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Abstract 
Recent fires and disasters in large-scale complex spaces often result in massive casualties because 

dense smoke and low visibility make rapid evacuation difficult. To address this issue, this paper 

proposes an optimized evacuation-route planning system based on multimodal sensor fusion and a 

dynamic programming-based Floyd-Warshall algorithm. The proposed system integrates sensors such 

as vision, LiDAR, thermal cameras, and UWB radar to perform robust situation awareness and 

localization even in smoky environments. The indoor disaster space is modeled as a weighted graph 

composed of nodes, edges, exits, obstacles, and hazardous areas. The Floyd-Warshall algorithm is then 

applied to compute shortest and safest paths among all node pairs by updating route costs through 

dynamic programming. Experimental results from smoke-filled fire scenarios demonstrate that the 

proposed method provides stable path planning, rapid route retrieval after cost-table generation, and 

reliable alternative path selection when environmental risk weights are updated. The proposed 

approach is expected to improve the practicality and safety of autonomous evacuation guide robots in 

disaster environments. 

 

Keywords: Multimodal Sensor Fusion, Dynamic Programming, Floyd-Warshall Algorithm, 

Autonomous Driving Robots, Disaster Response, Evacuation Path Planning 

 

 

Ⅰ. Introduction  
 

Smoke-filled disaster environments, such as fires in complex indoor spaces, cause loss of visibility 

and spatial disorientation, making it difficult to identify evacuation routes and increasing the risk of 

large-scale casualties [1]. In structurally complex environments such as underground spaces, large 

shopping malls, and performance venues, existing evacuation systems may fail to function effectively 

due to smoke dispersion, blocked passages, and dynamic obstacles [2]. Although research on disaster 

response robots has been actively conducted, most existing studies have focused on fire detection, 

victim search, or initial fire suppression functions. Consequently, reliable environmental perception in 

low-visibility conditions and route generation that reflects the changing risk level of disaster spaces 

remain important research problems [3]. Existing path-planning algorithms such as A* and Dijkstra are 

widely used because of their computational efficiency and stable shortest-path search performance 

[4][5]. However, single-source short-path methods are less efficient when evacuation guidance must 

consider multiple exits, multiple users, and repeated route requests from different positions in a 

complex indoor graph. In addition, route generation in disaster scenarios requires not only distance 

minimization but also the integration of safety factors such as fire proximity, smoke density, obstacle 

distribution, and crowd movement. To address these issues, this study proposes an autonomous 
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evacuation path-guidance algorithm that combines multimodal sensor fusion with a dynamic 

programming-based Floyd-Warshall algorithm [6][7]. The proposed system integrates vision, LiDAR, 

thermal cameras, and UWB radar to enable robust environmental perception and precise localization 

even in smoke-filled environments [8]. The recognized disaster space is converted into a weighted 

graph, and the Floyd-Warshall algorithm is used to compute all-pairs optimal paths. By updating graph 

weights according to sensor information, the system can provide safe route guidance to the nearest or 

most appropriate evacuation point. The main contributions of this paper are as follows. First, we design 

an autonomous driving architecture based on multimodal sensor fusion for robust perception in smoky 

environments. Second, we establish a dynamic programming-based evacuation path-generation system 

using the Floyd-Warshall algorithm. Third, we verify performance improvements compared with 

conventional path-planning methods in terms of route availability, evacuation success rate, path-

generation stability, and route-query efficiency. The structure of this paper is as follows. Chapter 2 

analyzes related research, and Chapter 3 describes the structure and design methodology of the 

proposed system. Chapter 4 details the dynamic programming-based Floyd-Warshall path-planning 

technique, and Chapter 5 analyzes the experiments and results. Finally, Chapter 6 presents the 

conclusions and future research directions. 

 

 

Ⅱ. Related Work 
 

Disaster response robots have long been studied as a core technology for hazardous environments 

where human access is difficult [3]. Early research primarily focused on remotely operated robots for 

fire-scene reconnaissance and victim detection. It later expanded into SLAM-based autonomous 

navigation research alongside advancements in autonomous driving technology [9]. However, these 

approaches mostly assume static or partially observable environments, which limit their applicability in 

extreme disaster conditions such as dense smoke [2]. Existing SLAM-based autonomous navigation 

research relies heavily on LiDAR or vision sensors, and issues such as sensor noise from smoke, a lack 

of landmarks, and reduced visibility can lead to unstable position estimation [10][11][12]. 

Research on path planning in disaster environments has primarily relied on graph-based algorithms 

such as A*, Dijkstra, and Floyd-Warshall [7]. A* is effective when heuristic information is available, 

and Dijkstra is suitable for finding the shortest path from a single source to other nodes in a graph with 

non-negative weights. Floyd-Warshall, by contrast, computes the shortest paths between all pairs of 

nodes through a dynamic programming process. This characteristic is useful in evacuation 

environments where multiple exits, multiple starting points, and alternative route requests must be 

handled repeatedly. Recent motion-planning and autonomous mobile robot navigation studies also 

emphasize planning under dynamic agents and changing environments [13][14]. In smoke-filled 

disaster environments, path cost should not be defined only by physical distance. It should also reflect 

risk factors such as smoke density, fire spread, blocked areas, and crowd congestion. Therefore, a 

graph-based route-planning model that updates edge weights using real-time sensor-fusion information 

can support safer evacuation decisions. Compared with approaches that require a learning phase, the 

Floyd-Warshall algorithm provides deterministic and explainable path computation. This study 

therefore aims to design and implement an autonomous evacuation guidance robot system that 

combines robust environmental perception through multimodal sensor fusion with dynamic 

programming-based all-pairs path planning. Through this, we seek to overcome the structural 

limitations of prior research and propose an integrated disaster-response robot system applicable to 

real-world smoke-filled environments.  

 

 

Ⅲ. Optimal Escape Path Guidance Algorithm 
 

This chapter describes the overall architecture of an autonomous evacuation guide robot system for 

smoke-filled disaster environments, as well as the design approaches for each module. The proposed 

system consists of environmental perception based on multimodal sensor fusion, autonomous 

navigation and path planning, and evacuation guidance functions. The proposed system consists of four 

main modules: 
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•  Perception Layer 

•  Autonomous Navigation and Path Planning Layer 

•  Evacuation Guidance Layer 

•  System Integration and Control Layer 

Each module is designed to interact with the others based on real-time data streams, ensuring stable 

mission performance even in smoke-filled environments. 

‘Figure 1’ shows overall system architecture of the evacuation guidance robot. Environmental 

perception based on multimodal sensor fusion enhances situational awareness in smoke-filled disaster 

environments by integrating complementary sensor data, thereby improving robustness against 

visibility degradation and sensor noise [8]. 

 

 
Figure 1. Overall System Architecture of the Evacuation Guidance Robot 

 

Since single-sensor-based perception is unreliable in smoky environments, this study designs a 

multimodal sensor-fusion architecture that integrates multiple sensors [8]. 

 

•  Vision Sensor: recognition of objects and spatial information 

•  LiDAR: acquisition of distance and obstacle information 

•  Thermal camera: detection of fire points and survivors 

•  UWB Radar: biometric-based detection in smoky environments 

 

Data acquired from each sensor is integrated through a sensor-fusion algorithm, enabling robust 

environmental awareness and localization even in low-visibility environments [8]. The autonomous 

driving module performs robust localization and navigation by leveraging environmental information 

derived from multimodal sensor fusion. To address the path-planning requirements of disaster 

environments, this study adopts a dynamic programming-based Floyd-Warshall algorithm [6][7]. The 

indoor environment is modeled as a graph in which rooms, corridors, intersections, exits, and 

temporary safe zones are represented as nodes, while traversable passages are represented as weighted 

edges. Edge weights are determined by distance and risk factors, including smoke density, fire 

proximity, obstacle distribution, and crowd congestion. ‘Figure 2’ shows sensor fusion architecture for 

smoke-filled disaster environments. 
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Figure 2. Sensor Fusion Architecture for Smoke-Filled Disaster Environments 

 

The path-planning problem is defined as follows. 

• Node set V: robot position, corridor intersections, exits, temporary safe zones, and important 

waypoints 

• Edge set E: traversable passages between nodes 

• Weight W(i, j): movement cost from node i to node j, including distance and safety risk 

• Objective: selection of the safest and shortest route from the robot or evacuee position to an 

available exit 

 

The Floyd-Warshall algorithm repeatedly checks whether a path passing through an intermediate 

node provides a lower cost than the current path [6][7]. The shortest-path table is updated through 

dynamic programming, allowing the robot to quickly retrieve routes between any pair of nodes after the 

table is generated. ‘Figure 3’ shows dynamic programming-based Floyd-warshall path planning 

framework. 

 

 
Figure 3. Dynamic Programming-Based Floyd-Warshall Path Planning Framework 

 

The evacuation guidance module guides users toward safe routes based on the generated path 

information. 

 

• Voice Guidance (TTS-based) 

• Visual Signals (LEDs and directional indicators) 

• Path Visualization 

 

This module is designed with crowd movement characteristics and human-robot interaction in mind 

and serves to enhance user confidence during the evacuation process. The proposed system integrates 

each module into a real-time operating structure: sensor data collection, environmental perception, 

graph-cost update, path-table generation, route extraction, evacuation guidance, and feedback-based 

route recalculation. 

http://doi.org/10.23023/JPT.2026.14.3.003
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Ⅳ. Dynamic Programming-Based Floyd-Warshall Evacuation Path Planning 
 

This chapter describes the dynamic programming-based Floyd-Warshall path-planning technique 

proposed for generating evacuation routes in smoke-filled disaster environments [6][7]. Existing graph-

based path-planning algorithms are effective for shortest-path search, but repeated route planning from 

many starting points to many exits can be inefficient when routes must be frequently requested. The 

Floyd-Warshall algorithm is suitable for this context because it generates an all-pairs shortest-path table 

that can be reused for multiple evacuation queries. 

 

4.1 Graph Modeling of Disaster Space 

The disaster environment is represented as a weighted directed or undirected graph G = (V, E, W). 

The node set V represents meaningful positions such as the robot location, corridor intersections, rooms, 

exits, stairways, and safe areas. The edge set E represents movement paths between nodes. Each edge 

weight W(i, j) represents the total cost of moving from node i to node j. The edge weight is defined by 

combining travel distance and disaster-risk factors as follows: 

 

W(i, j) = αD(i, j) + βS(i, j) + γF(i, j) + δO(i, j) + ηC(i, j) 

 

Here, D(i, j) denotes physical distance, S(i, j) denotes smoke-density cost, F(i, j) denotes fire-

proximity cost, O(i, j) denotes obstacle cost, and C(i, j) denotes crowd-congestion cost. The coefficients 

α, β, γ, δ, and η are weighting parameters used to control the relative importance of each factor. 

 

4.2 Floyd-Warshall Dynamic Programming Formulation 

The Floyd-Warshall algorithm computes the minimum cost between every pair of nodes by using 

intermediate nodes [6][7]. Let D[i][j] be the current minimum cost from node i to node j. For every 

intermediate node k, the algorithm updates the distance matrix as follows: 

 

D[i][j] = min(D[i][j], D[i][k] + D[k][j]) 

 

This recurrence means that if the route from i to j through k is safer or shorter than the currently 

known route, the route cost is updated. By repeating this process for all nodes, the system obtains an 

all-pairs optimal path table. In addition, a predecessor or next-node matrix is maintained to reconstruct 

the actual evacuation route from the current robot position to the selected exit. 

 

4.3 Algorithm Procedure 

The proposed path-planning procedure is as follows. 

 

• Construct the indoor disaster-space graph using map information and sensor-fusion data. 

• Initialize the distance matrix using edge weights derived from distance, smoke, fire, obstacle, and 

crowd information. 

• Apply the Floyd-Warshall recurrence to compute all-pairs minimum-cost paths. 

• Select the exit with the lowest total cost from the robot or evacuee position. 

• Reconstruct the route using the next-node matrix and provide guidance through voice, visual 

signals, and path visualization. 

• When sensor data indicate environmental changes, update edge weights and recompute or partially 

refresh the path table. 

 

4.4 Route Replanning Based on Sensor-Fusion Feedback 

In disaster situations, the traversability and risk level of each route can change over time. For 

example, a corridor may become blocked by an obstacle, smoke density may increase, or fire may 

spread to a nearby area. The proposed method reflects these changes by updating graph weights. A 

blocked edge is assigned an infinite or very high cost, while a dangerous but passable area is assigned a 
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high safety-risk cost. After the graph is updated, the Floyd-Warshall table is recalculated to provide a 

revised route. This process enables the system to perform safety-oriented route replanning while 

maintaining deterministic and explainable path-selection logic. 

 

4.5 Comparative Analysis with Existing Algorithms 

The differences from existing path-planning methods are summarized in ‘Table 1’. 

 
Table 1. Traditional Pathfinding vs. Dynamic Programming-Based Floyd-Warshall Path Planning 

Category A* Dijkstra Our Proposed Floyd-Warshall 

Search scope Single start-goal path Single-source shortest paths All-pairs shortest paths 

Main strength Heuristic search efficiency Stable shortest-path search Fast route retrieval after table generation 

Multiple exits Requires repeated searches 
Requires repeated or source-based 
searches 

Naturally supports all exit candidates 

Adaptability 
Requires cost-map update 
and re-search 

Requires cost-map update and re-
search 

Updates edge weights and recalculate all-
pairs table 

Explainability High High High 

Learning phase Not required Not required Not required 

 

While A* and Dijkstra are effective for shortest-path search, the proposed Floyd-Warshall-based 

method is advantageous when an evacuation system must repeatedly retrieve routes between many 

positions and many exits. Because the method computes the full path-cost table, it can quickly compare 

evacuation candidates and extract safe routes for different users or robot positions. This makes it 

suitable for autonomous evacuation guidance systems operating in complex indoor disaster 

environments. 
 

 

Ⅴ. Experiments and Results 
 

We analyze the experimental environment and results to validate the performance of the proposed 

path-planning system based on multimodal sensor fusion and the dynamic programming-based Floyd-

Warshall algorithm. We evaluate its efficiency and stability in dynamic disaster environments by 

comparing it with existing path-planning algorithms such as A* and Dijkstra. The experiments were 

conducted in an indoor environment simulating a smoke-filled disaster scenario and included the 

following conditions. 

 

• Low-visibility environment reflecting smoke density 

• Dynamic obstacles including moving crowds 

• Fire-spread areas designated as danger zones 

• Multi-path and multi-exit selection scenarios 

 

The robot is programmed to start from the same initial position and move to the target exit. 

Performance evaluation is conducted based on evacuation success rate, path planning time, collision 

rate, and path efficiency. ‘Figure 4’ shows comparison of evacuation success rates by algorithm. 
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Figure 4. Comparison of evacuation success rates by algorithm 

 

The experimental results show that the proposed Floyd-Warshall-based method provides stable 

evacuation-route generation by considering both short distance and safety-related costs. In scenarios 

with multiple exits, the proposed method can compare all candidate routes using the all-pairs path table 

and select the evacuation route with the lowest integrated risk cost. Existing algorithms may require 

repeated searches for each candidate exit, whereas the proposed method can retrieve routes efficiently 

after the cost table has been generated. ‘Figure 5’ shows comparison of path planning time. 

 

 
Figure 5. Comparison of path planning time 

 

In terms of path planning time, the Floyd-Warshall algorithm requires an initial all-pairs computation 

cost. However, after the path table is generated, route queries between arbitrary node pairs can be 

performed rapidly. This characteristic is useful in evacuation guidance because many evacuees or 

robots may request routes from different locations to different exits. When environmental information 

changes, graph weights are updated and the route table is recalculated to reflect new risk conditions. 

 

 
Figure 6. Comparison of collision occurrence rates 
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‘Figure 6’ shows comparison of collision occurrence rates. 

Analysis of collision rates shows that the proposed method reduces route selection through hazardous 

or blocked areas by assigning high costs to edges near obstacles, fire, dense smoke, or crowd 

congestion. As a result, the robot can select safer detours rather than relying only on the geometrically 

shortest route. ‘Figure 7’ shows comparison of path efficiency (Travel Distance/Optimal Path Ratio). 

 

 
Figure 7. Comparison of Path Efficiency (Travel Distance / Optimal Path Ratio) 

 

In terms of path efficiency, the proposed method may select a longer detour when the shortest 

physical path contains high-risk areas. This behavior is appropriate for disaster evacuation because 

safety is more important than minimizing travel distance alone. Based on the overall experimental 

results, the proposed multimodal sensor fusion and Floyd-Warshall-based path-planning method 

demonstrates the following advantages compared to existing algorithms: 

 

• Stable route generation in smoke-filled and low-visibility environments 

• Efficient route retrieval for multiple start and exit nodes 

• Reduced selection of hazardous or blocked paths through risk-weighted graph modeling 

• Explainable and deterministic path selection without a separate learning phase 

 

These results indicate that the proposed system goes beyond simple shortest-path search and supports 

safety-oriented evacuation decisions required in real disaster environments. 

 

 

Ⅵ. Conclusion 
 

In this paper, we proposed the design and implementation of an autonomous evacuation guide robot 

system that combines multimodal sensor fusion with a dynamic programming-based Floyd-Warshall 

path-planning algorithm to overcome the limitations of existing evacuation systems in smoke-filled 

disaster environments. The proposed system integrates vision, LiDAR, thermal imaging cameras, and 

UWB radar to enable reliable environmental perception and precise localization even in low-visibility 

environments. The perceived environment is converted into a weighted graph, and the Floyd-Warshall 

algorithm computes all-pairs optimal paths based on distance and safety-related risk costs. The 

proposed method demonstrates practical advantages in evacuation-route selection, path-query 

efficiency, and safety-oriented detour generation compared with existing A* and Dijkstra-based path-

planning algorithms. It can generate stable paths even in complex disaster environments where 

obstacles, smoke, and fire spread occur simultaneously. This indicates that the proposed system can 

support safety-centric route planning required in real disaster environments while maintaining 

deterministic and explainable decision-making logic.  

This study is significant because it implements a practical autonomous escape guidance system that 

integrates environmental perception, graph-based path generation, and evacuation guidance. However, 

this study was conducted primarily through simulation-based experiments and has the limitation of not 

fully accounting for all exceptional situations found in real-world fire environments. Furthermore, 
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sophisticated modeling of crowd behavior and human-robot interaction is required. In future research, 

we plan to verify the system’s reliability and stability through field tests that simulate real-world fire 

environments and to conduct expanded studies integrating multi-robot collaboration and crowd 

behavior models. The approach proposed in this study can also be extended beyond disaster response to 

smart buildings, intelligent safety systems, and autonomous indoor navigation services aimed at 

minimizing casualties in emergency situations. 
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