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Abstract: Path planning is one of the most important aspects for ambulance driving. A local dynamic
path planning method based on the potential field theory is presented in this paper. The potential
field model includes two components—repulsive potential and attractive potential. Repulsive
potential includes road potential, lane potential and obstacle potential. Considering the driving
distinction between an ambulance and a regular vehicle, especially in congested traffic, an adaptive
potential function for a lane line is constructed in association with traffic conditions. The attractive
potential is constructed with target potential, lane-velocity potential and tailgating potential. The
design of lane-velocity potential is to characterize the influence of velocity on other lanes so as to
prevent unnecessary lane-changing behavior for the sake of time-efficiency. The results obtained
from simulation demonstrate that the proposed method yields a good performance for ambulance
driving in an urban area, which can provide support for designing an ambulance support system for
the ambulance personnel and dispatcher.

Keywords: traffic flow; ambulance; local planning; potential field

1. Introduction

In today’s world, fortunately, it is possible to cure many diseases and injuries with
the development of medical technology. However, obtaining timely aid is crucial for the
patient, especially in accidents. Under such circumstances, an ambulance reaching the
event scene in a timely manner has a significant economic and social influence [1]. There
has been news reporting the death of patients due to the untimely rescue of ambulances.
Issues such as the untimely departure of the ambulance, being unfamiliar with the routes
and delays caused by congested traffic are the main reasons resulting in this. For example,
statistics indicate that the chance of survival decreases by 24% for every additional minute
of delay in the treatment of cardiac arrest patients [2]. Hence, seeking an effective path,
especially in congested traffic, for ambulances is one of the notably demanding research
areas because of its vital and direct impact on human lives.

At this point, as a sub-field of transportation in health care, seeking an effective emer-
gency medical services (EMS) management plan has been widely studied [3–5]. Since those
plans have a direct effect on human lives, many researchers are dedicated to optimizing
them by satisfying all the constraints at the best point, such as minimizing responsiveness
time, maximizing availability and so on. Although these plans seem reasonable and suf-
ficient, they are not adapted to the microcosmic level. Factors such as the complex road
situation, traffic jams during rush hour, etc., will complicate ambulance driving in the city,
thereby influencing travel time. Hence, in addition to pre-determining a global route, a
specific path plan corresponding to these dynamics is also expected.

Speaking of specific planning, there are many path planning methods, including
artificial potential field, random search and optimal control [6–9]. Among them, artificial
potential field, which was first proposed by [10], has the advantage of low calculation
cost [11]. By assigning repulsive force for obstacles and attractive force for the goal position
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virtually, the gradient of potential field is formed. Then, a path can be generated along the
steepest gradient of the potential field. For the past few decades, the artificial potential field
(PF) has been widely utilized for vehicles, including connected and autonomous vehicles
and traditional ones. The driving risk, including road boundaries, traffic regulations and
obstacles, and the attraction from the target and preceding vehicle were considered for mod-
eling PF [12–15]. However, the developed PF models may not be suitable for ambulances
as their driving characteristics differ from regular vehicles. For example, the ambulance
always follows its leading vehicle tightly due to fast mobility. Additionally, the ambulance
can ignore traffic regulations in some cases. In these situations, the PF models in previous
studies may be inconsistent with the driving reality of ambulances. Moreover, a vehicle,
especially an ambulance, should try to avoid unnecessary lane-changing behaviors in order
to improve time-efficiency. Hence, the motion states of vehicles in other lanes would affect
the lane-changing decision, which is also lacking consideration in the existing studies.

To address the limitations in the existing studies, this paper proposes a PF-based
local dynamic path planning method for an ambulance in an urban traffic environment. A
repulsive PF model is built to describe the potential risk of the traffic entities, including the
road boundaries, lane lines, and obstacles. Likewise, the gravity in the driving environment
is realized by an attraction PF model. Then, a simulation test is conducted to evaluate the
proposed method.

This paper is organized as follows. A literature survey is presented in Section 2. The
PF model is established in Section 3. Then, a simulation is employed and the results are
discussed in Section 4. Finally, this paper ends with a conclusion, including suggestions for
future works.

2. Literature Review
2.1. Ambulance Planning

The majority of the studies on EMS mainly focus on macroscopic planning. The
planning related to location [16,17] and route problems [18–22] is primarily considered in
previous studies. The location problem has been widely studied over the last few decades.
The study of [23] is one of the first papers that addressed the emergency vehicle location
problem. Following this, a sequence of studies on ambulance location was conducted by
researchers [24–30]. For example, Ref. [31] proposed a mathematical model and algorithm
for ambulance location and relocation. Ref. [32] explored the reallocation of idle ambulances
and the variation in rescue coverage, and proposed a location model for ambulances.
Ref. [33] considered the uncertain travel time and conducted three models, namely, a robust
covering, expected covering and expected p-robust covering model.

Meanwhile, a successive study focuses on the route problem. For example, Ref. [34]
proposed a variable neighborhood search algorithm to schedule a route for ambulances.
They further extended the research by combining allocation with dynamic programming
so as to minimize the aiding time [35,36] allowed for an urgent situation where a lot of
injuries/patients simultaneously require urgent medical care, and proposed a swarm-based
approach for solving the ambulance routing problem. Ref. [37] considered the uncertainty
and established a dynamic ambulance routing model. In order to find the shortest path
to the hospital or patient, Ref. [38] proposed a solution based on the Dijkstra algorithm
while considering current traffic conditions. In Ref. [39], the shortest path is sought by
an approximate dynamic programming method. Considering the limitation of reaching a
destination before the deadline, Ref. [40] employed a cardinality minimization approach
to solve the stochastic shortest path problem. The authors further extended their research
by employing the reinforcement learning method to improve the accuracy of finding the
optimal shortest path so as to minimize the probability of delay occurrence [41]. The results
yielded a feasible performance over other methods. In addition, in order to improve the
computation efficiency of the stochastic routing problem, they also proposed a partial
lagrange multiplier method [42]. The experimental results indicated that the proposed
method can efficiently solve the routing problem.
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Conclusively, there is a wealth of studies for ambulance planning, addressing its
efficient achievement. However, to the best of our knowledge, most of these studies
are implemented from a macroscopic perspective. After pre-determining a global route,
during the driving process, a complex local traffic situation should be allowed for, and
correspondingly, local dynamic path planning should be implemented. Such microscopic
planning is still lacking.

2.2. Potential Field for Path Planning

Potential field has been widely used for robotics to avoid obstacles [9,43]. For example,
Ref. [44] characterized the repulsive energy of obstacles as an adaptive potential function in
a multi-robot system. In recent years, with the development of intelligent transport systems,
many researchers applied potential field to the path planning of vehicles. For example,
Ref. [45] considered the constraints of road structure, traffic regulations and obstacles
in the driving environment and established a longitudinal planning method based on
potential field. Similarly, Ref. [46] improved the potential field by considering both the
constraint, i.e., road structure, traffic rules and obstacles, and the attraction, i.e., target
position and tailgating. They involved vehicles’ velocity for autonomous path planning in a
microscopic field but ignored the influence of lane-velocity to lane-changing. Conclusively
there are some drawbacks to the existing potential field methods. Firstly, only a scant
number of driving influence factors and their repulsive effects are considered, and the
attraction elements are mainly limited to the target. Secondly, most applications of these
PF-based methods are limited to regular vehicles. There exists a clear distinction between
ambulances and regular vehicles, particularly under congested traffic. For example, owing
to urgency, when the space between two vehicles in two adjacent lanes is passable, the
ambulance can drive through it, ignoring the constraint of the lane line under congested
traffic. Hence, these functions in previous studies are difficult to adapt to ambulances.

Heeding these limitations, we propose a local dynamic path planning method for an
ambulance. A comprehensive potential model is used to represent the driving risk and
attraction due to various traffic factors. The repulsive factors include road boundaries,
lane lines and obstacles. As mentioned above, considering the difference between regular
and emergency vehicles, especially in congested traffic, an adaptive potential function for
lane lines is constructed in association with traffic conditions. As for attraction potential,
in addition to target and tailgating potential, a lane-velocity potential is proposed to
characterize the influence of velocity in other lanes on lane-changing. Using a simulation
of a congested-traffic scenario, we will demonstrate the performance to evaluate the
proposed method.

3. Potential Field Modelling

In a real traffic scenario, ambulance motion is influenced by many factors. Firstly, the
ambulance is heading to the desired position such as the accident scene or the hospital.
Secondly, the ambulance should stay within the road and preferably drive in the lanes.
Thirdly, the average velocity in each lane usually influences a vehicle’s lane-changing
behavior. Fourthly, the dynamic characteristics of the ambulance and other traffic entities
play a significant role in maintaining a safe distance between each other. The velocity
of the ambulance and other entities is a key factor to determine the safe distance. Thus,
considering the influence mechanism of each factor, the total potential Ptotal can be divided
into two components, i.e., repulsive potential Pr (road boundary potential Prb, lane line
potential Pll and obstacle potential Pobs) and attractive potential Pa (target potential Ptar,
lane-velocity potential Plv and tailgating potential Ptai). As depicted in Equation (1), each
component will be addressed below, respectively.

Ptotal = Pr + Pa = Prb + Pll + Pobs + Ptar + Plv + Ptai (1)
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3.1. Repulsive PF Model

There exists many repulsive entities during the driving process, such as road bound-
aries, traffic regulations, static obstacles and moving objects, etc. We divide these repulsive
entities into three categories, i.e., road boundaries, traffic regulations and obstacles. The
purpose of building a repulsive potential field is to characterize the collision risk between
the ambulance and these repulsive entities. Considering the constraint of vehicle motion,
as depicted in Equation (2), the repulsive potential field comprises (a) the road boundary
potential field, (b) the lane line potential field, and (c) the obstacle potential field.

Pr = Prb + Pll + Pobs (2)

• Road Boundary Potential Field

During the driving process, the ambulance needs to allow for the constraints of
the road boundaries to avoid lane departure and collision. Generally speaking, a road
boundary is a hard limit as it cannot be crossed inherently, even if there is an emergency
situation. It is conceivable that the closer the ambulance is to the boundary, the stronger
the repulsive force generated by the edge is. Therefore, the magnitude of the potential field
generated by the i-th road boundary (i ∈ {1, 2}, i =1 denotes the left road boundary, i = 2
right road boundary) for the ambulance position (x,y) is calculated by:

Prb, i(x, y) = Aroadds
r,i
−3 (3)

where Prb, i(x, y) represents the PF value of the road boundary i at the position (x, y). Aroad
is the coefficient of the road boundary potential field. ds

r,i is the shortest lateral distance
from point (x,y) to road boundary i (m). ds

r,i = |y− yr,i|, y− yr,i denotes the lateral distance
vector from the ambulance to the i-th road boundary, yr,i stands for the lateral position of
the i-th road boundary, i = 1, 2. It is known that the magnitude of the field value is mainly
determined by the lateral distance, and the repulsive energy is highest at each side of the
road boundary.

• Lane Line Potential Field

Normally, in a structured road, in addition to the road boundary, the vehicles’ motion
largely depends on the constraint of lane lines, enabling them to drive along the center
line. However, compared to the road boundary, the lane line is a soft constraint as it can
be overcome in accordance with traffic regulations. Notably, for a regular vehicle, the
constraint of lane lines works except for lane-changing. In contrast, for the ambulance, the
repulsion of lane lines disappears, especially in the case of intense traffic. The reason is
that in most incidents, the achievement of that means that an ambulance is able to reach
either the event scene or hospital in a timely manner, which is the primary goal. Hence,
when the traffic is at a low-density situation, the emergency vehicle can follow traffic rules
to drive along the center line while ensuring efficiency. Once the traffic is congested, one of
the rules is that the ambulance can ignore the constraint of lane lines and search for a “new
lane” (the surrounding possible passable gap) to move forward. Thus, in this paper, we set
a trigger for lane line potential associated with the threshold effect of traffic density.

Pll, i(x, y) = INT[δ·sgn(0.28− µ) + 1]Alane[−exp(y− yl,i) + 1] (4)

where Pll, i(x, y) stands for the PF value of the lane line i at the position (x,y).
Alane[−exp(y− yl,i) + 1] is the lane line potential function. Alane is the coefficient of the
lane line potential. yl,i is the lateral position of the i-th lane line (m). y− yl,i denotes the
lateral distance vector from the ambulance to the i-th lane line, which mainly determines
the PF value. Notably, as mentioned above, the ambulance can violate the traffic rule
and drive in the reverse lane in some congested situations. In such cases, the lane line
potential is zero in this paper. Thus, INT[δ·sgn(0.28− µ) + 1] is the activation trigger
we propose for lane line potential associated with the traffic condition. µ is the traffic
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condition indicator, referring to our previous study [47], µ > 0.28 denotes that the traffic
is congested, otherwise uncongested. δ is a constant between 0 and 1 that ensures the
function of INT[δ·sgn(0.28− µ) + 1] can only accept 0 or 1, and here it is 0.5. Then, when
µ > 0.28 (the traffic is congested), the function of sgn(·) = −1, which means the function of
INT[δ·sgn(0.28− µ) + 1 = INT(0.5) = 0. Then, the lane line potential is zero. Conversely,
when µ ≤ 0.28 (the traffic is uncongested), the function of sgn(·) = 1 or 0, which means
the function of INT[δ·sgn(0.28− µ) + 1 = 1. Then, the lane line potential works, which
matches the situation mentioned above.

A composition of road boundary potential and lane line potential is illustrated in
Figure 1. It should be noted that running off the road is discouraged, so the barriers
generated by the road boundary are the highest, then the double yellow line, and finally
the lane line.
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• Obstacle Potential Field

The potential field of obstacles derives from the entities that may affect the driving of
the subject vehicle. The contribution of building the obstacle potential field is to depict the
potential collision risk of the surrounding obstacle around the ambulance, which is essential
for it to keep a safe distance from the obstacles. The magnitude of danger associated with
obstacles depends on several factors, including the pure distance and speed. Pure distance
refers to the spatial distance between the ambulance and the obstacles; the smaller the
gap is, the greater the “repelling force” is. However, the lateral and longitudinal distance
impose a different influence on the potential. It should be noted that given vehicles’
dynamic and driving rules, the collision risk along the longitudinal distance is generally
higher than that in the lateral direction as the obstacles, especially dynamic obstacles, will
generate a speed vector opposite to the driving direction of the ambulance. Another factor
affecting the strength of the repulsive potential is velocity, including absolute velocity and
relative velocity. As the relative velocity increases, a corresponding longer safe distance is
required. Similarly, the faster the ambulance, the stronger the repulsion it perceives. Then,
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we formulate the obstacle potential field by Equation (5) [46]. The diagram of an obstacle
potential field is shown in Figure 2.

Pobs,j(x, y) = Aobs·exp
{
−
[
(x−xobs,j)

2

Bxσx2 +
(y−yobs,j)

2

Byσy2

]
+ ξ

(
v− vobs,j

)
(x−xobs,j)

2

Bxσx2

}
ξ =

{
0, x > xobs,j
1, x < xobs,j

(5)

where Pobs,j(x, y) represents the PF value of obstacle j at the position (x,y). Aobs is the
parameter of the obstacle potential field. (xobs,j, yobs,j) is the position of the j-th obstacle.
v is the velocity of the ambulance (km/h). vobs,j denotes the velocity of obstacle j (km/h).
vobs,j = 0 when the obstacle is a static entity. As mentioned above, the higher the relative
velocity is, the closer the distance from the ambulance to the obstacle is, and the stronger the
generated repulsive energy is. Therefore, we use the relative distance both in longitudinal
(x− xobs,j) and lateral direction (y− yobs,j) and the relative velocity v− vobs,j to characterize
the potential field. σx and σy, respectively, stand for the influence range of an obstacle in
the longitudinal and lateral direction. Differing from the ordinary vehicle, the ambulance
always tends to follow its leading vehicle tightly. Consequently, the influence range
of an obstacle perceived by an ambulance is usually smaller than that a regular vehicle
gains. Thus, we introduce a tolerance indicator (Bx and By, which is, respectively, a constant
between 0 and 1) to modify the influence zone [48]. ξ is a regulation coefficient for changing
the repulsive potential in the rear part of an obstacle vehicle; as all drivers sit facing the
front, a leading driver usually does not respond to a situation happening behind, such as
an approaching obstacle vehicle.
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3.2. Attractive PF Model

Similarly, “attraction” exists in traffic flow. For example, when the velocity of the
adjoining lane is faster, a vehicle will feel a “force” to change lane when driving with a
relatively slow speed. The aim of constructing the attractive potential field is to describe
the gravity in the traffic environment. Considering the vehicle dynamics and driving
preference, in this paper, the attractive potential field refers to the composition of (a) the
target potential field, (b) lane velocity potential, and (c) the tailgating potential field (shown
in Equation (6)).

Pa = Ptar + Plv + Ptai (6)

• Target Potential Field

In real traffic scenarios, a vehicle will flow in a pre-determined direction, which is
similar to the phenomenon of a free object falling to the ground. The reason is that it is
constantly subject to earth gravity. Hence, it is reasonable to imagine that the ambulance is
subject to a “gravity” from the event scene or hospital. Such force and consequent field are
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related to the factor of distance. As shown in Equation (7), the level of attraction increases
as the distance between the ambulance and the target increases [46].

Ptar = −Atargetexp(x− xtar) (7)

where Ptar is the PF value of the target at the position (x,y). Atarget is the coefficient of target
potential. xtar is the position of the target in longitudinal direction (m). x − xtar is the
distance from the ambulance to the target in x direction, which mainly determines the
magnitude of the PF value.

• Lane Velocity Potential

As mentioned before, an ambulance’s first strategy of moving on the road is to achieve
mobility. Hence, it is recognized that the velocity in a lane will generate potential; the faster
the velocity in another lane is, the greater the lane-changing attraction is to the ambulance.
Therefore, the velocity potential of the i-th lane acting on the ambulance in the longitudinal
direction can be expressed as:

Plv, i = −Alvτ
vlv,i − v

v
(8)

τ =

{
0, v > vlv,i
1, v < vlv,i

(9)

where Plv, i stands for the PF value of velocity in lane i. Alv stands for the coefficient of
lane-velocity potential. vlv,i is the average speed in the i-th lane. v is the average speed in
the current lane (km/h). Generally speaking, in order to improve time-efficiency, a vehicle
should avoid unnecessary lane-changing behaviors as much as possible. However, in real
driving scenarios, instead of observing the whole motion state of all the vehicles in a lane,
a vehicle is easily affected by the surrounding vehicles’ motion and conducts unessential
lane-changing, reducing driving efficiency. Thus, in this paper, we consider the motion
state of other lanes to provide support for lane-changing decisions. The average velocity in
a lane is chosen to represent the motion situation of all the vehicles in it. The greater the
average velocity difference between two lanes is, the greater the lane-changing attraction
generated by the lane-velocity is. τ is an indicator that ensures the lane-velocity will
disappear when the average velocity of other lanes is smaller than that in its current lane.

• Tailgating Potential

During the driving process, an ambulance always tailgates (i.e., following at a rela-
tively short distance), and it is likely that a temporal attraction point behind the preceding
vehicle m is perceived by the ambulance, which may respond by speeding up to follow it
tightly. By incorporating a “tailgating attraction point”, the tailgating potential in the (x)
direction can be determined as:

Ptai,m(x, y) = −Ataiexp[
(x− xtai,m)

2

Bxσx2 +
(y− ytai,m)

2

Byσy2 ] (10)

{
xtai, m = xm − vt

ytai,m = ym
(11)

where Ptai,m(x, y) represents the PF value of a proceeding vehicle m at position (x,y).
(xtai,m, ytai,m) is the tailgating attraction position, which is calculated by Equation (11).
(xm, ym) is the coordinate of the preceding vehicle m in the current lane. t usually takes
3s [46].

In general, the integral object for the ambulance is to achieve mobility and safety
(gains) while avoiding collision and the violation of traffic regulations (losses). Hence,
such an object can be represented using an overall potential field Ptotal , which consists of
repulsive field and attraction field in Equation (1).
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If Ptotal is interpreted as a mountain whose elevation denotes the risk, the ambulance’s
strategy is to navigate the mountain range along its valley, i.e., the least risky route.

4. Simulation Construction
4.1. Simulation and Parameter Design

Combing the above, a successive effort is required to test the validity of the proposed
model. Then, as depicted in Figure 3, a driving scenario of an urban road with two lanes
is constructed in Matlab. In the simulation, for simplicity, the lanes are set to be straight
and we input many vehicles until the traffic density is high, with a local congestion index
exceeding 0.28. The initial states of each vehicle, including velocities (30 km/h), position,
and so on, are inputted. Then, a path for the ambulance will be produced by using the
method in each time step (5 s). The parameter values used in the potential field are
employed from [46], and the coefficient of lane-velocity potential was calibrated by the
NGSIM (Next Generation Simulation) data. We calculated the lane-changing frequency
under different velocities to obtain the value of the lane-velocity potential coefficient. The
parameters are listed in Table 1.
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Table 1. Parameter lists.

Potential Object Parameter Definition Value

Repulsive
potential

Road boundary Aroad
Coefficient of road boundary

potential 20.00

Lane line Alane Coefficient of lane line potential 1.00

Obstacle
Aobs Coefficient of obstacle potential 10.00

σx
Convergence coefficient in

x direction 10.00

σy
Convergence coefficient in

y direction 1.50

Attractive
potential

Target Atarget Coefficient of target potential 0.25

Lane velocity Alv
Coefficient of

lane-velocity potential 0.14

Tailgating Atai
Coefficient of

tailgating potential 10.00
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4.2. Results Discussion
4.2.1. Simulation Result

In the simulation scenario, when the traffic density is high with a local congestion
index exceeding 0.28, there is no opportunity for lane-changing. In such situations, the
ambulance will seek to cut in and drive along center line with the vanishing of the lane line
constraint. Figure 4 illustrates the desired trajectory calculated by the proposed method.
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Figure 4. These three figures depict the driving process: (a) The ambulance is running in the right lane; (b) The ambulance
starts to change to a “new lane”; (c) The ambulance drives along “new lane” successfully.

Figure 4a–c depicts the cut-in and collision avoiding process. Lastly, the ambulance
evades risk and keeps running successfully. In the beginning, the ambulance keeps running
in its current lane (Figure 4a). Owing to the congestion, the desired behavior of the
ambulance is to seek a “new lane” generated by the disappearance of lane line potential.
As shown in Figure 4b, the ambulance captures a “new lane” and the desired trajectory is
generated to start moving forward to the lane line. Figure 4c shows that the ambulance
cuts in successfully and keeps running along the lane line.

The trajectory generated by the proposed method is visualized in Figure 5, where the
blue dash line denotes the trajectory that is driven by the ambulance, and the blue solid
line is the current desired trajectory. Conclusively, the trajectory generated by the proposed



Sustainability 2021, 13, 3194 10 of 13

method is collision-free and realizes the mobility efficiency as much as possible under the
congested condition.
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4.2.2. Results Comparison

In order to verify the feasibility of our model, we conducted 15 simulations. Consider-
ing the objects in this method, we also compared the results to that without the proposed
method. Figure 6 illustrates the comparison results with regard to path-length efficiency,
i.e., path length with vs. without the method and time efficiency, i.e., travel time with vs.
without the method. Table 2 demonstrates the basic statistic results.
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As we see in Figure 6, the path length in our method is shorter than that without the
method in each simulation, consequently resulting in a shorter travel time. Specifically,
the average path length is shortened by 1.32%, and the average travel time is reduced by
10.68%, remarkably. The underlying reason is that when the gap between two adjacent
vehicles is available for passing a vehicle, the ambulance can drive along the “new lane”
by our method so as to shorten travel time drastically.
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Table 2. Basic statistics.

Item Max Min Variance Mean

Path-length efficiency (%) 99.81 98.15 0.31 98.67

Time-efficiency (%) 96.61 78.42 29.97 89.32

5. Conclusions

In this paper, we propose a PF-based local path planning method for an ambulance in
an urban traffic environment. Firstly, the potential risk of the traffic entities is described
by a repulsive potential field, which comprises three parts: road boundary potential, lane
line potential and obstacle potential. In addition, an attractive potential field is built
to characterize the “gravity” in the traffic environment, which takes the target gravity,
lane-velocity and tailgating attraction into consideration. With the combined potential
field, a simulation is constructed to verify the performance of the proposed method. The
simulation results show that the presented PF model yields a feasible performance.

The repulsive potential in this paper is built to describe the possible risk of the traffic
environment, including road boundaries, traffic rules and obstacles. Notably, in a real
driving scenario, we realize there is a driving distinction between ambulances and regular
vehicles. That is, the ambulance can ignore the constraint of lane lines, especially in
congested traffic. Hence, an adaptive function of lane line potential is constructed in
association with the traffic situation. When the traffic is at a low-density situation, the
emergency vehicle can follow traffic rules to avoid lane departure as the lane line potential
exists. Once the traffic is congested, the ambulance is allowed to ignore the constraint of
lane lines and search for the possible gap so as to continue moving forward. The simulation
results indicate that the trajectory generated by the presented method is collision-free and
realizes the mobility efficiency as much as possible under the congested condition.

In the specific context of attractive potential, different from the existing studies on path
planning based on field potential, in addition to the target gravity and tailgating attraction,
the influence of velocity in other lanes is also considered in the mesoscale planning to
prevent unnecessary lane-changing behavior for the sake of time-efficiency. The results in
Figure 6 indicate that the proposed method improves time-efficiency.

Notably, there are still some problems to be solved in the future. At first, an actual
vehicle test in a real traffic environment should be conducted in the future. Moreover, if
there is an ambulance, other vehicles usually make way for it. So, the collaboration of
other vehicles should be allowed in future research. In addition, for simplicity, the lanes
in the simulation are set to be straight, thus, more complex road environments should be
involved in future simulations.

Author Contributions: Conceptualization, F.Z.; conceptualization, methodology, M.Z.; software, Y.L.;
validation, formal analysis, F.Z. and Y.C.; writing—original draft preparation, M.Z.; writing—review
and editing, F.Z.; supervision, Y.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Key R&D Program of China, grant number
2018YFB1600500 and National Natural Science Foundation of China, grant number 61873109.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Akıncılar, A.; Akıncılar, E. A new idea for ambulance location problem in an environment under uncertainty in both path and

average speed: Absolutely robust planning. Comput. Indus. Eng. 2019, 137, 106053. [CrossRef]
2. O’Keeffe, C.; Nicholl, J.; Turner, J.; Goodacre, S. Role of ambulance response times in the survival of patients with out-of-hospital

cardiac arrest. Emerg. Med. J. 2011, 28, 703–706. [CrossRef]
3. Kergosien, Y.B. A Generic and Flexible Simulation-Based Analysis Tool for EMS Management. Int. J. Prod. Res. 2015, 53, 7299–7316.

[CrossRef]

http://doi.org/10.1016/j.cie.2019.106053
http://doi.org/10.1136/emj.2009.086363
http://doi.org/10.1080/00207543.2015.1037405


Sustainability 2021, 13, 3194 12 of 13

4. Rokos, I.; Henry, T.; Weittenhiller, B.; Bjerke, C.; Bates, E.; French, W. Mission: Lifeline STEMI Networks Geospatial Information
Systems (GIS) Maps. Crit. Pathw. Cardiol. 2013, 12, 43–44. [CrossRef] [PubMed]

5. Roessler, M. EMS systems in Germany. Resuscitation 2006, 68, 45–49. [CrossRef] [PubMed]
6. Montemerlo, M.; Becker, J.; Bhat, S.; Dahlkamp, H.; Thrun, S. Junior: The Stanford entry in the Urban Challenge. J. Field Robot.

2008, 25, 569–597. [CrossRef]
7. Dolgov, D.; Thrun, S.; Montemerlo, M.; Diebel, J. Path Planning for Autonomous Vehicles in Unknown Semi-structured

Environments. Int. J. Robot. Res. 2010, 29, 485–501. [CrossRef]
8. Chu, K.; Kim, J.; Jo, K.; Sunwoo, M. Real-time path planning of autonomous vehicles for unstructured road navigation. Int. J.

Auto. Tech. 2015, 16, 653–668. [CrossRef]
9. Karaman, S.; Frazzoli, E. Sampling-based algorithms for optimal motion planning. Int. J. Robot. Res. 2011, 30, 846–894. [CrossRef]
10. Khatib, O. Real-Time Obstacle Avoidance for Manipulators and Mobile Robots. In Proceedings of the 1985 IEEE International

Conference on Robotics and Automation, St. Louis, MO, USA, 25–28 March 1985.
11. Rasekhipour, Y.; Khajepour, A.; Chen, S.K.; Litkouh, B. A Potential Field-Based Model Predictive Path-Planning Controller for

Autonomous Road Vehicles. IEEE Trans. Intell. Transp. Syst. 2017, 18, 1255–1267. [CrossRef]
12. Tu, Q.; Chen, H.; Li, J. A Potential Field Based Lateral Planning Method for Autonomous Vehicles. SAE Int. J. Passeng. Cars

Electron. Electr. Syst. 2017, 10, 24–34. [CrossRef]
13. Wahid, N.; Zamzuri, H.; Rahman, M.A.A.; Kuroda, S.; Raksincharoensak, P. Study on potential field based motion planning and

control for automated vehicle collision avoidance systems. In Proceedings of the IEEE International Conference on Mechatronics,
Churchill, VIC, Australia, 13–15 February 2017; IEEE: Victoria, Australia, 2017; pp. 208–213.

14. Wu, B.; Yan, Y.; Ni, D.H.; Li, L.B. A longitudinal car-following risk assessment model based on risk field theory for autonomous
vehicles. Int. J. Transport. Sci. Tech. 2020. [CrossRef]

15. Noto, N.; Okuda, H.; Tazaki, Y. Steering assisting system for obstacle avoidance based on personalized potential field. In
Proceedings of the IEEE 15th ITSC, Anchorage, AK, USA, 16–19 September 2012; pp. 1702–1707.

16. Akincilar, A.; Akincilar, E. A specific issue on sustainability of transportation planning in an urban region: Ambulance location
problem. In Sustainable Infrastructure; IGI Global: Hershey, PA, USA, 2017; pp. 303–310.

17. Basar, A.; Catay, B.; Unluyurt, T. A taxonomy for emergency service station location problem. Optim. Lett. 2012, 6, 1147–1160.
[CrossRef]

18. Campbell, A.M.; Vandenbussche, D.; Hermann, W. Routing for relief efforts. Transp. Sci. 2008, 42, 127–145. [CrossRef]
19. Henderson, S.G.; Lewis, M.E. Two-class routing with admission control and strict priorities. Prob. Eng. Inform. Sci. 2018, 32,

163–178.
20. Nordin, N.A. An application of the A* algorithm on the ambulance routing. In Proceedings of the 2011 IEEE Colloquium on

Humanities, Science and Engineering, Penang, Malaysia, 5–6 December 2011; pp. 855–859.
21. Panahi, S. Dynamic shortest path in ambulance routing based on GIS. Int. J. Geo. 2009, 5, 13–19.
22. Patel, A.; Waters, N. Using Geographic Information Systems for Health Research. In Application of Geographic Information System;

InTech: Edmonton, AB, Canada, 2012.
23. ReVelle, C.; Bigman, D.; Schilling, D.; Cohon, J.; Church, R. Facility location: A review of context-free and EMS models. Health

Serv. Res. 1977, 12, 129–146. [PubMed]
24. Erkut, E.; Ingolfsson, A.; Erdogan, G. Ambulance location for maximum survival. Nav. Res. Logist. 2008, 55, 42–58. [CrossRef]
25. Chanta, S.; Mayorga, M.E.; Kurz, M.E.; McLay, L.A. The minimum p-envy location problem: A new model for equitable

distribution of emergency resources. IIE Trans. Healthc. Syst. Eng. 2011, 1, 101–115. [CrossRef]
26. Drezner, T.; Drezner, Z.; Guyse, J. Equitable service by a facility: Minimizing the Gini coefficient. Comput. Oper. Res. 2009, 36,

3240–3246. [CrossRef]
27. Espejo, I.; Marin, A.; Puerto, J.; Rodriguez-Chia, A.M. A comparison of formulations and solution methods for the minimum-envy

location problem. Comput. Oper. Res. 2009, 36, 1966–1981. [CrossRef]
28. Chanta, S.; Mayorga, M.E.; McLay, L.A. Improving emergency service in rural areas: A bi-objective covering location model for

EMS systems. Ann. Oper. Res. 2014, 221, 133–159. [CrossRef]
29. Khodaparasti, S.; Maleki, H.R.; Bruni, M.E.; Jahedi, S.; Beraldi, P.; Conforti, D. Balancing efficiency and equity in location-allocation

models with an application to strategic EMS design. Optim. Lett. 2016, 10, 1053–1070. [CrossRef]
30. Tang, J.; Chen, X.; Hu, Z.; Zong, F.; Han, C.Y.; Li, L.X. Traffic flow prediction based on combination of support vector machine and

data denoising schemes. Phys. A Stat. Mech. Its Appl. 2019, 534. [CrossRef]
31. Brotcorne, L.; Laporte, G.; Semet, F. Ambulance location and relocation models. Eur. J. Oper. Res. 2003, 147, 451–463. [CrossRef]
32. Gendreau, M.; Laporte, G.; Semet, F. A dynamic model and parallel tabu search heuristic for real-time ambulance relocation. Par.

Comput. 2001, 27, 1641–1653. [CrossRef]
33. Berman, O.; Hajizadeh, I.; Krass, D. The maximum covering problem with travel time uncertainty. IIE Trans. 2013, 45, 81–96.

[CrossRef]
34. Schmid, V.; Doerner, K.F. Ambulance location and relocation problems with time-dependent travel times. Eur. J. Oper. Res. 2010,

207, 1293–1303. [CrossRef]
35. Schmid, V. Solving the dynamic ambulance relocation and dispatching problem using approximate dynamic programming. Eur.

J. Oper. Res. 2012, 219, 611. [CrossRef]

http://doi.org/10.1097/HPC.0b013e31828cfe1b
http://www.ncbi.nlm.nih.gov/pubmed/23680806
http://doi.org/10.1016/j.resuscitation.2005.08.004
http://www.ncbi.nlm.nih.gov/pubmed/16401522
http://doi.org/10.1002/rob.20258
http://doi.org/10.1177/0278364909359210
http://doi.org/10.1007/s12239-015-0067-5
http://doi.org/10.1177/0278364911406761
http://doi.org/10.1109/TITS.2016.2604240
http://doi.org/10.4271/2016-01-1874
http://doi.org/10.1016/j.ijtst.2020.05.005
http://doi.org/10.1007/s11590-011-0376-1
http://doi.org/10.1287/trsc.1070.0209
http://www.ncbi.nlm.nih.gov/pubmed/885725
http://doi.org/10.1002/nav.20267
http://doi.org/10.1080/19488300.2011.609522
http://doi.org/10.1016/j.cor.2009.02.019
http://doi.org/10.1016/j.cor.2008.06.013
http://doi.org/10.1007/s10479-011-0972-6
http://doi.org/10.1007/s11590-015-0929-9
http://doi.org/10.1016/j.physa.2019.03.007
http://doi.org/10.1016/S0377-2217(02)00364-8
http://doi.org/10.1016/S0167-8191(01)00103-X
http://doi.org/10.1080/0740817X.2012.689121
http://doi.org/10.1016/j.ejor.2010.06.033
http://doi.org/10.1016/j.ejor.2011.10.043


Sustainability 2021, 13, 3194 13 of 13

36. Tlili, T.; Harzi, M.; Krichen, S. Swarm-based approach for solving the ambulance routing problem. Proc. Comput. Sci. 2017, 112,
350–357. [CrossRef]

37. Yoon, S.; Albert, L.A. A dynamic ambulance routing model with multiple response. Transp. Res. Part E Logist. Transp. Rev. 2020,
133, 101807. [CrossRef]

38. Gayathri, N. A novel technique for optimal vehicle routing. In Proceedings of the 2014 International Conference on Electronics
and Communication Systems (ICECS), Coimbatore, India, 13–14 February 2014; pp. 1–5.

39. Maxwell, M.S. Approximate dynamic programming for ambulance redeployment. INFORMS J. Comput. 2010, 22, 266–281.
[CrossRef]

40. Cao, Z.G.; Guo, H.L.; Zhang, J.; Niyato, D. Finding the Shortest Path in Stochastic Vehicle Routing: A Cardinality Minimization
Approach. IEEE Trans. Intell. Transp. Syst. 2016, 17, 1688–1702. [CrossRef]

41. Cao, Z.G.; Guo, H.L.; Song, W.; Gao, K.Z.; Chen, Z.H.; Zhang, L.; Zhang, X.X. Using Reinforcement Learning to Minimize the
Probability of Delay Occurrence in Transportation. IEEE Trans. Veh. Tech. 2020, 69, 2424–2436. [CrossRef]

42. Cao, Z.G.; Guo, H.L.; Zhang, J.; Niyato, D.; Fastenrath, U. Improving the Efficiency of Stochastic Vehicle Routing: A Partial
Lagrange Multiplier Method. IEEE Trans. Veh. Tech. 2016, 65, 3933–4005. [CrossRef]

43. Raja, R.; Dutta, A.; Venkatesh, K. New potential field method for rough terrain path planning using genetic algorithm for a
6-wheel rover. Robot. Auto. Syst. 2015, 72, 295–306. [CrossRef]

44. Matoui, F.; Boussaid, B.; Abdelkrim, M.N. Local minimum solution for the potential field method in multiple robot motion
planning task. In Proceedings of the 2015 16th International Conference on Sciences and Techniques of Automatic Control and
Computer Engineering (STA), Monastir, Tunisia, 21–23 December 2016; pp. 452–457.

45. Ruan, Y.; Chen, H.; Li, J. Longitudinal Planning and Control Method for Autonomous Vehicles Based on A New Potential Field
Model. SAE Tech. Pap. 2017. [CrossRef]

46. Hu, H.; Zhang, C.; Sheng, Y.; Zhou, B.; Gao, F. An improved artificial potential field model considering vehicle velocity for
autonomous driving. IFAC 2018, 51, 863–867.

47. Zong, F.; Zeng, M.; He, Z.; Yuan, Y. Bus-Car Mode Identification: Traffic Condition–Based Random-Forests Method. J. Transp. Eng.
Part A Syst. 2020, 146, 04020113. [CrossRef]

48. Wang, J.; Wu, J.; Li, Y. The driving safety field based on driver–vehicle–road interactions. IEEE Trans. Intell. Transp. Syst. 2015, 16,
2203–2214. [CrossRef]

http://doi.org/10.1016/j.procs.2017.08.012
http://doi.org/10.1016/j.tre.2019.11.001
http://doi.org/10.1287/ijoc.1090.0345
http://doi.org/10.1109/TITS.2015.2498160
http://doi.org/10.1109/TVT.2020.2964784
http://doi.org/10.1109/TVT.2015.2480964
http://doi.org/10.1016/j.robot.2015.06.002
http://doi.org/10.4271/2017-01-1955
http://doi.org/10.1061/JTEPBS.0000442
http://doi.org/10.1109/TITS.2015.2401837

	Introduction 
	Literature Review 
	Ambulance Planning 
	Potential Field for Path Planning 

	Potential Field Modelling 
	Repulsive PF Model 
	Attractive PF Model 

	Simulation Construction 
	Simulation and Parameter Design 
	Results Discussion 
	Simulation Result 
	Results Comparison 


	Conclusions 
	References

