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A B S T R A C T

Highway geometric design plays a crucial role in maintaining traffic safety and operational efficiency. The 
number of Autonomous Vehicles (AVs) and Connected Autonomous Vehicles (CAVs) on highway networks has 
increased in recent years. In this study, a traffic model is developed from a spring-mass system theory perspective 
to investigate traffic dynamics on horizontal highway curves. The Intelligent Driver (ID) model is based on a 
constant exponent δ to characterize driver response, which is unrealistic. By utilizing a spring-mass system 
analogy, the proposed model provides a more accurate and realistic representation of traffic. This model is used 
to evaluate the behavior of Human-driven Vehicles (HVs), AVs, and CAVs over a 1300 m circular road. The 
results obtained show that CAVs have better performance compared to HVs and AVs on horizontal curves, 
leading to better understanding of safety and efficiency on roads. Further, CAVs improve energy efficiency and 
emission reduction, contributing to effective and sustainable transportation systems. In addition, the results 
indicate that the proposed model has better performance compared to the ID model.

1. Introduction

The rapid urbanization worldwide and the increasing number of 
vehicles have exacerbated traffic problems such as congestion, pollu
tion, management, and safety. Traditional traffic control and manage
ment technologies have had limited effect in mitigating these issues [1]. 
According to the US Department of Transportation, in 2015, 94% of 
traffic accidents in the United States were due to human error [2]. 
Further, about 80% of traffic accident deaths are due to the lack of 
connectivity between vehicles [3]. It has been shown that driving sys
tems can reduce or eliminate human error associated with vehicle col
lisions [4]. Autonomous Vehicles (AVs) and Connected Autonomous 
Vehicles (CAVs) have recently been introduced on highway networks. 
These vehicles are equipped with driver assistance systems ranging from 
basic cruise control to communication with other vehicles (V2V) or 
other systems (V2X) without human intervention [2,5]

AVs navigate autonomously using sensors and communications 
without human involvement. They perform driving tasks based on 
sensor data and internal systems [3]. AVs respond in real time to 
received data and use intelligent software to ensure passenger safety, 
comfort, and operational efficiency [6]. Automated driving systems 

encompass both hardware, such as sensors, and software, such as tra
jectory planning systems. They assist drivers in dynamic driving tasks 
including monitoring the driving environment and controlling lateral 
and longitudinal motion [7]. CAVs are a promising technology to reduce 
traffic accidents and emissions, and improve traffic efficiency [8]. They 
navigate using sensors to observe the surrounding environment, control 
systems to make decisions, and actuators for operations such as steering 
and braking [3]. Advanced sensors such as Lidar, millimeter-wave radar, 
and cameras allow CAVs to perceive their surroundings and identify 
objects such as pedestrians and traffic signals in real time [9]. Wireless 
communications technology such as 5 G and Wi-Fi provide connectivity 
with nearby vehicles to improve safety and road capacity by adjusting 
the distance headway between vehicles [8,10]. According to the Vir
ginia Department of Transportation, highway capacity increases by 
approximately 28% and 92% with AVs and CAVs, respectively, 
compared to Human-driven Vehicles (HVs) [3].

Highway geometric design plays a critical role in traffic safety and 
operational efficiency. In [11], the influence of highway geometric 
design on vehicle performance was shown to be significant. The impact 
of AVs on road design was explored in [12]. It was suggested that AVs 
require fewer geometric design specifications which lead to lower costs 
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and higher traffic speeds than with HVs. However, AVs and CAVs have 
poorer performance on horizontal or vertical curves [3]. Horizontal 
curves are used on highways for alignment or changes in direction while 
vertical curves are used to change the slope [13]. Moreover, the adhe
sion between the tires and the road surface affects acceleration and 
deceleration. It was shown in [14] that AVs can degrade traffic safety 
when the lane width is reduced. Narrow lanes reduce the superelevation 
runoff which compromises skid resistance, and AVs may fail to capture 
road surface conditions on inclines [3]. The banking of horizontal curves 
so vehicles can safely traverse them is known as superelevation, and the 
superelevation runoff is the length of roadway required to transition the 
outside-lane cross slope from zero to full superelevation and vice versa 
[15].

The effect of AVs on vertical curves was investigated in [2] by 
considering the difference in reaction time between AVs and HVs. The 
effect of AVs on geometric elements such as sight distance and length of 
vertical curves was examined in [16] based on the reaction time and 
acceleration. However, there has been very little investigation of the 
impact of AVs and CAVs on geometric design, particularly horizontal 
highway curves. The main purpose of horizontal curves is to provide 
smooth transitions between straight road sections [13]. Thus, a traffic 
model is developed to investigate traffic flow on horizontal curves and 
determine the behavior of AVs and CAVs.

Three types of models are used to describe traffic flow behavior: 
microscopic, macroscopic, and mesoscopic. Microscopic models are 
employed to describe the behavior of individual vehicles. They consider 
the speed, position, and headway of a vehicle, and their dynamics are 
typically characterized using ordinary differential equations that are 
easy to solve [17,18]. Macroscopic models consider average traffic 
density and speed and employ partial differential equations [19]. 
Mesoscopic models are a hybrid of microscopic and macroscopic models 
[20].

Various traffic models have been developed since the first micro
scopic car following models [21,22]. A traffic model based on the safe 
distance headway was developed in [23]. According to this model, 
drivers maintain a safe distance according to forward conditions to 
avoid collisions [24]. In [25], a model based on the relationship between 
speed and distance headway was introduced. With this model, a larger 
distance headway results in higher speeds and the distance headway is 
small during congestion [26]. However, it produces uniform accelera
tion for changes in traffic conditions which is inaccurate and unrealistic. 
In [27], a model based on driver reaction was proposed to reduce traffic 
congestion and improve stability. The model in [28] considers the speed 
difference in various traffic conditions. However, these models can 
cause collisions as they can produce high speeds when the distance 
headway is smaller than the safe distance headway.

A model incorporating psychological-physical driver response to 
large changes in traffic conditions was developed in [29]. However, this 
model is very complex because it has a large number of parameters [30]. 
In [31], a model with a smaller number of parameters was presented. 
Unfortunately, it produces constant acceleration and deceleration which 
is unrealistic [32]. The Intelligent Driver (ID) model was developed in 
[33] to provide realistic acceleration and deceleration. This model 
characterizes traffic behavior based on driver response considering 
speed and distance headway. It is widely used to analyze the stability of 
automated and connected vehicles. An improved ID model was pre
sented in [34]. It employs following and leading vehicle information to 

describe traffic behavior in a connected environment. However, it 
cannot characterize CAVs in actual traffic conditions [35]. A model to 
guide connected vehicles through traffic signals was proposed in [36].

Several macroscopic models have been developed to characterize 
traffic behavior. Lighthill, Whitham, and Richards [37,38] developed a 
model for traffic behavior at equilibrium. However, it ignores traffic 
flow in non-equilibrium conditions and adjusts vehicle speed in zero 
time [39]. The Payne–Whitham model [40,41] considers 
spatial-temporal stop and go traffic behavior. The model in [42] focuses 
on anisotropic traffic characteristics. Lattice hydrodynamic models were 
developed in [43,44] to characterize traffic density.

The models discussed above are based on fluid dynamics theory. 
Thus, they treat traffic flow as a compressible fluid based on the prin
ciples of fluid dynamics [45,46]. However, vehicle acceleration and 
deceleration behave like a mechanical system, i.e. a spring-mass system. 
For example, vehicles accelerate when the distance headway is larger 
than the safe distance headway and decelerate when it is smaller than 
the safe distance headway. Thus, a traffic model based on mechanical 
systems is proposed here. It is used to evaluate traffic behavior on a 
horizontal curve, in particular, the behavior of HVs, AVs, and CAVs.

The remainder of this paper is organized as follows. The spring-mass 
system model is presented in Section 2. The behavior of HVs, AVs, and 
CAVs is evaluated in Section 3, and a summary of the paper is given in 
Section 4.

2. Proposed model

According to the ID model, traffic behavior is a function of speed v, 
distance headway h, and the difference in speed between following and 
leading vehicles D v [33]

v̇ = a∗

(

1 −
( v

v∗
)δ

−

(
h∗

h

)2
)

, (1) 

where a∗ and v∗ are the maximum acceleration and speed, respectively, 
and h∗ is the desired distance headway which can be expressed as 

h∗ = j+ vτ+ vD v

2
̅̅̅̅̅̅̅̅̅
a∗b∗

√ (2) 

where τ is the time headway, j is the spacing during traffic jams, b∗ is the 
deceleration and δ is the acceleration exponent. In the ID model, driver 
response to changes in traffic conditions is characterized by δ, which is a 
constant. Thus, driver behavior is the same for different traffic condi
tions including horizontal highway curves, whereas the driving envi
ronment can significantly influence vehicle movement. This results in 
unsuitable traffic behavior which is not related to traffic physics.

Driver response is affected by the distance required for vehicles to 
align to changes in traffic conditions. This is analogous to a spring-mass 
system. When a force is applied to a mass m attached to a spring, the 
spring stretches. This stores potential energy in the spring which is 
released as kinetic energy when the force is removed, causing the mass 
to oscillate. This is analogous to traffic flow as shown in Fig. 1. When the 
distance headway h is large, traffic accelerates so the speed increases. 
When the speed decreases, the distance headway is reduced until the 
safe distance headway hs is achieved. Thus, h fluctuates around hs ac
cording to the speed. When h is larger than hs, vehicles accelerate, and 
they decelerate when h is smaller than hs. Considering this analogy be
tween a spring-mass system and traffic behavior, Hooke’s law [47] for 
traffic flow can be expressed as 

a =
k
m
(h − hs) (3) 

where a is driver response, m is the vehicle mass, and k is the spring 
constant. The sensitivity defined as ξ = k

m is analogous to the reaction of 
a driver to changes in traffic conditions.

Fig. 1. Spring-mass phenomenom in traffic flow.
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It has been shown that AVs react to changes in traffic conditions 
much faster than HVs [5]. For example, HV reaction time is in the range 
1.1 − 1.6 s whereas AV reaction time is about 0.5 s and CAVs reaction 
time is only 0.1 s [5]. From (3), driver response has the form 

ξ(h − hs) (4) 

A large distance headway results in a small traffic density σ, whereas the 
density is maximum when the distance headway is smallest, i.e. h = 1/σ 
[48]. Traffic flow q is the product of speed and density [1], so (4) can be 
expressed as 

ξ
(

v
q
− hs

)

(5) 

In addition, traffic flow is large with a small time headway τ. Thus, flow 
is inversely proportional to time headway [19,49], so (5) becomes 

ξ(vτ − hs) (6) 

The change in distance with time results in a velocity change, which 
gives s/τ = v [48]. Thus, (6) can be written as 

ξ(s − hs) (7) 

and from the equation of motion [50]

s = vτ+1
2

aτ2 (8) 

Substituting (8) in (7) gives 

ξ
(

vτ+ aτ2

2
− hs

)

(9) 

A vehicle travelling around a horizontal curve develops a centrifugal 
force [51]

F =
mv2

R
(10) 

where R is the radius of the curve which is given by [52,53]

R =
v2

g(f + e)
(11) 

In (11), g = 9.8 m/s2 is the acceleration due to gravity, f is the friction 
coefficient, and e is the superelevation as shown in Fig. 2. According to 
the US Federal Highway Administration, e ranges from 0.012 m to 0.036 
m and is based on parameters such as climate and traffic speed. The 
value of e for normal weather conditions and high speeds is larger than 
for adverse weather conditions and low speeds [54]. Substituting (11) in 
(10) gives 

Fig. 2. Centrifugal force and highway superelevation.

Table 1 
Simulation Parameters.

Parameter Value

Maximum speed, v∗ 30 m/s
Time headway, τ 0.5, 1, 2, and 2.5 s
Maximum acceleration, a∗ 0.73 m/s2

Friction coefficient 0.7
Superelevation rate, e 0.036 m
Spacing during jam, j 5 m
Deceleration, b∗ 1.67 m/s2

Vehicle length, l 4.5 m
Reaction time of HVs, ξ 1.6 s
Reaction time of AVs, ξ 0.5 s
Reaction time of CAVs, ξ 0.1 s

Maximum normalized density, σ = 1
j

0.2

Acceleration exponent, δ 1, 4, and 80
Time step, Δt 0.5 s

Fig. 3. Temporal and spatial speed with HVs (ξ = 1.6 s) at time headway τ = 1 
s over a 1300 m circular road.

Fig. 4. Temporal and spatial speed with AVs (ξ = 0.5 s) at time headway τ = 1 
s over a 1300 m circular road.

Fig. 5. Temporal and spatial speed with CAVs (ξ = 0.1 s) at time headway τ =
1 s over a 1300 m circular road.
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a = g(f + e) (12) 

and using this in (9), we have 

ξ
(

vτ+ τ2g(f + e)
2

− hs

)

(13) 

The proposed model is obtained by replacing δ in (1) with (13) which 
gives 

v̇ = a∗

⎛

⎜
⎝1 −

( v
v∗
)ξ

(

vτ+
τ2g(f+e)

2 − hs

)

−

(
d∗

d

)2
⎞

⎟
⎠. (14) 

With this model, traffic is characterized based on the reaction time and 
geometric design which is more realistic than the fixed δ in the ID model. 

Further, traffic behavior varies according to the geometric design 
whereas the ID model does not consider the type of road. The traffic flow 
with the proposed model can be expressed as [26]

q =
v
de

(15) 

where de is the distance headway at equilibrium given by 

de = (j+ vτ)

⎛

⎜
⎝1 −

( v
v∗
)ξ

(

vτ+
τ2g(f+e)

2 − hs

)⎞

⎟
⎠

−
1
2

(16) 

Substituting this in (15) gives the flow for the proposed model as 

Fig. 6. Temporal acceleration with HVs (ξ = 1.6 s), AVs (ξ = 0.5 s), and CAVs (ξ = 0.1 s) for time headway τ = 1 s over a 1300 m circular road.

Fig. 7. Temporal flow with HVs (ξ = 1.6 s), AVs (ξ = 0.5 s), and CAVs (ξ = 0.1 s) for time headway τ = 1 s over a 1300 m circular road.
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q =
v

(j + vτ)

⎛

⎜
⎝1 −

(
v
v∗

)ξ

(

vτ+
τ2g(f+e)

2 − hs

)⎞

⎟
⎠

−
1
2

(17) 

Thus, traffic flow is influenced by the geometric design and reaction 
time. Vehicles with a large reaction time will behave differently on 
horizontal curves compared to those with a short reaction time. This is 
more realistic than the ID model which characterizes traffic flow based 
on a constant δ and so cannot produce acceptable traffic behavior on 
horizontal curves.

3. Performance evaluation

In this section, the performance of the proposed model with HVs, 
AVs, and CAVs is evaluated. In addition, the performance of CAVs is 
considered with different time headway τ values and compared with the 
ID model for δ = 1, 4, and 80, as it is typically in the range 1 to ∞ [33]. 
Results are obtained for a 1300 m circular road and time duration 150 s 
using the explicit Euler scheme with time step 0.5 s [48]. The friction 
coefficient employed is 0.7 which is a typical value for dry roads [55,56]
and the maximum speed is 30 m/s [48]. The maximum acceleration and 
deceleration are 0.73 m/s2 and 1.67 m/s2, respectively [33]. The time 
headway is based on the traffic conditions and is typically between 0.5 s 
and 2.6 s [57]. The vehicle length is 4.5 m [58] and the maximum 
normalized density is 1

j = 0.2. Spacing during traffic jams varies 

Fig. 8. Temporal and spatial density with HVs (ξ = 1.6 s) and time headway τ 
= 1 s over a 1300 m circular road.

Fig. 9. Temporal and spatial density with AVs (ξ = 0.5 s) and time headway τ 
= 1 s over a 1300 m circular road.

Fig. 10. Temporal and spatial density with CAVs (ξ = 0.1 s) and time headway 
τ = 1 s over a 1300 m circular road.

Fig. 11. CAV speed with the proposed model over time and space for τ = 0.5,
1, 2, and 2.5 s.

Fig. 12. CAV trajectories over time and space with the proposed model for τ =

0.5, 1, 2, and 2.5 s. The black line shows the trajectory of the 1st vehicle, and 
the colored lines show the trajectories of the 24 following vehicles.
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between 2 m and 7 m [33,48], so 5 m is used here. The simulation pa
rameters are given in Table 1.

3.1. Performance with HVs, AVs, and CAVs

In this section, the performance is evaluated using the proposed 
model. The speed over a 1300 m circular road for 150 s with HVs, AVs, 
and CAVs is given in Figs. 3, 4, and 5, respectively. These results show 
that the speed oscillates over time and space but the oscillations are 
greater with HVs and AVs. The oscillations are smaller with automated 
vehicles, particularly CAVs. Further, the highest speed with HVs is 9.4 
m/s, AVs is 10.7 m/s, and CAVs is 7.6 m/s. Thus, CAVs provide the best 
performance.

Figs. 6 and 7 give the proposed model acceleration and flow, 
respectively, with HVs, AVs, and CAVs for 150 s. These results show that 
the oscillations in acceleration and flow with HVs are large. For 
example, the acceleration varies between 0.73 m/s2 and − 1.67 m/s2 

from 0 s to 150 s. The acceleration oscillations with AVs are much 
smaller, i.e. between 0.53 m/s2 and − 1.00 m/s2 from 53.5 s to 150 s. 
The corresponding flow varies between 0.002 and 0.009 from 56.0 s to 

150 s and this is similar to the results for HVs. With CAVs the oscillations 
in acceleration are very small and the acceleration is approximately 
0.002 m/s2 from 16.0 s to 81.0 s.

Figs. 8, 9, and 10 present the traffic density behavior on a 1300 m 
road for 150 s with HVs, AVs, and CAVs, respectively. Fig. 8 shows that 
with HVs the density is large and oscillates over time and space between 
0.20 and 0.04. Further, congestion occurs at regular intervals from 0 s to 
150 s at several locations. With AVs, the oscillations in density are 
smaller, but congestion occurs as shown in Fig. 9. The density varies 
between 0.20 and 0.05 over time and space. The congestion with CAVs 
occurs from 0 s to 93.0 s at − 117 m and decreases over time as shown in 
Fig. 10. After congestion dissipates, there are small changes in density 
between 0.03 and 0.09.

The results presented in this section show that AVs tend to maintain 
higher speeds on horizontal curves compared to HVs and CAVs. This is 
because AVs follow predefined rules and algorithms without human 
intervention and thus can navigate curves at higher speeds. However, at 
higher speeds horizontal curves can lead to traffic accidents as they are 
designed to facilitate gradual turns rather than fast maneuvers. Vehicles 
with higher speeds can misjudge the curvature, increasing the risk of 
accidents. HVs have lower speeds compared to AVs as drivers choose to 
reduce their speed due to safety concerns or uncertainty about the road 
ahead. However, HV speed oscillations are larger due to driver reaction 
to road conditions. CAVs have slower and more stable speeds compared 
to AVs and HVs as they prioritize safety and efficiency over speed. This 
results in smaller oscillations due to their ability to communicate with 
other vehicles and infrastructure.

Figs. 6 and 7 show that the variations in acceleration and flow with 
CAVs are much smaller than with HVs and AVs. In addition, CAVs have 
small densities as shown in Fig. 10 whereas HVs and AVs have large 
densities which result in congestion. Overall, the results obtained show 
that CAVs have better performance on horizontal curves compared to 
HVs and AVs.

3.2. Comparison of the proposed and ID models

In this section, the traffic behavior of the proposed and ID models is 
compared considering CAVs. CAVs are chosen as they have superior 
performance on horizontal curves. The simulation parameters in Table 1
are employed and a platoon of 25 vehicles is considered. Fig. 11 gives 
the spatial and temporal evolution of speed with CAVs for τ = 0.5, 1, 2, 
and 2.5 s while Fig. 12 presents the corresponding time-space vehicle 
trajectories. When τ = 0.5 s, the speed is zero, which results in conges
tion as the vehicles are not moving. At τ = 1 s, congestion occurs from 0 
s to 85.0 s. The vehicles move slowly and the maximum speed is 7.4 m/s. 
With τ = 2 s, the congestion dissipates after 65.0 s and the vehicles move 
at speeds from 6.6 m/s to 17.2 m/s. At τ = 2.5 s, the vehicles accelerate 
rapidly and reach a maximum speed of 21.2 m/s. There is no congestion 
after 70.5 s. Figs. 11 and 12 indicate that an increase in τ results in an 
increase in speed so vehicle dynamics are faster.

Fig. 13 gives the spatial and temporal evolution of speed with the ID 
model for δ = 1, 4, and 80, and the corresponding time-space vehicle 
trajectories are presented Fig. 14. When δ = 1, congestion occurs from 0 
s to 57.5 s. Subsequently, vehicles move slowly and the maximum speed 
is 23.5 m/s. At δ = 4, the congestion dissipates after 58 s and the ve
hicles move at speeds from 11.8 m/s to 27.5 m/s. At δ = 80, congestion 
occurs from 0 s to 58 s, however, congestion occurs again after 140 s and 
increases over time. Figs. 13 and 14 indicate that an increase in δ results 
in an increase in speed and the appearance of congestion, which is not 
representative of real traffic dynamics.

4. Conclusion

Most traditional traffic models are based on fluid dynamics, but 
vehicle acceleration and deceleration behave like a spring-mass system. 
In this work, a microscopic traffic model was developed based on 

Fig. 13. ID model speed over time and space for δ = 1, 4, and 80.

Fig. 14. Vehicle trajectories over time and space with ID model for δ = 1, 4 
and 80. The black line shows the trajectory of the 1st vehicle, and the colored 
lines show the trajectories of the 24 following vehicles.
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Hooke’s law for a spring-mass system to improve the ID model by 
addressing its limitations such as the unrealistic constant exponent δ and 
the dependence on fluid dynamics. This new model was used to inves
tigate the behavior of HVs, AVs, and CAVs on horizontal curves as they 
are crucial for traffic safety and operational efficiency. The results ob
tained indicate that CAVs perform better than HVs and AVs on hori
zontal curves. In particular, the speed with CAVs is lower and more 
stable which allows for safer maneuvering. CAVs also have smaller 
speed and flow oscillations which reduces the probability of congestion. 
This is because CAVs can coordinate with other vehicles and infra
structure to adjust speeds and maintain a safe distance headway, 
resulting in a smooth flow. CAVs also have smaller acceleration and 
deceleration on horizontal curves which reduces fuel consumption and 
consequently traffic emissions, contributing towards a more sustainable 
transportation system. The comparison between the proposed and ID 
models indiates that the new model outperforms the ID model and 
provides more accurate and realistic traffic behavior. This work 
considered traffic behavior on horizontal curves during normal weather 
conditions. Future studies can expand the range of scenarios analyzed, 
including various road geometries and environmental conditions.
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