuinely useful ("useful, | never thought of that"), reflected
as whitelists and a reference capability tied to the audit trail.

e Abstraction level: "the concept level, not the implementation level",
more than enough for the program and portfolio managers who would
pitch it.

Feasibility and outlook

e Effort: minimum two years for a fully functional humanitarian system,
plus roughly a further year for a full build; a corporate team might do
6-12 months. Humanitarian approval processes alone can add mon-
ths; one architecture document at WFP took two months and 24 ite-
rations to clear. Knows another organization on "a very similar archi-
tectural diagram" three years in and ongoing.

e Government-data availability is administrative, not technological: a
private company's global flood-forecasting model is blocked in a spe-
cific country because the government prefers a trusted humanitarian
intermediary. "If they cannot trust us with their life, how can they trust
us with their data?"

e Recommendation-guide idea: an organization unable to build the full
system could assemble it from existing systems mapped to the re-
quirements and modules ("many organizations don't even know
where to look"). Candidates: SKAI, PRISM, ADAM, HungerMap
LIVE, Palantir.

¢ Silos confirmed: WFP's own tools "don't talk to each other", multiplied

across thousands of organizations.
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Human-in-the-loop is core for LLM output; never trusted blindly.
"Cannot sell services" constraint applies to the Data Services chan-
nel (WFP cannot monetize without risking its international-organiza-
tion status).

Methodological caveat for the evaluation: "my view will be biased -

talk to multiple organizations."

7.4 Interview summary: P3 (Prof. Ari Aharari, Sojo Univer-

sity)

Format: semi-structured expert interview, ~60 minutes, online with screen

sharing, 8 July 2026. Explicit consent to be named and affiliated; no anon-

ymization. Recorded with consent. P3 is also the thesis's earlier-stage ad-

visor, formalized here into an evaluation interview.

Context: P3 builds a field-oriented disaster-support platform for Kumamoto

City / local government, consolidating many small modules into one plat-

form; he called the thesis "very related" to this work.

Requirements

All requirements judged necessary; names and descriptions fine;
nothing flagged missing on the spot.

Flat R-scheme (removal of the FR/NFR split): "completely agree”, on
the reasoning that the architecture is a reference and proposal, not a
commercial product.

Embedded-LLM posture endorsed for the reference level; specific
LLMs matter only for a prototype. The decision-support module is the

highest-value LLM site, drawing on prior comparable events.

Architecture

Overall: "the architecture is amazing ... you put all the necessary mo-
dules and elements here."

Main recommendation: add a feedback loop. Information should not
move one-way from source to interface; "decisions, actions, correc-

tions, and field outcomes should also return to the system as a new
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record", linked to the data that supported the decision. He said this
"strengthens the disaster time capsule concept."

e Data privacy / masking, raised strongly: a masking capability inside
the core (extraction zone), before results reach the external interface.
In his Kumamoto system only the top 1-2% of users see personal
data.

¢ International law kept general (each country differs); implementer ap-
plies region-specific law after extraction.

e Offline mode: field networks fail; field doctors, NGO and government
staff need offline capability.

e Abstraction level appropriate: helps the software engineers who "are
not familiar with the module architectures in the details" and need
"clear images" to pick modules and build.

Feasibility and outlook

e Research prototype built by the author alone: "within three or four
weeks" with current agentic-coding tools. Encouraged implementing,
publishing, and a conference submission.

e Novelty: searched for comparable detailed reference architectures
and could not find this level of detail, "especially the idea of the cap-
sule."

e Concrete mockup idea: a small clickable HTML mockup per source
(sample JSON, sample output, mock Ul), because end users are of-
ten government staff without high-tech backgrounds.

e Silos independently confirmed in the Japanese context: local and
central government and ministries run disconnected systems "not

connected to each other."

7.5 C.4 Interview summary: P4 (Dr. Farhad Mehdipour, O-
tago Polytechnic)

Format: asynchronous semi-structured expert interview by email, using
closed-format five-point agreement scales plus short open answers; twelve

questions across the four themes. Sent 9 July 2026, response by 14 July
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2026. Confirm the participant's consent option (hamed vs anonymized) be-

fore publication.

Context: Dr. Mehdipour is Research Director and Head of Department, IT

and Applied Management, at Otago Polytechnic Auckland International

Campus, with a research background in Al, robotics, loT-enabled smart sys-

tems, data science, and edge/fog computing.

Requirements

Catalogue covers most relevant areas: mostly agree.

R4 (Trust Level Tagging) among the hardest to realize: fully agree -
independently matching P2.

Suggested requirement changes: make Al governance and human
oversight explicit architectural requirements; strengthen interopera-
bility through common data standards and semantic models; add
community participation and co-design so the system meets local

needs, particularly for vulnerable and underserved communities.

Architecture

Five-element structure coherent at the reference level: fully agree.
PIl masking as its own in-core module (not only in the Regulatory
band): mostly agree - matching P3.

Suggested architecture changes: an explicit governance and deci-
sion-support layer with human oversight of Al-assisted decisions; a
feedback mechanism so operational outcomes continuously improve
trust scoring and analytics; more visible resilience mechanisms (de-

graded operation during communication failures).

Feasibility and outlook

Implementable as a research prototype within six months by a single
domain-familiar developer: mostly agree - consistent with P3.

Pll exposure is the single biggest operational-failure risk: mostly ag-
ree - matching P2 and P3 (three-way convergence).
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e Top adoption barriers: organisational collaboration and data sharing
across agencies; establishing trust in Al-assisted recommendations;
governance frameworks for privacy, accountability, and regulatory
compliance. "Technical implementation is generally easier than
achieving sustained cross-organisational adoption."

e LLMs inside specific modules rather than a separate element: fully
agree. Human-in-the-loop mandatory and stated explicitly: fully ag-
ree.

e Most valuable next step: validate the reference architecture through
a real-world pilot with emergency-management agencies, community
organisations, and researchers - a co-designed prototype tested on

realistic disaster scenarios.

C. Systematic Literature Review: Supplementary Materials

This section provides the reproducibility materials for the systematic litera-
ture review reported in chapter 2.2: the search configuration with the filters
applied before screening, and the full prompt used for the LLM-assisted pre-
screening step. The complete screening spreadsheet, listing all 220 initial
records and the 78 included papers with their category assignments, is pro-
vided as a separate attachment in the submission folder (02_literature_re-

view_excel).

Search configuration and applied filters

Three databases were searched: ScienceDirect, IEEE Xplore, and Spring-
erLink. Two Boolean search groups were applied consistently across all
three.

Search Group 1 (general post-disaster information systems):

("post-disaster" OR "disaster recovery" OR "emergency" OR "crisis") AND
("information system" OR "information management") AND "natural disas-

ters"
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Search Group 2 (architectural contributions):

("post-disaster" OR "disaster recovery" OR "emergency" OR "crisis") AND

("architecture") AND ("natural disaster*")

Where the database offered them, the following filters were applied to raise

precision before manual screening:

e  Publication year: from 2000 onward.

e Language: English only.

o Document type: peer-reviewed journal articles and conference papers; non-peer-re-
viewed reports and other item types excluded.

e Subject and discipline facets: applied where available to constrain results to computing,
information-systems, and engineering fields.

The full inclusion and exclusion criteria that governed the manual title-and-
abstract screening are stated in chapter 2.2.1 and were used as the screen-

ing rubric.

LLM-assisted pre-screening prompt and classification cri-

teria

The prompt below was used with Anthropic's Claude Sonnet 4.5 for the first-
pass relevance flag over the 220 initial records (chapter 2.2.2). The flag
never excluded a record automatically; it only directed how much manual
attention each record received. The resulting classification sheet (id, deci-
sion, confidence, summary) is provided with the screening spreadsheet in

the submission folder.

Prompt

You are helping with the title-and-abstract screening stage of a systematic
literature review on post-disaster information systems (PDIS). The review
derives requirements and architectural design knowledge for such systems,
guided by four research goals that cover the PDIS landscape, its data

sources, its architectural patterns, and its known challenges.

For each record you get the title and abstract only. Give a first-pass rele-
vance judgment that decides where to spend manual screening time. This
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is only a filter, not an exclusion: a "non-relevant" flag never removes a rec-

ord. It only signals that the record likely needs less manual attention.

Apply these criteria. Include a record if it is a peer-reviewed journal article
or conference paper, written in English, published in 2000 or later, and fo-
cused on an information system for a disaster or emergency-management
context. Exclude a record if it deals only with physical sensing hardware or
forecasting models without an information-system component, is a non-
peer-reviewed report, or is clearly out of scope, such as pure pre-disaster

risk modeling or unrelated public-health management.

Classify each record as relevant or non-relevant. When the title and abstract
are unclear or the fit is uncertain, default to relevant. Judge only from the

given text. Do not guess at content the text does not state.

Return for each record: the record ID, the decision, a confidence level (low,
medium, or high), and a one-sentence summary of what the paper is about.
Output as a table with the columns id, decision, confidence, summary.

D. Digital Attachments (Submission Folder)

The following materials are submitted as separate digital files alongside this
thesis. Each entry names the item and its location in the submission folder.

E.1 Interview Guides

The thematic interview guides used for the interviews. Location: 00_inter-

view_guides.
E.2 Interview Transcripts (P2 and P3)

Cleaned text transcripts of the live P2 and P3 interviews. Location: 01_in-

terview_transcripts_replies_summaries.
E.3 P4 Questionnaire Replies

The completed asynchronous questionnaire from P4, with the closed-format
agreement scales and open answers. Location: 01_interview_tran-

scripts_replies_summaries.
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E.4 SLR Screening Spreadsheet

The full screening record: all 220 initial results and the 78 included papers
with their category assignments and the LLM pre-screening decisions. Lo-

cation: 02_literature_review_excel.
E.5 LLM Pre-Screening Prompt

The prompt used for the LLM-assisted first-pass relevance flag, also repro-
duced in section D.2 above. Location: 02_literature_review_excel.

E.6 Architecture Diagram

The high-resolution version of the Disaster Time Capsule reference archi-
tecture diagram (Figure 2). Location: 03_artifacts.

E.7 P1 Design-Review Memo

The P1 interview was documented as a memo only; no transcript or record-

ing exists. Its content is reflected in section B above.
E.8 Interview Recordings

Video recordings of the P2 and P3 interviews are retained and available on
request; they are not part of the standard submission.
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