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Abstract: This study focuses on constructions that are vulnerable to fire hazards during wildfire
events, and these constructions are known as ‘exposures’, which are an increasingly significant area
of disaster research. A key challenge lies in estimating dynamically and comprehensively the risk that
individuals are exposed to during wildfire spread. Here, ‘exposure risk” denotes the potential threat
to exposed constructions from fires within a future timeframe. This paper introduces a novel method
that integrates a spatiotemporal knowledge graph with wildfire spread data and an exposure risk
analysis model to address this issue. This approach enables the semantic integration of varied and
heterogeneous spatiotemporal data, capturing the dynamic nature of wildfire propagation for precise
risk analysis. Empirical tests are employed for the study area of Xichang, Sichuan Province, using
real-world data to validate the method’s efficacy in merging multiple data sources and enhancing the
accuracy of exposure risk analysis. Notably, this approach also reduces the time complexity from
O(mxnxp)toO (mxn).

Keywords: exposure risk analysis knowledge graph; multi-source data fusion; exposure risk analysis;
spatiotemporal data

1. Introduction

Wildfires are a significant threat among natural disasters and have been increasingly
affecting our society and environment. In the European Union, more than USD 60.5 billion
in damages has been incurred in communities over the past two decades, resulting in
more than 600 casualties, including firefighters and civilians [1]. In 2020, the United
States experienced wildfires that caused damages totaling USD 16.5 billion, with California
alone experiencing damage or destruction to more than 10,000 structures [2]. Moreover,
Liangshan Prefecture in China’s Sichuan Province experienced successive wildfires in 2019
and 2020, leading to injuries and the loss of numerous rescue personnel [3,4].

The United Nations Office for Disaster Risk Reduction (UNDRR) characterizes ‘expo-
sure’ as the presence of people, infrastructure, housing, production capacities, and other
tangible human assets in hazard-prone areas [5]. According to the definition of ‘exposure’
by The United Nations Office for Disaster Risk Reduction, we have chosen specific ele-
ments for in-depth study in this research. Therefore, in our study, ‘exposure’ primarily
refers to constructions that may be damaged in wildfire-affected environments. These
constructions include buildings (as part of the tangible human assets mentioned by UN-
DRR) and roads (as part of the infrastructure mentioned by UNDRR). This research aims to
analyze the spatiotemporal risks to buildings and roads near wildfires and make wildfire
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spread predictions. Such analysis could significantly refine the strategies for emergency
response and evacuation during wildfire emergencies, thereby helping stakeholders in risk
mitigation endeavors.

Understanding spatiotemporal risk analysis for exposures necessitates acquiring de-
tailed spatial distribution information on these exposures. Extensive research has focused
on the spatial distribution of these substances. Traditional methods, such as on-site surveys
conducted by local authorities followed by the generation of comprehensive reports, have
been important for documenting this information [6-8]. However, this approach is both
expensive and time-consuming. Advancements in aerospace and sensor technologies have
significantly improved the quality of ground imagery, enabling the capture of all-weather,
omnidirectional, and real-time data [9]. Consequently, remote sensing techniques have
become increasingly popular for quickly gathering spatial distribution data on exposures.
For example, Torres et al. [10] combined LiDAR data with aerial images from the Spanish
National Plan of Aerial Orthophotography to extract building coverage and characteristics,
applying machine learning to assess seismic vulnerability. Gonzalez et al. [11] successfully
used convolutional neural networks (CNNs) to automatically detect building materials
and types of lateral load-resisting systems, achieving high accuracy and recall rates. Ad-
ditionally, many studies have concentrated on extracting post-disaster information about
damaged buildings. Qing et al. [12] developed a CNN-based hierarchical building damage
assessment process, while Ismail and Awad [13] introduced a graph-based building damage
detection method that leverages knowledge of adjacent structures. Notably, some related re-
search, such as that by Beverly et al. [14], closely associates fire exposure with fuel, devising
a metric for fire exposure risk based on the proximity of grid cells to combustible materials.

The subjects of this study were buildings and roads, two critical exposure types in
wildfires. In scenarios where wildfires are actively spreading, the risk of buildings catching
fire is closely associated with personal safety, while the risk of roads catching fire is vital
for formulating rescue and evacuation strategies [15,16]. Therefore, our research aims to
predict which buildings and roads are at risk of ignition in wildfire scenarios.

Remote sensing technology, as previously discussed, plays a pivotal role in facilitating
the extraction of spatial distribution data of exposures on a large scale and with rapid
efficiency. Considerable research has leveraged remote sensing techniques to obtain detailed
distribution data for buildings and roads. Our team has made contributions in this area
by developing a robust methodology for the extraction of building and road data using
advanced remote sensing technology [17-21].

Considering the dynamic nature of wildfires both temporally and spatially, acquiring
information on the spatial distribution of fire scene exposures is only an initial step. Early
detection of fires is crucial [22,23]; however, to enable accurate assessment of the associated
spatiotemporal risks, it is imperative to conduct in-depth research into the spread patterns
of wildfires.

Recent research has increasingly concentrated on analyzing wildfire spread trends.
Li et al. [24] introduced a method to simulate wildfire spread using a long short-term
memory (LSTM) cellular automaton model, integrating S-LSTM to account for the temporal
dynamics of fire behavior and its interaction with wind. Wu et al. [25] developed a
neural network-based fire propagation model that incorporates a range of physical and
environmental factors and is suitable for predicting fire spread in medium- to large-scale
forest areas. Furthermore, Khakzad [26] explored wildfire spread risk assessment at the
wildland-industrial interface using dynamic Bayesian networks combined with models
predicting wildfire behavior. These studies provide a robust technical basis for the precise
prediction of wildfire spread.

A major challenge in wildfire management is the accurate prediction of the areas
(exposures) that will be impacted and the timing of these impacts. These exposures directly
concern human life and the safety of property. While foundational research exists in risk
prediction and exposure analysis, a lack of information remains: (1) Most current research
treats exposure as a one-dimensional factor in disaster hazard [27,28] and vulnerability
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assessments [29-31], typically in non-disaster contexts. This approach does not address
the risk analysis of exposures during the active spread of a wildfire. Identifying the future
spatial locations of at-risk exposures is crucial for effective risk analysis, aiding in the devel-
opment of emergency rescue and evacuation plans. (2) Traditional geographic information
system (GIS) techniques for spatial analysis, such as overlay and buffer analyses of expo-
sures near wildfires, rely on data organized per layer. This method necessitates traversing
within each layer, increasing the time complexity and complicating the organization and
indexing of spatiotemporal exposure data.

To effectively assess the spatiotemporal risks associated with fire scene exposures,
diverse data sources, including building, road, vegetation, terrain, fire incident, and weather
condition data, must be integrated. The Disaster Prediction Spatiotemporal Knowledge
Graph (DPKG) [3] serves as an advanced tool for managing and amalgamating these
varied spatiotemporal data sources, facilitating their fusion for comprehensive analysis.
Leveraging the DPKG, we introduce a methodology termed the Knowledge Graph for
Wildfire Exposure Risk Analysis (KGERA), which is specifically designed to evaluate
the spatiotemporal risks related to exposures during the progression of wildfires. Our
research primarily focused on identifying exposures at risk under specific spatiotemporal
conditions rather than assessing the magnitude or level of risk. Our goal is to predict
exposures that may be at risk within specific spatiotemporal ranges, such as buildings and
roads threatened by wildfires, using spatiotemporal data and the KGERA framework. Our
method helps predict and identify which exposures may be at risk at a future point in time;
however, we did not investigate specific risk magnitudes or levels, as this is not the focus
of this study.

In conclusion, this study offers contributions in several areas: (1) The development of
the KGERA for the semantic modeling of data related to wildfire exposures in a spatiotem-
poral context. (2) The transformation of remote sensing data into structured knowledge
within the knowledge graph provides a semantic-driven inference and analysis of expo-
sure risk. (3) A practical case study demonstrates the effectiveness of this methodology
in modeling spatiotemporal exposure information and conducting semantically oriented
risk analysis.

2. Methods

While the DPKG primarily concentrates on disaster prediction, it lacks semantic mod-
eling of exposure data. To address this shortcoming, we developed the KGERA, which
extends the capabilities of the DPKG in integrating diverse spatiotemporal data. The
KGERA effectively extracts and structures exposure data from remote sensing imagery,
encompassing a range of heterogeneous sources, such as buildings, roads, vegetation,
terrain, fire incidents, and weather conditions. This framework indexes spatiotemporal
data semantically, enabling direct access to specific data within the desired range without
the need for layer traversal, thus reducing the complexity inherent in traditional database
methods. Additionally, the KGERA introduces a novel spatiotemporal reasoning mecha-
nism to analyze wildfire spread trends from established fire points. This approach enables
detailed risk analysis at the individual element level, utilizing semantic relationships with
particular buildings or roads to decrease the temporal complexity.

The method we propose for spatiotemporal risk analysis in the context of exposure
integrates two key elements: the KGERA framework and a controller that oversees rule-
based inference and program flow management. Section 2.1 and Section 2.2 of this study
investigate the detailed exposition of the KGERA's application in exposure analysis. The
controller plays a vital role in executing rule-based inferences, utilizing the structural
capabilities of the KGERA system.
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2.1. Method Architecture

2.1.1. Conceptual Data Model for Wildfire Exposure Risk Analysis

In our approach to analyzing wildfire spread and exposure risk, we categorize the data
into two distinct groups: hazard factors and exposure entities. A conceptual data model
essential for understanding the spatiotemporal risk associated with wildfire exposures was
developed and illustrated in Figure 1. This model forms the foundational basis for the

KGERA architecture, structuring and guiding our analysis.
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Figure 1. A conceptual model for exposure risk analysis.

2.1.2. KGERA Architecture

Figure 2 illustrates the architecture of the proposed KGERA.

KGERA Architecture

Rule Set (TBox)
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| Space ontology |
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Figure 2. KGERA architecture.
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The KGERA'’s architecture is structured around two principal components: the rule set,
known as the TBox, and the fact set termed the ABox. The TBox consists of concept layers
and a set of inference rules. These concept layers consolidate spatiotemporal data, which
are essential for wildfire spread analysis and exposure risk assessment, by incorporating
various temporal, spatial, and attribute features. The development of this conceptual
framework within the knowledge graph necessitates the creation of both temporal and
spatial ontologies. This layer encapsulates the ontologies for wildfire spread and exposure
risk analysis, organizing their hierarchical relationships according to the attributes of
the spatiotemporal data. These attributes are intimately linked to the type of data being
analyzed, for instance, terrain data, which are characterized by specific attributes, such as
aspect [4].

Inference rules form the logical bedrock of semantic reasoning, underpinning the
integration and reasoning of multi-source spatiotemporal data. These rules encapsulate
domain-specific expertise in wildfire spread and exposure risk analysis within the knowl-
edge graph, translating this expertise into formal semantic reasoning rules.

In the KGERA framework, the instance layer of the knowledge graph, referred to
as the ABox, integrates various forms of spatiotemporal data—unstructured, structured,
and semistructured—essential for conducting wildfire spread analysis and evaluating
spatiotemporal exposure risks. This layer is adept at modeling these diverse data types
within the knowledge graph’s ABox, facilitating comprehensive analysis and interpretation.

In Figure 3, we illustrate the components and relationships of the KGERA model. The
model defines a set of rules (TBox) to represent abstract conceptual structures and their
relationships. In this structure, ‘Feature’ exists as a superclass, under which subclasses
include ‘Terrain’, ‘Meteorological’, ‘Fire Point’, and ‘Exposure’, and each category possesses
temporal and spatial attributes, which are reflected through their associations with the
concepts of “Time” and ‘TileCode’.

Rule Set (TBox)

Inference Rule:

| |
| Conceptual Lay i ! ;
1 -onceptual Layer | I Detecting Exposure Entities with Risk :
| |
! I - 1
| subClassOf ! 1 . AndTrigger Independent |
bClassOf- . 2
- ST ! i ;  — Object Trigger !
} } Time Terrain ‘ ‘ Meteorological ‘ [ Fire point ‘ ‘ Exposure ‘ ‘ TileCode ‘ | ; [ t
| |
! } I R H R . S | ! } ! |
} subClassOf’ | ; :
! Independent
! ! subClassOf s !
1 Road [ypeof+ I Action "
|
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, | i i
) L
| 1
; §
Fact Set (ABox) ; = ; - typeOf :
typeOf typeOf typeOf typeOf typeOf | Spatial and Temporal Range of the Fire Point ‘ i
77777777777777777777777777777777777777777777777 I — I
Instance Layer } Spatial and Temporal Range of the Exposure ‘ typeOf {
Terrain_Entity 0 } {
. | I
hasTime hasTime— Met;or:{log(l)cali ¥husTileCodJ hasTileCode } Output Exposure Entities in the Intersection :
ntity ( | 1

temporal and spatial range
Road |:| Instances that have a specific
o4 temporal and spatial range
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|:| Exposure entity with risk and
777777777777777777777777777777777777777777777777777777777777777777777 its temporal and spatial range

hasTim

Road_ Concepts that do not have a specific
Entity 0

|
|
|
|
|
|
|
| Fire point R !
Entity 0 hasTileCode }
I
|
|
I
|
|
|
|

Figure 3. Components and relationships of the KGERA model.

The instance layer (Instance Layer) is a significant component of the fact set (ABox),
demonstrating how abstract concepts are connected to specific data instances. For instance,
the instance ‘Road_Entity_0’ is connected to instances of ‘z20_x131_y703" for TileCode and
‘30 March 2020 06:10:00 for Time through ‘hasTime” and ‘hasTileCode’, representing the
specific spatiotemporal characteristics of the instance.
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Furthermore, the model describes inference rules, such as ‘Detecting Exposure Entities
with Risk’, which are used to detect exposure instances with risk. Through RuleObject,
IndependentAction, AndTriggerObject, and their corresponding instances, we can infer
exposure instances with risk and their spatiotemporal ranges using semantic associations
indexed in the TBox and ABox.

2.2. Construction of the Wildfire Exposure Risk Analysis Knowledge Graph

This section outlines the structural design of the KGERA, focusing on the detailed
construction of the concept layer, instance layer, and set of inference rules integral to
the framework.

2.2.1. Design of the Conceptual Layer

In the KGERA framework, the conceptual layer plays a crucial role in forming logical
and semantic interconnections among the diverse spatiotemporal data sources utilized
for analyzing wildfire spread and exposure risks. This layer integrates semantic concepts,
ensuring their interconnected coherence, which is essential for the multifaceted analy-
sis of wildfire spread and associated exposure risks. The conceptual layer incorporates
temporal and spatial ontologies, which are specifically tailored for the study of wildfire
spread dynamics and exposure risk assessment. These ontologies, which are based on
established research [4,32,33], are central to the framework and facilitate a comprehensive
and integrated understanding of the various factors influencing wildfire behavior and
vulnerability to exposure.

To formulate the ontology required for analyzing the spread of wildfires and assess-
ing the associated spatiotemporal risks, we adopted a tree classification method. This
method segments the various concepts present within multi-source spatiotemporal data [3].
Building on the foundation of the KGERA's architecture, we then created a comprehensive
ontology for both wildfire spread analysis and exposure risk assessment. The detailed
structure of this ontology is illustrated in Figure 4.

Conceptual Framework of KGERA
|

Time object Space object Rule object
S Geographic . X
Effective time gl. p‘ ! Trigger object
description =

Time granularity —'l Features Action object

| Meteorological | | Terrain | | Vegetation | | Exposure l | Fire point |

Figure 4. Conceptual framework of KGERA.

2.2.2. Design of the Instance Layer

1. Instantiation methods for accessing information extracted from remote sensing

Recent advancements in deep learning-based remote sensing technology have signifi-
cantly enhanced the efficiency of extracting terrestrial information from remote sensing im-
agery. This technology has become widely adopted across various sectors. High-resolution
remote sensing images enable rapid and macroscopic acquisition of ground information,
which is particularly vital in hazard risk assessment involving the identification of buildings.
However, disaster-prone areas often feature complex terrains and dense vegetation, pre-
senting challenges in data extraction. To identify the distribution and quantity of buildings,
we initially employ the basic U-Net model for extraction, followed by ensemble learning
techniques to refine the semantic segmentation results. Subsequently, neural network
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Multisource heterogeneous GeoJSON

spatiotemporal data . .
o  EEEZE ESEEETE

reconstruction is applied to these results to effectively distinguish individual buildings by
differentiating the segmented images.

2. Instantiation methods for other geographic information

For effective collaborative analysis of multi-source heterogeneous spatiotemporal data,
it is crucial to establish a standardized instantiation method that is applicable to various
data types. Thus, we developed a unique instantiation methodology tailored for integrating
multi-source heterogeneous spatiotemporal data, as illustrated in Figure 5.

Triple

Entity 0 G t Pol
Geometry Polygon Aty cometry oygon

Validtime 2023-11-20 Entity 0 Validtime 2023-11-20
Attribute Bush Entity_ 0  Attribute Bush
Type Vegetation

Entity_0 Type Vegetation

Figure 5. Instantiation of multi-source heterogeneous spatiotemporal data.

We transform multi-source heterogeneous spatiotemporal data into the GeoJSON
format, as endorsed by the OGC International Spatial Information Standardization Organi-
zation. The GeoJSON structure comprises numerous key-value pairs adhering to specific
rules: the key names align with the attribute names designated in the conceptual layer,
and the values’ data types conform to those permitted for the respective attributes in the
conceptual layer.

Utilizing the ontologies related to time, space, and wildfire spread analysis, along
with the spatiotemporal risk analysis of exposure as defined by the conceptual layer,
we comprehensively map GeoJSON in the instance layer. In this process, the geometric
component of GeoJSON is aligned with the predicate of spatial information triples, and its
geometric values are correspondingly mapped with the objects of these triples, adhering
to the GeoSPARQL format specifications. Similarly, the “ValidTime’ attribute in Geo]JSON
is associated with the predicate of temporal information triples, with its values being
mapped with the respective triple objects. Furthermore, each key within GeoJSON'’s
attribute collection is linked to the predicate of the relevant geographic entity attribute triple,
ensuring that the attribute values are automatically associated with the corresponding
predicates in these triples.

The instance layer will continue to be updated as the temporal and spatial scope
requirements evolve. For instance, frequently updated meteorological data and wildfire
propagation predictions are input into the instance layer in triple form, with new triples
being added to record the information.

2.2.3. Design of the Inference Rules of Wildfire Exposure Risk Analysis

In this section, we present a methodology for representing expertise in the analysis of
wildfire spread and spatiotemporal risk analysis of exposure as semantic reasoning rules
within the knowledge graph.

Expertise in the analysis of wildfire spread and the spatiotemporal risk analysis of
exposure is represented within the knowledge graph as semantic reasoning rules. We
improve upon the results of existing research [3] and define the semantic inference rules as
RuleObject = (Tr, Ac). Tr represents TriggerObject, which represents the triggering event
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of the rule. Ac denotes ActionObject, which means the response action of the rule. The
relationships among RuleObject, TriggerObject, and ActionObject are shown in Figure 6.

AndAction
Combination

*

IndependentAction I | ActionCombination

: | E

ActionObject

!

| RuleObject

!

| TriggerObject ‘
|

] [ ]
4| IndependentTrigger I | TriggerCombination }7
4’| Normal Trigger | AndTrigger
Combination

—>| AbnormalTrigger |

OrTrigger
Combination

UnionTrigger
Combination

Figure 6. Relationships among RuleObject, TriggerObject, and ActionObject.

In particular, when TriggerObject belongs to AndTriggerCombination, the inference
rule is triggered if and only if the intersection of the spatiotemporal ranges of all events in
the triggering event set is not empty.

When TriggerObject belongs to OrTriggerCombination, the inference rule is triggered if
and only if the spatiotemporal scope of any event in the trigger event set is not empty. When
any event in OrTriggerCombination occurs, whether other events in the event collection
also occur within the same temporal and spatial range will not be determined. Subsequent
reasoning can only use entities corresponding to individual events of the input.

When TriggerObject belongs to UnionTriggerCombination, the inference rule is trig-
gered if and only if the spatiotemporal range of any event in the trigger event set is not
empty. When any event in UnionTriggerCombination occurs, it searches for whether other
events in the event set also occur within the same space-time. Subsequent reasoning
for using data includes the entities corresponding to the independent event input at the
beginning and entities within the same spatiotemporal range corresponding to other events
in the triggered event combination.

When ActionObject belongs to AndActionCombination, after the inference rule is
triggered, each independent action function contained in AndActionCombination needs to
be executed sequentially.

The structure of RuleObject is illustrated in Figure 7.

The components of the inference rules are derived from specialized knowledge of
wildfire spread and exposure risk analysis. These components include entities, actions,
action sequences, and trigger relationships preceding the actions. These features are
methodically structured into inference rules, which can activate one another, creating a
logical chain of reasoning applicable to both wildfire spread analysis and spatiotemporal
risk assessment of exposure.
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<Property:ObjectProperty>
[Class:TriggerName]

<Property:hasTriggerObject>
[Class: TriggerName]

<Property:DataProperty>
"Class: TriggerName"

|Class:RuleObject] -

<Property:ObjectProperty>

B = s
[Class:ActionName]
Lol <Property:hasActionObject> <Property:DataProperty>
[Class:ActionName] "Class:ActionName"
L <Property:DataProperty>

[Class: TriggerNextRule]

Figure 7. Template for RuleObject definition.

For example, we defined an inference rule: ‘Detecting Exposure Entities with Risk’,
as shown in Figure 3. Its TriggerObject is AndTriggerObject contains two independent
events: ‘Spatial and Temporal Range of the Fire Point” and ‘Spatial and Temporal Range of
the Exposure’. Its ActionObject is ‘Output Exposure Entities in the Intersection’, executed
using a C# controller responsible for rule inference and program flow control.

The specific process of spatiotemporal reasoning is described as follows: (1) The
controller retrieves fire point entities and their spatiotemporal ranges from the KGERA
(based on triple connection relationships in the conceptual and instance layers). (2) The
controller retrieves exposure entities and their spatiotemporal ranges from the KGERA
(also based on triple connection relationships). (3) The controller determines whether there
is a spatiotemporal intersection between the fire point entities and the exposure entities.
(4) If an intersection exists, the controller executes the ActionObject to output the Exposure
entities in the intersection.

3. Experiment and Results

This section introduces a case study that applies the KGERA method to the analysis of
wildfire spread and spatiotemporal exposure risk. The findings of this study underline the
effectiveness of the method in integrating diverse spatiotemporal data sources, encapsu-
lating expert knowledge, discerning patterns in wildfire spread, and executing thorough
spatiotemporal risk analyses of exposure.

Figure 8 illustrates the various components of the KGERA in the experiment, including
the establishment of the conceptual layer, the extraction of multi-source data information,
and how this information is integrated into the KGERA. In the conceptual layer, the space
ontology and time ontology specify semantic representations of the spatial and temporal
dimensions, while the ontologies of exposure risk analysis define abstract concepts and
their semantic relationships in exposure risk analysis for multi-source heterogeneous data.

In addition, the interaction between spatiotemporal semantic rule sets and the con-
troller in Section 3.3 is also depicted in the figure. This process implements the use of rule
inference to predict the future spread trend of wildfires and accurately retrieve buildings
and roads at risk due to wildfires. Both of these analysis processes involve a significant
amount of retrieval actions for specific spatiotemporal range data, especially the inter-
mediate process of calculating wildfire spread speed based on TileCode units (as shown
in Figure 14).
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Construction of
Conceptual Layer
(Section 2.2.1)

Construction of Instance Layer
(Section 2.2.2)

Construction of Spatiotemporal semantic rule sets (Section 2.2.3 and Section 3.3)
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Controller: Detect the completion of inferring L rive
at-risk buildings and roads and trigger spatiotemporal semantic rule set 3.
Figure 8. Construction of KGERA in the experiment.

The KGERA can efficiently retrieve data based on the indexing structure in the tempo-
ral and spatial dimensions (as shown in Figure 19), providing critical technological support
for faster identification and positioning of buildings and roads potentially threatened
by wildfires.

3.1. Experimental Area

For our study, which focused on analyzing wildfire spread trends and executing
spatiotemporal risk assessments of exposure, Xichang City in the Liangshan Yi Autonomous
Prefecture, Sichuan Province, China, was selected as the experimental location.

Geographically, Xichang City spans longitudes from 101°46 to 102°25’ east and lati-
tudes from 27°32' to 28°10’ north, encompassing an area of approximately 2882.9 square
kilometers. Characterized by dense vegetation and a dry climate, the region is prone to
wildfires. Historically, Xichang has experienced several significant wildfire events, some
of which have led to casualties among responders. These aspects make Xichang an ideal
location for this research. For a comprehensive understanding of the experimental data,
Table 1 provides detailed information, including the data sources and specific aspects of
the data.

Table 1. Sources and details of the experimental data.
Data Source Spatial Resolution Temporal Resolution Satellite Sensor
. . . . VIIRS S-NPP; VIIRS
NASA-FIRMS [34] ﬁpl.arommaFelytO.lC‘ﬂi tm X ??1:151 Mld-;a_t;tildis exgenence NOAA-20; MODIS/ Aqua;
m; approximately 1 km x ooks a day MODIS/ Terra
. . 0.02 x 0.02 degrees for latitude
Fi JAXA Himawari - . . .
ire Monitor | User’s Guide [35] and longitude (2. km x 2 km 10 min Himawari-8 sensor
at nadir)
. . Minute-level or
High scozglf:(_)z)r satellite VIR 50 mMIR 400 m second-level observations High score four sensor
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3.2. Remote Sensing Information Extraction Model for Buildings

Building extraction in our study was carried out using ensemble learning, a method
that combines multiple models to achieve more accurate learning outcomes. This approach
involves creating a set of ‘individual learners” and strategically amalgamating them. Model
selection in ensemble learning follows the ‘good but different” principle [20], suggesting
that combined predictions benefit from integrating models with high individual accuracy
and distinct characteristics. The application of ensemble learning aims to enhance both the
precision and robustness of the building extraction process.

Different CNN models can be constructed through hyperparameter adjustments or
alternative network architectures. When enhancing the accuracy of a single CNN model
proves difficult, the integration of multiple, varied CNN models can capitalize on their
unique strengths and differences, thereby achieving higher accuracy. We implemented
the building extraction model developed by Chen et al. [20], which underwent validation
testing. These tests showed that the F1-value for single-building extraction achieved an
advanced level of 0.908. Moreover, the extracted building data were cross-verified with
electronic maps, yielding satisfactory accuracy. The building extraction results for Xichang
City are illustrated in Figure 9.

0025 0.05

[ —— e Miles

Figure 9. Extraction results for buildings in Xichang City (partial).

3.3. Construction of KGERA

In our case study, we employed Protégé [41] to develop the conceptual layer of the
KGERA, which entailed formulating ontologies for time, space, wildfire spread analysis,
and spatiotemporal risk assessment of exposure. These crafted ontologies provide a
structured framework that adequately models the temporal, spatial, and attribute aspects
of the data.

We also developed the instance layer of the spatiotemporal knowledge graph, focusing
on March 2019 to March 2020, a time during which Xichang City experienced significant
wildfire events over two consecutive years. The date 31 March 2020 was chosen as the
target date for our analysis. On this date, we compiled a variety of data types, including
meteorological, terrain, vegetation, and exposure data, relevant to both wildfire spread and
exposure risk analyses. These data were subsequently transformed into the instance layer
of the knowledge graph for integrated analysis, as described in Section 2.2.2. Figure 10
displays the instances of buildings and roads within this layer.
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102.98438°F,
26.502315°N
102.98438°E,
26.502315°N Building 2020-03-30
Road z20 x131 y704

z20 x131 y703

2020-03-30

Figure 10. Instances of buildings and roads in the instance layer.

In our case study, we converted the specialized knowledge required for analyzing
wildfire spread trends and performing spatiotemporal exposure risk assessments into a
set of spatiotemporal semantic reasoning rules. These rules, as depicted in Figure 11,
comprehensively represent the essential knowledge and logical connections pertinent to
these analytical tasks.

Spatiotemporal Semantic Inference Rule Sets

Rule set 1

Rule set 2 | Rule set 3

E Model validation based E
on fire points ;
monitored by satellite

Reasoning

Calculate the risk of
surrounding buildings
and roads based on
wildfire spread trends

Figure 11. Spatiotemporal semantic inference rule sets.

e  Spatiotemporal Semantic Rule Set 1: Utilizing historical fire data from Xichang City on
31 March 2020, we gathered spatiotemporal information via the KGERA and estimated
the trends in wildfire spread over future intervals of 60, 120, and 180 min;

e  Controller Function: The controller calculates the complete wildfire spread trend and
subsequently activates Spatiotemporal Semantic Rule Set 2;

e  Spatiotemporal Semantic Rule Set 2: Leveraging inference rules, we assess the risk to
nearby buildings and roads based on the predicted wildfire spread trajectory;

e  Controller Function: Upon determining the completion of risk assessment for buildings
and roads, the controller initiates Spatiotemporal Semantic Rule Set 3;

e  Spatiotemporal Semantic Rule Set 3: To validate the accuracy of our methodology, we
compare the buildings and roads within the wildfire scene as captured using GF-4
satellite imagery against those identified through our proposed analytical approach.
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At present, in China, the Zhengfei Wang model [42] and the Rothermel model [43] are
the most widely used wildfire simulation models. For our Rule Set 1, the Zhengfei Wang
model was selected as the foundational framework for predicting wildfire spread. However,
the applicability of Zhengfei Wang’s model is limited to terrains with slopes of less than 60°.
For steeper slopes exceeding 60°, the model’s quantitative outputs significantly deviate
from the expected values. Consequently, Xianmin Mao revised the model to enhance its
accuracy for steeper terrains. Xianmin Mao’s [44] basic formulations for wildfire spread
speed are presented in Formulas (1) and (2):

R = Rg x Ks x Ky X Ky = Rg x Ks x exp(0.1783 x v) x exp (3.533 X tan(go)l'z) (1)

Ry=axT+bxV+cxh-D (2)

where R is the wildfire spread speed (m/s), ¢ is the slope (°), v is the wind speed (m/s), T is
the daily maximum temperature (°C), V is the noon average wind level (level), and / is the
daily minimum humidity (%). a, b, ¢, and D are constants, where a = 0.03, b = 0.05, ¢ = 0.01,
and D = 0.3. Table 2 shows the values of K;, and the definitions of each variable angle and
coordinate axis are shown in Figure 12. In Formulas (1) and (2), the wind direction, aspect,
and fire spread direction are defined, with 0 degrees representing the north direction and
the angles increasing in a clockwise direction.

Table 2. The type of surface combustible corresponds to the value of K;.

Type of Surface Combustibles Ks

Tiled pine leaves 0.8

Thatch weed 1.2

Litter 1.6

Sedge dwarf birch 1.8

Pasture grassland 2.0

Red pine, Huashan pine, Yunnan pine, and other woodlands 1.0

\
North (0°)

West (270°) East (90°)

\
_/angle

target
direction South (180°)

Figure 12. Definitions of variable angles and coordinate axes in Formulas (1) and (2).

Considering the impacts of wind and terrain, Mao modified the model to categorize
the spread speed into various directional components: uphill, downbhill, left flat slope, right
flat slope, and windward. This approach yielded a maximum of five directional spread
velocities. However, these five directional speeds do not directly reveal the overall future
spread range. Consequently, a method capable of calculating wildfire spread speeds in any
direction and projecting future spread ranges is needed.
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R = Ry x Ks x exp(0.1783 x v X cosp) X exp(—3.533 X tan(¢ X cos'y)m) 7 € (90, 270]

In our study, we introduce a grid-based method to simulate wildfire spread trends in
any direction. The structure of this method is shown in Figure 13.

Input Technical Simulation
parameters method results

slope, upslope | input calculation method of wildfire
spread speed in any direction

wind direction,
temperature, average
wind level at noon,
daily maximum
temperature,

daily minimum
humidity

grid with
geocoding )

A e R spread speed
2 B|n = in eight
directions

: input simulation method of grid fire
forecast time
spread trend

A method for simulating the spread trend of
wildfire with grid in any direction

simulation results of grid
fire spread trend

Figure 13. A framework for simulating the wildfire spread trend with grids in any direction.

In our technical approach, we incorporate the influence of both wind and terrain
factors over the spread of wildfires. To account for the effect of wind, we introduce a
correction term K, that considers the angle between the fire spread speed and the upslope
direction. This correction helps adjust the wind action term accordingly. Similarly, we also
consider the impact of terrain through a correction term K, which accounts for the angle
between the fire spread speed and the azimuth of the wind direction. By incorporating
these corrections, we can more accurately assess the combined effect of wind and terrain
on the spread of wildfires. Finally, we obtain the wildfire spreading speed in any direction,
as shown in Formulas (3) and (4):

u=0-—-«u

3
ry=0-p ®
R = Rg x Ks x exp(0.1783 x v X cosp) X exp (3.533 x tan(@ x cos'y)u) v € [0,90], (270, 360) @

where 6 is the angle at which the fire spread speed is calculated, « is the upslope direction,
B is the wind direction, R is the wildfire spread speed (m/s), ¢ is the slope (°), and v is
the wind speed (m/s). Table 2 shows the values of K, and the definitions of each variable
angle and coordinate axis are shown in Figure 12.

Based on Formulas (3) and (4), the spreading velocity in any direction of the plane
can be calculated. We further propose a gridded wildfire spread trend simulation method,
as shown in Figure 14. This method can calculate the spread plane based on the velocity
vector, which is beneficial for predicting the spatiotemporal range of wildfire spread and
spatiotemporal risk analysis of exposures.

First, we obtain the input parameters of the simulation method, including the geocod-
ing level, specified spread time, ignition point-slope, upslope direction, wind direction,
daily maximum temperature, daily minimum humidity, and average wind level at noon.
Next, we geocode the target area at a specified scale and write the geocoding and spread
time of the burning area at the initial moment on the list. Then, we used the grids as the
center grids one by one and obtained a total of eight directions (north, northeast, east,
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southeast, south, southwest, west, and northwest) based on the geocoding rules in four
directions. Subsequently, based on multi-source data and Formulas (3) and (4), we calculate
the spreading speed in eight directions and obtain the north and northeast directions of the
center grid based on the grid scale and grid side length as well as the east, southeast, south,
southwest, west, and northwest grid spreading times in eight directions. Subsequently, we
add the spreading time in eight directions from the center grid to the spreading time from
the center grid, and we determine whether the time exceeds the given time. If the spread
time is not exceeded and the center grid is not the last element in the list, we continue to
execute the algorithm. Finally, all the grids in the list are calculated; we output the union of
the spatial ranges corresponding to the grids in the list, that is, the spatial range expected
to spread within a given time, and we retrieve the exposures at risk.

Fire point, terrain, vegetation,
meteorological parameters

S Get mock method Geocode the
input parameters target area

input

Write the burning area at the
initial moment to the list:
<z18 x216279 y98935,0>

I

<Geocoding, expected to be

Calculate the spreading speed in 8
directions, and get the spreading time of the
grid in the 8 directions of the central grid
based on the grid scale

burning in x minutes>
Grid-by-grid based on <zI18 x216279 y98935,0>

geocoding rules to get grid <z18 x216280 y98935,0> =

geocoding in 8 directions

T <z18 x216279 y98936,10>
No w
output

Determine whether the
erid is ignited for
longer than the given
spread time

Yes Is the end of the list Yes
reached

Retrievingconstructions based on

future wildfire spread trends

End

T

Spatial extent of
given temporal
spread

Write this record:

No <z18 x216279 y98936,10> to
the end of the list

Figure 14. Method of simulating the gridded wildfire spread trend.

The gridded method for simulating wildfire spread trends, outlined in Section 2.2.3,
was transformed into a set of spatiotemporal semantic inference rules, as illustrated in
Figure 15. Figure 15 illustrates a RuleObject named ‘Calculation of spreading speed grid
by grid’. When this RuleObject receives notifications from preceding RuleObjects and is
able to retrieve the parameters required for its calculations, it is triggered. Its primary
action involves calculating the wildfire spread speed on each grid and determining whether
adjacent grids will ignite. Once calculations and assessments are completed for each grid,
this RuleObject generates trigger conditions for the subsequent RuleObject named ‘Output
spread range’. These rules facilitate the efficient and precise analysis and prediction of
wildfire spread patterns across various grid cells.



Fire 2024, 7, 131 16 of 22

<IndependentTrigger>

[Received the notification of
the previous plan]

<AndTriggerCombination>

Grid-by-grid calculation spread
velocity trigger event

<IndependentTrigger> <ParameterValue>

[Fire point, terrain, vegetation,

. [Information to be retrieved]
meteorological parameters]

[RuleObject]

< ion>

Calculation of spreading Independegthichion

speed grid by grid —> [Define boolean variable]
<AndActionCombination> <IndependentAction>
<AndActionCombination>
—®1 Calculate forecast time grid [Take forecast time]
Compute creep velocity
response grid by grid

<IndependentAction>

—® [Spread simulation calculation]

<IndependentAction> <NotificationTrigger>

—> [Notify the next plan] Output spread range

Figure 15. Spatiotemporal semantic reasoning rules for gridded wildfire spread trend simulation.

3.4. Wildfire Exposure Risk Analysis

At approximately 7:00 a.m. on 30 March 2020, a wildfire broke out in Xichang City
within the Liangshan Yi Autonomous Prefecture, Sichuan Province, China. The blaze
swiftly moved toward the Lushan Scenic Area, exhibiting rapid expansion. By 8:00 a.m. on
March 31, it had engulfed more than 1000 hectares, with more than 80 hectares becoming
severely damaged. The GF-4 satellite imagery captured this scene in Xichang at 5:39 a.m.
on March 31, as shown in Figure 16. The highly bright area within the red frame in the
figure indicates an abnormal heat source from the wildfire.

102°0'0"E 102°20'0"E

28°0'0"N:

S

N
| [28°0'0"N

27°40'0"N+ F27°40'0"N

102°00°E 102°200"E
Figure 16. The fire scene in Xichang City was captured using GF-4 at 5:39 on March 31.

The wildfire’s escalation was exacerbated by a sudden shift and intensification of
wind at the site, coupled with airborne embers obstructing escape routes. Tragically, this
resulted in 19 fatalities among the firefighting personnel and 3 injuries. The fires consumed
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a vast expanse of 3047.7805 hectares, affecting a variety of land types. The impacted
forested area totaled 791.6 hectares, leading to direct economic losses of 97.3112 million
yuan. Revisiting the situation at 5:39 a.m. on March 31 and utilizing the fire range data
from GF-4, we applied our method to predict further wildfire spread and evaluate the risk
to nearby structures and roads. This approach aids in strategizing safe rescue operations
and evacuation planning.

Utilizing a combination of multi-source data from the wildfire scene and the estab-
lished spatiotemporal semantic reasoning rules, we forecasted the wildfire progression at
6:39, 7:39, and 8:39 a.m. on March 31, beginning with the situation at 5:39 a.m. We also
retrieved nearby buildings and roads that were at risk using these inference rules, as shown
in Figure 17.

" —— Roads
I Buildings
05:39 Burning range

06:39 Burning range
07:39 Burning range ol &
08:39 Burning range p 0 U.?S 0.5 1 45

- = Miles'

Figure 17. The spreading trend of wildfires and the risk of exposure from 5:39 to 8:39 on
31 March 2020.

Figure 17 illustrates the roads and buildings at imminent risk of wildfire within the
subsequent three hours. Fire command and rescue teams should closely monitor these
areas for the following reasons: (1) The roads highlighted in Figure 17 are susceptible to
significant smoke and fire impacts. Blocking these roads can prevent individuals from
becoming trapped in hazardous fire-spreading zones while simultaneously creating clear
evacuation pathways for the safe exit of local residents and tourists. (2) The figure also
suggests the possibility of the fire reaching nearby buildings. Therefore, it is crucial
for rescue teams to prioritize these structures and expedite the evacuation of occupants.
(3) Additionally, Figure 17 reveals areas where the fire burn radius could become enlarged.
Firefighters should be wary of the indicated direction of rapid spread, adjusting their tactics
accordingly to safeguard the lives of rescue personnel.

4. Discussion

The extent of the wildfires at 7:02 a.m. and 8:41 a.m. was recorded on March 31.
Utilizing the methodology outlined in this study, we forecasted the wildfire reach at these
same timestamps. Our predictions were then juxtaposed with the GF-4 observations, as
shown in Figure 18.

A comparison with the GF-4 monitoring data reveals that our method can be used to
effectively analyze the spatial positions of buildings and roads vulnerable to future wildfire
damage. This juxtaposition underscores our approach’s ability to assess spatiotemporal
exposure risks.
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(- I Model prediction range :
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Figure 18. The range of wildfires monitored via GF-4 was compared with the range predicted using
the method proposed in this study. (a) Comparison between the GF-4 monitoring range and the
model prediction range at 5:39. (b) Comparison between the GF-4 monitoring range and the model
prediction range at 8:41.

In contrast to conventional methods that rely on relational data tables, our proposed
approach yields marked advantages in terms of efficiency, especially in emergency rescue
situations. Here, we present the evidence supporting this efficiency benefit.

We calculate the area of wildfire spread at time ¢, referred to as Area, depicted as a
spatial vector polygon. To identify buildings at risk of ignition at time ¢, we conduct a
spatial intersection analysis between Area and all the buildings in the experimental zone
(for a total of m buildings), as illustrated in Figure 19. (1) In traditional relational data
table methods, each of the m buildings must be individually evaluated for intersection
with Area. The algorithm’s time complexity for polygon intersections depends on the
number of boundary coordinates of the features, labeled p for buildings and g for Area.
Thus, the query’s time complexity is O(m x p x q). (2) With the KGERA method, Area
comprises a sequence of tiles totaling # tiles. Using the instance layer’s building storage
format shown in Figure 10, we can directly index buildings corresponding to these tiles
via < building has TileCode tile >, eliminating the need for polygon intersection checks.
Consequently, the query’s time complexity in this case is O(m x n).

The methodology introduced in this study demonstrates a notably reduced time
complexity compared to conventional query methods that rely on relational data tables.

Our approach effectively harnesses multi-source data from wildfire scenes, employing
spatiotemporal semantic rules to model potential future fire spread patterns. Furthermore,
it can identify buildings and roads within risk zones precisely. By integrating spatiotem-
poral relationships, semantic information, and fire propagation models, our method can
pinpoint buildings and roads at potential risk of fire, thereby offering more precise data for
rescue planning.

Research [1] advocates decoupling the static and dynamic fire environmental variables
in landscape fire risk assessments to assess wildfire vulnerability instead of complex
computational simulation models. This research focused on assessing the likelihood of
fire spreading to a particular location based solely on fuel type before the fire occurs. The
discussion in the article [1] mentions a challenge that integrates dynamic meteorological
conditions into the analysis to provide hazard signals during wildfire spread. Our research
provides hazard signals during the dynamic spread of wildfires and offers risk analysis for
surrounding construction. Meteorological conditions, topography, and fuel type are crucial
factors influencing the spread of wildfires. The Rothermel model, widely used in wildfire
spread prediction [2], integrates fuel type, topography, and meteorological factors. Multiple
studies [3-6] confirm that it is crucial to consider factors such as meteorological conditions
and topography rather than focusing solely on fuel type when predicting wildfire spread.
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Figure 19. Comparison of efficiency between the KGERA-based method and the traditional method
based on relational data tables.

While our method offers advantages in forecasting disaster spread and aiding rescue
efforts, it is important to acknowledge its limitations. (1) Data Reliability: The method’s
accuracy relies heavily on the quality of the input data. Any discrepancies, omissions, or
inaccuracies in field or remote sensing data can significantly impact prediction outcomes.
Given the resolution limits of available data, our approach may not be entirely suitable for
local fire scenarios in smaller communities. (2) Model Complexity: The extensive use of
multi-source data and spatiotemporal semantic rules results in a complex computational
process, which demands significant computational power and resources. Enhancing the
practicality of the method requires algorithm optimization to lower the computational
complexity and boost the operational efficiency. (3) Dynamic Changes: Wildfire spread is
influenced by numerous dynamic factors, such as wind, terrain, and vegetation. However,
our method cannot promptly incorporate real-time changes in these variables, making
accurate, immediate fire predictions challenging. Consequently, fire commanders and
rescue teams should continue to rely on situational awareness and live observational data
for decision making.

5. Conclusions

This study focuses on elucidating a method for analyzing spatiotemporal exposure
risks in wildfire scenarios. The proposed approach entails encoding domain-specific
expertise into semantic rules within a knowledge graph. Utilizing rule-based inference, this
method effectively extracts spatiotemporal data through the KGERA, facilitating exposure
risk analysis during wildfire progression. While it can predict and identify potential
exposure risks at future time points, the method does not quantify the magnitude of these
risks. The proposed method integrates a variety of mechanisms, models, processes, and
functionalities that collectively augment the effectiveness of exposure risk analysis. The
key contributions of this study are given as follows:

(1) In response to the challenge of high temporal complexity in spatial risk analysis,
the KGERA offers spatiotemporal semantic modeling. This modeling facilitates the
integration of data related to wildfire exposure within the broader framework of
spatiotemporal wildfire risk analysis;



Fire 2024, 7, 131 20 of 22

(2) By addressing the issue of insufficient analysis of exposure risk during the active
spread of wildfires in existing research, the proposed method offers a knowledge
modeling approach by formalizing remote sensing-extracted information into factual
knowledge within the knowledge graph, facilitating the modeling and application of
domain-specific expertise;

(3) The approach outlined in this study leverages spatiotemporal data and the KGERA
framework to identify exposures that are potentially at risk in certain spatiotemporal
zones, including buildings and roads threatened by wildfires, with satisfactory accuracy.

The KGERA framework introduced in this study enables the semantic integration of
diverse data sources in wildfire management, providing a knowledge graph-driven method
for spatiotemporal exposure risk analysis. Future studies could incorporate real-time data
with wildfire emergency protocols to derive more accurate and timely rescue strategies
during evolving fire conditions. Moreover, the KGERA framework lays the groundwork
for further exploration in exposure risk analysis across various disaster contexts, such as
extreme weather events or floods. Future research will aim to broaden the scope of exposure
studies and enhance the frequency of analyzing spatiotemporal dynamics between disasters
and exposures. Specifically, in fire exposure research, our focus on assessing risks based on
fuel type will increase. We plan to integrate prefire vulnerability assessments based on fuel
types with exposure risk evaluations considering multiple influencing factors.
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