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Evacuate task is one of the crucial applications for mobile robots in the human
environment. This field of research involved the fundamental problem of path planning to
provide an efficient and smooth path to guide the robot from the entry position to one or
several victims and finally to the exit location. This research aims to develop a novel path
planning-smoothing method for generating evacuation paths in accessible Search-and-
Rescue (SAR) environments for non-holonomic mobile robots. This paper presents a
modified, rapidly-explored random tree (RRT) with the virtual robot. This paper
introduces a novel modification of the RRT algorithm that incorporates a virtual
Ackermann-steering mobile robot to improve path smoothness and efficiency. The RRT
path consists of several sharp turns tracked by a virtual mobile robot with an Ackermann-
steering kinematics model. The trace of this virtual agent transforms sharp turns into
smoother, more navigable paths, making them suitable for non-holonomic mobile robots
in structured environments. The proposed path planning-smoothing method produced a
more efficient distance magnitude than the path of previous studies. The virtual
Ackermann-steering mobile robot-based modified RRT successfully shortened the path

and improved its smoothness.

1. INTRODUCTION

Mobile robots play a significant role in supporting humans
in their daily activities, particularly in hazardous environments.
In diseased zones, these robots offer critical services such as
transporting logistics, monitoring support, and performing
disinfection tasks [1]. The robot executes these services with
human operator supervision or is accomplished fully
autonomously by the robot itself. These services can be
performed under human supervision or autonomously. Robots
capable of fully autonomous operations are known as
Autonomous Mobile Robots (AMRs) [2]. Robots working in
hospitals typically provide passive services, operating by
waiting for patients to come to them. In contrast, Search-and-
Rescue (SAR) robots actively seek out and save victims,
providing crucial assistance in dangerous environments [3].

These SAR robots have some important applications in
exploring a jeopardized environment. In civil domains, SARs
were deployed to support SAR operations [4, 5]. SAR robots
have been deployed in civil domains to support rescue
operations, aiding in the rescue of humans and wild animals [6,
7]. They are especially useful in collapsed structures, as they
can reach survivors in areas inaccessible to human rescue teams
[8-11]. These robots are often required to seek the survivors in
inaccessible areas that are hard for human rescue teams to
explore, such as investigated in Robots in SAR environments
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must have suitable kinematics models to increase their
manoeuvrability and efficiency to reach the victim [10, 11].

The effectiveness of SAR robots heavily depends on their
kinematic models, which enhance maneuverability and
efficiency. There are two main types of SAR robots based on
kinematic constraints: holonomic and non-holonomic [12]. A
kind of SAR used in rescue operations must be able to handle
lateral slip. Non-holonomic SARs have the characteristic of
taking slip in the lateral direction [13]. Non-holonomic SARs,
which handle lateral slip, include differential steering robots
and skid-steering robots. Differential steering robots are
lightweight and simple but have issues with dynamic stability
[14, 15]. Skid-steering robots, while excellent for rough terrain,
consume high power during turns [6, 8, 9, 16]. Although this
platform has good mobility for driving in rough-terrain, it
requires high power usage when turning [16].

In some scenarios, the primary task of a SAR robot is to
evacuate victims to safe areas, especially when direct rescue is
not feasible [17]. To carry out the evacuation task, it is desirable
to equip SAR with a simple medical kit. A SAR with the
Ackermann-steering platform is chosen to transport heavy
loads such as medical equipment. For such evacuation tasks,
SAR robots equipped with simple medical kits are essential.
Ackermann-steering platforms are particularly suitable for
transporting heavy loads like medical equipment, as they
reduce the transient rollover risk associated with heavy loads
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[18, 19]. Unlike other non-holonomic models, the Ackermann
steering model has smoother and more stable movement
characteristics due to its limited turning radius and continuous
directional changes. These characteristics make the Ackermann
model more suitable for evacuation tasks that require load
stability and realistic vehicle behaviour representation, while
reducing the risk of instability [18].

The critical first step in SAR evacuation operations is path
planning [20]. In this function, SAR must plan a prudent and
simplistic evacuation path from an entry position to every
victim location. SAR robots must plan and execute efficient
evacuation paths from entry points to victims and from victims
to exits [21]. The evacuation path in the SAR environment must
be followed easily by a SAR equipped with a medical kit. This
research proposes a novel evacuation path planning and
smoothing method based on the Ackerman-steering kinematic
model and partial map for solving evacuation exploration in
SAR structured environment by generating the shortest and
smoothest path. These paths must be easily navigable by SAR
robots equipped with medical kits. This research proposes a
novel path planning and smoothing method using the
Ackermann-steering kinematic model and partial maps. The
goal is to generate the shortest and smoothest paths for SAR
robots in structured environments. Once path planning is
established, other navigation functions such as path following
and map construction are necessary for successful execution
[22, 23]. This study focuses on the first function of SAR
navigation: path planning [24]. The aim is to develop a new
method to create the shortest and smoothest paths, enhancing
the efficiency of evacuation operations in accessible
environments.

2. RESEARCH METHODOLOGY
2.1 Relate work

A comprehensive survey on path planning for AMRs

categorizes methods into reactive computing, soft computing,
configuration-space (c-space) search, and optimal control
[25]. Path planning for evacuation and general exploration
tasks can be divided into two main problems based on the
availability of environmental information and the timing of
path planning: online and offline path planning [25, 26].
Online path planning addresses exploration tasks without prior
environmental data [27], whereas offline path planning occurs
with some pre-existing environmental information [28-32].

In scenarios where prior environmental data is available,
paths can be generated to avoid static obstacles efficiently
[33]. However, these paths are often difficult for non-
holonomic mobile robots to follow [34]. Sample-based
algorithms from the c-space search category are suitable for
high-dimensional path planning. The Probabilistic Road Map
(PRM) algorithm, for instance, has been used for path planning
in environments with static obstacles [28] and for global path
planning with non-linear moving objects [29, 35].
Modifications to PRM have included replacing constant
distances between nodes with functions based on several node
samples [30].

Each PRM version connects the initial and target positions
through several transitional waypoints [36, 37]. The resulting
paths often contain sharp angles that need smoothing for non-
holonomic mobile robots to follow easily [38]. Previous
research on emergency evacuation without robotic assistance
has focused on handling static obstacles [31, 39]. Studies
involving differential-steering mobile robots in evacuation
processes have not thoroughly addressed path planning [32].
This study to develop a path planning-and-smoothing method
for supporting search-and-evacuate navigation tasks, it
inspired by [31, 32]. Reviews on previous research in offline
path planning of mobile robots are summarized in Table 1.
Path planning method, path smoothing availability, the
objective of the robot task, type of obstacle, and kinematics
model of the mobile robot are used as parameters in comparing
several works on offline path planning in a structured
environment.

Table 1. Reviews of offline path planning

Path Planning Method Path Smoothing The Objective of the Task Type of Obstacle Kinematics
PRM [30] No Exploration Static Differential-steering
PRM [31] No Exploration Static Differential-steering
Modified PRM [32] No Exploration Static Differential-steering
Cellular Ant Optimization [33] No Evacuation Static No kinematics

From previous research, no study investigates path planning
for solving search-evacuate paths in supporting search-rescue
exploration [40]. This study aims to develop a sample-based
algorithm to solve search-evacuate routes connecting several
victims' locations to the safe exit position. This paper proposes
a modified rapidly-explored random tree (RRT) [41] that
grows with each victim being found to answer the challenge
of planning a search-evacuate path. This paper introduces a
virtual non-holonomic mobile robot with an Ackermann-
steering kinematics model for smoothing the search-evacuate
path to generate a path that is easy to follow by a non-
holonomic SAR mobile robot.

2.2 The problem of evacuation navigation tasks in a
structured environment

Evacuation involves relocating people from a jeopardized
zone to a more secure area in response to an emergency [42].
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In most disaster occurrences, a total loss of lives happens
because of inappropriate evacuation tasks. Evacuation plays
an essential role in saving lives from troubles that could occur
[43]. To execute the evacuation task flawlessly, it is necessary
to plan the evacuation plan. The evacuation plan generates a
sequential waypoint with characteristics in the shortest and
safest evacuation path from each victim's location to the secure
area [44]. This path should be planned before a disaster
happens and must be updated [45, 46]. In this study, the
evacuation navigation task consists of locating several victim
objects and guiding them to a more stable environment.
Figure 1 illustrates a situation when a mobile robot operates
in an indoor structured environment that has several rooms and
contains some possible people to be victims. Environment
with structured configuration is represented in a cartesian
coordinate system {Ogp, Xg, Yz }. There are ten possible
persons to be victims that spread in several rooms. Each victim
and robot are labelled. The arrow of the robot indicates the



trajectory that guides it to each victim.
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Figure 1. A Search-and-Rescue (SAR) mobile robot and
some victims in an indoor structured environment

The robot has to evacuate several victims with spread
locations to a specific defined safe target exit position. To save
some lives in such an environment with a structured
configuration, the robot must be supported by the ability to
plan the evacuation path. The path for the guiding robot from
the entry point to each victim and the exit point must be
calculated to define the shortest and smoothest path to be
followed by the SAR robot.

2.3 Path planning and smoothing using a modified rapidly-
explored random tree with a partial map

This research proposes a modified rapidly exploring
random tree (RRT) based on the virtual non-holonomic mobile
robot (VNMR). The design of the proposed method is
presented in Figure 2. There are three subsystems in this
proposed system, shown in Figure 2. These subsystems are
path planning, path following, and virtual plant. The path
planning subsystem creates the path connecting the robot's
initial position to several victims and the exit point. This path
is forced to comprise some sharp turns to connect these points
within a short distance. To generate this guide path, this
research modifies RRT to plan an entire route from the entry
point to several victim positions and the exit location.

The next two subsystems are used for path smoothing.
These subsystems involve path following and the kinematics
model of the plant [47, 48]. The idea is to use a virtual non-
holonomic mobile robot to follow the guidance path that still
comprises the sharp turns. Path following function is
implemented by using the Pure Pursuit algorithm. This method
is applied to a selected virtual non-holonomic mobile robot
kinematics model. Ackermann-steering [49] is chosen as the
virtual non-holonomic mobile robot to transport heavy
medical equipment in the real world [50].

This study improved the original RRT to have the ability to
generate a path that interconnects some victim's positions from
an entry point and to an exit point. The robot workspace based
on the map of structured I, ,, is simplified through a partial
map subsystem that utilizes the initial robot position
[x;(k) ¥;(k)]T and victim locations L,,(k). The partial map
subsystem will divide the original structured map into several
simpler map segments based on victim positions L, (k). This
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is aimed at reducing the complexity of the RRT mapping, in
order to enhancing the efficiency of RRT processing time. The
map from partial results is subsequently utilized for executing
path planning using a modified RRT. This early generated path
of modified RRT still contained sharp turn [xs: (k) s (K)]7
in each connected guided position. This sequence of positions
that have a function to guide the robot is known as waypoints.
The waypoints were used in Pure Pursuit of the following
subsystem to generate linear and steering velocity
commands [Vypnr- (k) Yypmr (k)" to be executed by the
virtual non-holonomic mobile robot. As a result of following
the modified RRT path, this virtual robot left the trajectory
[Xref (k)  Yrep(k)]T that forms the smooth path. This path
was used for the real SAR mobile robot to guide evacuation
navigation tasks in an accessible SAR environment.
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Figure 2. The proposed path planning-smoothing based on a
virtual non-holonomic mobile robot and partial map

2.4 Modified rapidly-explored random tree-based path
planning

This research contributes by modifying RRT to construct
the interconnection path to link some victim locations to
entry/exit points with the shortest distance and no collision
with static obstacles. The generated evacuation path results
with respect to the objective function as follows:

F6) = g P+ ) 9P P (M

where, objective function f(G) minimizes the sum of gap
distance g() between entry/exit point P, and some number of
victim position P}. The total gap distance of the complete path
of the modified RRT from entry/exit point P, to several victim
positions P! is depicted in Figure 3. In this illustration, there
are four victims with arbitrary positions that were known to
the robot before the evacuation path planning based on
modified RRT is executed. This study differs from previous
research in considering several targets represented as victims.
Based on this illustration, four gap distances exist between
four pairs of initial target points. The gap distance of each pair
g(Pi~%,Pl) is computed by using Euclidean distance
regarding the following objective function:



f9)= Y EwL ™ pd) @
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where, objective function f(g) minimizes the path between
interval point p{; , each pair of initial-target positions is
connected by a path consisting of some arbitrary interval
points p,’,', as illustrated in Figure 4.
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Figure 3. Objective function implementations of modified
rapidly-explored random tree (RRT) for evacuation path
planning with four victims
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Figure 4. The first pair of initial target points in the enlarged
view

2.5 Pure pursuit-based path following

To smooth the generated RRT path that still contains sharp
turns [xs: (k)  ¥s:(k)]T, this study proposes using a virtual
non-holonomic mobile robot to follow the path using a pure
pursuit path with the following algorithm. Some parameters
must be defined before the pure pursuit algorithm processes
the sharp turns-contained RRT path. Three parameters of the
pure pursuit algorithm are the distance of the look-ahead, the
preferred linear velocity, and the highest angular velocity. The
results of the pure pursuit algorithm are linear and angular
velocities [V (k)  PYynmr (k)]7. These velocities are used
to reach the forward point based on the virtual non-holonomic
mobile robot's location and orientation.

2.6 Virtual non-holonomic mobile robot

Using its kinematics model, the path-following algorithm
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guides the virtual non-holonomic mobile robot to move from
the entry/exit point to each victim's location [51]. The
Ackermann-steering mobile robot kinematics model is
proposed in this study to navigate the evacuation task of
several victims in an indoor, unstructured environment [52].
The kinematics configuration of the virtual Ackermann-
steering mobile robot in the Cartesian coordinate system [53]
is illustrated in Figure 5. The indoor structured environment is
represented by an environment frame and symbolized with
{Og, Xg, Yg }. The virtual non-holonomic mobile robot is
depicted using the Ackermann-steering body frame [54] and
denoted with {Og, X, Yz}.

The origin of the robot frame Oy coincides with the middle
of the rear wheel axis and overlaps with the center of mass G.
The origin position of the robot frame relative to the
environment frame describes the coordinate of the robot
[¥r  Yr]T. The length of the wheelbase is represented by I .
The virtual non-holonomic mobile robot moves with linear
and steering wheel velocity [vg(k) wgr(k)]T . The
orientation and the steering angle of the virtual non-holonomic
mobile robot are represented by ¢y and P, respectively.

The steering angle Y is used to turn its body with respect
to the instantaneous center of rotation (ICR) [55]. The pose
and its first derivatives of the virtual non-holonomic mobile
robot are respectively expressed as follows:

Pr =[Xr g YT,

br 3)

“4)

P‘R_[JICR YR d)R l/‘)R]T

The rear-wheel driving Ackermann-steering [56] as the
virtual non-holonomic mobile robot has a kinematics model as
follows:

9:CR cospr 0

Yr| | singg 0][Vr

br| |tanyr/l; 0‘ [wR] )
Yr 0 1

The next robot poses is Pz (k + 1) determined by using the
current pose Py (k) and the velocities [Vg(k) wg(k)]" such
as described as follows:

xg(k+1) xg (k) vr(k)cosgpg

yrtk+1)| _ |yr(k) vg(k)sing R

bk + | = |6 | T | vatanye/ta | ©
Pk + D] ek wr (k)

O

Figure 5. The configuration of Ackermann-steering



2.7 Algorithm description, convergence analysis, and
complexity

This process begins with the input structured environmental
map data and known victim positions, then simplifying the
map using a partial map strategy. This simplification aims to
limit the search space so that path planning can be carried out
more efficiently. Subsequently, a modified RRT algorithm as
described in Section 2.6 is employed as global path planning
by generating collision-free paths connecting the robot's entry
point, victim locations, and the exit point. One of the
characteristics of RRT is that the resulting global planning
path still contains sharp turns, so it is smoothed using the Pure
Pursuit algorithm implemented on a virtual non-holonomic
robot. This process produces a smoother and kinematically
feasible path, which is then used as the reference trajectory for
victim evacuation.

In terms of convergence, the proposed method inherits the
probabilistic completeness property of the RRT algorithm.
With an increasing number of samples, the probability of
finding a collision-free evacuation path will also increase. The
modifications made in this study do not change the basic
convergence property because they focus on the construction
of the evacuation path.

Regarding  computational  complexity, the main
computational load comes from the global path planning stage
using RRT. The overall complexity is dominated by the
sampling and tree expansion processes, while the path
smoothing process using the Pure Pursuit algorithm only adds
linear computational load. Therefore, this computational
process does not have a significant effect on the overall
complexity of the method.

3. RESULTS AND DISCUSSION

The effectiveness of the proposed path planning—smoothing
method based on a modified RRT for a virtual non-holonomic
mobile robot with an Ackermann-steering kinematics model
(VNMR) [57-59] was evaluated through several simulation
scenarios. The proposed approach was applied to a virtual
mobile robot operating in a structured environment, as
illustrated in Figure 6. The performance of the proposed
method was then compared with that of the probabilistic
roadmap (PRM) method applied to the same virtual mobile
robot in the same environment. The corresponding simulation
results are presented in the subsequent figures. All simulations
were conducted in an indoor office environment with
dimensions of 20 m x 20 m.

3.1 Path planning in a structured environment with
modified-RRT and partial map

Initially, the mobile robot was set outside of the building.
There are ten victims spread across several rooms inside the
building, as illustrated in Figure 6.

Before the simulation of the virtual mobile robot in a
structured environment, the working area is divided so that the
mobile robot can work optimally. The simulation is done with
mobile robot movement and route planning from the starting
point of room 1 to room 8. The beginning of the mobile robot
movement starts in room 1, as illustrated in Figure 7.

After moving from room 1, the mobile robot will move to
room 2 to look for the victim. An illustration of the movement

can be seen in Figure 8.

The mobile robot continues its movement from room 2 to
room 3 in search of the other victims. An illustration for the
simulation of mobile robot movement, like Figure 9.
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Figure 6. The structured environment with several victims
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Figure 7. Mobile robot moves into room 1
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Figure 8. Mobile robot moves from room 1 to room 2

The mobile robot movement continued to look for the
victims in room 4. An illustration of the movement of the robot
is shown in Figure 10.

Next, the mobile robot will move from room 4 to room 5 to



look for the next victim. Illustration of the mobile robot will proceed to search for victims in room 7 with a scheduled
movement in Figure 11. route. An illustration of the mobile robot movement is shown

in Fi 13.
. in Figure
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Figure 9. Robot mobile moves from room 2 to room 3 Figure 12. A mobile robot moves from room 5 to room 6
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Figure 10. Mobile robot moves towards room 4 Figure 13. Mobile robot movement to find victims in room 7
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The advanced robot mobile moves looking for victims in
room 6. An illustration of route planning and mobile robot
movement, like Figure 12.

After searching for the victim in room 6, the mobile robot

Figure 14. Last mobile robot to find the victims

The last movement of the mobile robot in search of victims
occurred in room 8. The mobile robot moves from room 7 to
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room 8. An illustration of the mobile robot movement, like
Figure 14.

After the mobile robot moves to look for the victim in the
structured room, it will then return to the starting point of room
8. An illustration for a mobile robot moving from room 8 to the
start point that simultaneously displays the robot’s mobile path
in carrying out the evacuation of the victims using the modified
RRT algorithm as shown in Figure 15.
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Figure 15. The mobile robot returns to the start point while
showing a path for the evacuation of victims from room 1 to
room &

3.2 Path planning in a structured environment with
probabilistic road map

Other simulations were performed using the PRM algorithm
to compare the mobile robot movements in searching for
victims in a structured environment [60]. The simulation was
done using maps such as Figure 16. The mobile robot
movement was performed in several steps.
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Figure 16. Mobile robot movement from the starting point to
room 1

Then the mobile robot moves from room 1 to room 2. When
it moves towards the mobile robot, it still rotates, hitting
obstacles to reach room 2. An illustration of the movement of
the mobile robot from room 1 to room 2 is shown in Figure 17.

The mobile robot continues to search for victims from room

2 to room 3. [llustration as in Figure 18.

Then the mobile robot moves from room 3 to room 4 to
search for victims, but when it moves to room 4, the mobile
robot still approaches room 5. An illustration can be seen in
Figure 19.
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Figure 17. Mobile robot movement from room 1 to room 2
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Figure 19. Movement of the mobile robot from room 3 to
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The mobile robot moves to room 5, which previously moved
from room 3, because the mobile robot makes a rotating
movement so that the mobile robot moves from room 3 to room
5, which should go to room 4, as illustrated in Figure 20.

The mobile robot will make its final movement to search for
victims in room 8. When the mobile robot moves from room 7
to room 8, it is still rotating so that it hits an obstacle in the
form of a wall. Illustration like Figure 23.
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Figure 23. Movement of the mobile robot in searching for
victims from room 7 to room 8

Next, the mobile robot moves from room 4 to room 6 to
search for the next victim, as illustrated in Figure 21.

n The following are the results of comparing the actual
16 - Victim o trajectory with the mobile robot reference trajectory, as
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Figure 21. Mobile robot movement from room 4 to room 6 to
look for victims
The mobile robot will continue its movement from room 6 0 ; : '
to room 7 to search for victims in room 7. Illustration of the g ? % 12 0
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Figure 24. Comparison results between the robot reference
» (blue) and the actual trajectory (red)
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To complement the qualitative trajectory visualization, a
quantitative comparison between the proposed modified RRT
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Figure 22. Movement of the mobile robot from room 6 to

room 7
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and the PRM method was conducted using four key metrics:
path length, path smoothness, computational runtime, and
collision occurrence. The evaluation was performed in the
same structured indoor environment (20 m x 20 m) with
identical victim configurations.

The results show that the modified RRT produces a shorter
evacuation path, indicating higher navigation efficiency. Path
smoothness is significantly improved, as reflected by the 63.1%
reduction in curvature variation, confirming the effectiveness
of the virtual Ackermann-steering-based smoothing process.



In terms of computational efficiency, the proposed method
achieves a processing time reduction of 25.7% compared with
PRM, as data presented in Table 2, due to the partial map
strategy that limits the search space. Most importantly, no
collisions were observed during the evacuation task, whereas
PRM experienced multiple obstacle contacts, which may
compromise safety in SAR operations.

Table 2. Quantitative comparison between modified rapidly-
explored random tree (RRT) and Probabilistic Road Map

(PRM)
. Modified RRT
Metric (VNMR) PRM Improvement
Path length (m) 92.4 118.7 22.1%
Curvature 0
variance (rad*/m?) 0.031 0.084 63.1%
Runtime (s) 1.62 2.18 25.7%
Number of .
.. 0 6 Eliminated
collisions

Although this study focuses on comparison with PRM as a
representative sample-based baseline, other RRT variants, such
as RRT and Informed RRT, share similar piecewise-linear
characteristics that require additional smoothing to be feasible
for non-holonomic robots. Optimization-based smoothing
methods, such as B-spline, typically improve geometric
smoothness but do not explicitly account for Ackermann
kinematic constraints. The proposed approach addresses this
limitation by embedding the smoothing process within a virtual
non-holonomic robot model.

4. CONCLUSIONS

Based on several simulations using the modified RRT
algorithm on partial map and PRM algorithm, as in Figure 8 to
Figure 15 for RRT and Figure 17 to Figure 24 for PRM. Based
on this comparison, it can be seen that in carrying out the
navigation task of some victim’s evacuation in a structured
room, the modified RRT algorithm on partial map shows better
performance compared to the PRM algorithm. It can be
validated in Figure 16 for RRT and Figure 24 for PRM, with
the results that the movement in Figure 16 looks smooth and
does not experience collisions with static obstacles during
victim evacuation in a structured room. On the other hand, in
Figure 24 it can be seen that the movement of the mobile robot
with the PRM algorithm often touches obstacles, which can
affect the performance of the mobile robot. These results show
that the modified RRT algorithm provides advantages in the
context of casualty evacuation, with more efficient and safe
movement in structured spaces. This validation is supported by
the visualization of simulation results in Figure 16 and Figure
24. Although the proposed method has been validated through
simulations, further validation on real robotic platforms and
standardised benchmark environments will be considered for
future work to strengthen its applicability in real-world SAR
scenarios. Quantitative evaluation confirms that the proposed
modified RRT outperforms the PRM approach for evacuation
navigation tasks. Compared to PRM, the proposed method
reduced path length by 22.1%, decreased curvature variation by
63.1%, shortened computation time by 25.7%, and completely
eliminated obstacle collisions.

Future work will include quantitative comparison with other
RRT variants and optimization-based smoothing methods to
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further validate the generality of the proposed approach.
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