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Abstract

In this paper, an extended macro traffic flow model is proposed by considering
the effects of the driver’s bounded rationality and behaviors (e.g., timid and
aggressive). The linear stability condition of the model is obtained by linear theory.
Through nonlinear analysis, the KdV-Burgers equation is derived, which can
reproduce local clusters and stop-and-go waves in the different regions, respectively.
Numerical results illustrated that timid behavior inhibit traffic stability, while the
effects of driver’s route choice behavior and driver’s aggressive behavior will enhance
traffic stability. Energy consumption is also explored according with above factors.
Numerical results indicated that the driver’s bounded rationality and aggressive

behavior can reduce energy consumption.

Keywords: Macro traffic flow; Energy consumption; Driver’s bounded rationality;

Driver’s timid and aggressive behaviors.

1. Introduction

With the development of vehicle technology and social science, traffic

phenomenon (e.g., traffic jam, road overload, average speed drop and traffic energy
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consumption, etc.) cannot be neglected any longer. Therefore, researchers are taking
various measures [1-5] to solve the increasingly serious traffic problems. In 1956,
Richards [6] complemented and refined the LWR model. By combining continuity
model and dynamic equation, Payne et al. [7] developed a continuum model with due
consideration of the system dynamics, which can solve the problem of boundless
acceleration. Previously, Bando et al. [8] proposed an optimal velocity model (OVM),
which can counter the free-following and blocking flow. After that, researchers
developed several different models, such as car-following model [9-19], cellular
automation model [20-24] and route optimization model [25-27] belong to the
microscopic model. The hydrodynamic model [28-34] and continuum model [35-41]
belong to the macroscopic model. Based on the FVDM proposed by Jiang et al. [8],
Jiang et al. [42] further analyzed the structural properties of the solutions of the speed
gradient traffic flow model. Tang et al. [43] develop LWR model based on the effects
of driver’s individual property on his/her perceived density and speed deviation. At
the same time, based on the driver’s individual difference of the driver’s perception
ability, Tang et al. [44] develop a new fundamental diagram with the driver’s
perceived error and speed deviation difference.

In the past studies, we rarely see some models that take into account of both the
effects of driver behavior (e.g., timid and aggressive) and driver’s bounded rationality.
As a matter of fact, different drivers have different drive styles and they usually adjust
optimal vehicle velocity according to the change of current traffic conditions. Peng et
al. [45] studied an extended model (TAOVM) with consideration of the incorporation
timid and aggressive behaviors. Based on the relationship between macro and micro
variables, Cheng et al. [38] developed an improved macro traffic flow from the
TAOVM. At the same time, with regarding to driver’s bounded rationality, which is
the driver’s choice behavior to adjust the driving route. In other word, when the
difference the consumption time on the current route and the optimal route is less than
equal to a certain critical value, the driver still runs on the current route. Because
he/she thinks the current route is acceptable. The researcher puts forward some traffic
flow models to explain driver’s bounded rationality [46, 47]. Tang et al. [48] studied
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the effect of the driver’s bounded rationality on their driving behavior of each vehicle
in different traffic conditions, which include the initiation and evolution process of
small perturbation). However, the influences of driver’s timid and aggressive
behaviors are not considered in Tang’s model. For this reason, this paper aims to
study the influences of driver’s bounded rationality on macro driving behavior (e.g.,
timid and aggressive).

This paper is organized as follows. In Section 2, we proposed the formulation of
an improved continuum model considering the effects of aggressive driving, timid
driving and driver’s bounded rationality, simultaneously. In Section 3, the stability
condition of the new macro model is studied. Section 4 discusses the nonlinear
stability of the model and the mKdV equation can be got by using nonlinear analysis.
And the numerical results will be carried out in Section 5. Finally, we draw

conclusions in Section 6.

2. The extended macro traffic flow model

In real traffic, owing to the lack of skilled driving ability and the fear of traffic
accidents, most timid drivers tend to drive more carefully. They are typically run
slowly and react slowly. By contrast, the experienced drivers can reach their
destination in the shortest time. Due to the drivers are divided into two categories,

timid and aggressive. Peng et al. [45] put forward a new car-following model as

follows:
v, (t):a PV (AX, (t+ 7))+ (1= p)V (AX, (t—a,7)) -V, (t) |+ 24v,, (D)
dt
where Av,=v, -V, , a:1 , A is the sensitivity coefficient of the speed
T

difference, p is a parameter standing for the intensity between two driver’s
characteristics, ¢, Iis the anticipation and reaction delay coefficients of aggressive

driving and ¢, is the anticipation and reaction delay coefficients of timid drivers. It



clearly expressed that the drivers perform aggressively when 0.5< p<1; when
p=1 means the drivers are totally aggressive characteristic. On the contrary, it
indicates that the timid behavior became the key impact-factor when 0< p<0.5;
when p=0 indicates the drivers are wholly conservative characteristic. It means

that two types of drivers have the same characteristicas p=0.5.

Cheng et al. [38] developed a new continuum model accounting for the driver’s
timid and aggressive attributions by using the transformation of macro and micro

variable as follows:

S22 afy, ()]s [2-(20-Yari(o)] V(A v (0| @

Simplifying Eq. (2), we can derive
ov , ov o V1A%
g+[v—ﬂ,A+(2 p—l)oc,oz\/e (p)A]& = a[Ve (p)—V]+[/1—(2p—l)ap2Ve (p)]7v (X)
@)
On the other hand, Tang et al. [49] proposed an extended macro traffic flow
model accounting for the driver’s bounded rationality as follows:
Pt (,OV)X =0,
0, if v, +wv, |<e

Vit W, =qv-V (,0)

+C,Vv,, otherwise

X!

where & means influence coefficient of driver’s bounded rationality, 7 = " =10s is

the relaxation time and c,=10m/s is the propagation speed of small perturbation
[50].
Next, we proposed a new extended macro traffic flow model, which combines

the effect of driver’s bounded rationality with timid and aggressive behaviors as

follows:



0, if v, +w,|<e

o ox |alV (p)—v]+[/1—(2p—1)ap2Ve'(p)](AVX+%A2VXXJ, otherwise.

(5)
Note:
(i) When the nth driver’s accepts the current speed guidance, the driver will not

change the current speed. The stability of the traffic flow remains unchanged.
ov oV
ot ox
(i) When the nth driver does not accept the current speed guidance, the driver will

=0. (6a)

immediately adjust his/her speed, so driver will adjust his/her driving behavior, so the

driver’s acceleration is defined as follows:

N oV 1.
Ev+v&:a[Ve( v]+ [ (2p- 104[’V(P)]'(AVX+EA Vxxj' (6b)

3. Linear stability analysis

When |v, +w,|<e, this parameter ¢ allows the driver to maintain the current

speed, avoiding frequent acceleration and deceleration, which makes the flow of
vehicles more stable. For this reason, the linear stability analysis was carried out to

research the effects of driver’s bounded rationality, timid and aggressive behaviors

on traffic stability when |v,+w,|>¢. It is obvious that combining Eq. (6b) with the

conservation equation, given as:

o 1 (7)
—+v—=a[V,(p)-v]+[1-(2p-1)apV,(p )](AVXJFEAZVXXJ.

For the sake of facilitate the analytical analysis, we have a vector form of Eq. (7),

one gets

Piall -k, ®)
ot OX



o]
Vv

A{o v=aA+(20- Yap Y )@}’ 10)

0
E 2 . (11)

= A ,
a[Ve(p)—v}+7(/1—(2p—1)ap2\/e(p)vxx)
To calculate the eigenvalues of A by letting the corresponding determinant be

zero,
|A1-A|=0, (12)
where | isa 2x2 identity matrix. Then, we obtain the following eigenvectors are
A=V, A,=V-iA+(2p-1)ap’V/(p)A. (13)
Since V,(p) is a monotonic decrease function, which is less than zero,

obviously the model features the anisotropic property of traffic when 0.5< p<1.

The little disturbance is applied to the homogeneous traffic flow by considering

that the steady state is a uniform flow

(p(“)}ZEPOJ*[?k]eXp(ikxwkt)- 9

v(xt) v, v,

Substituting Eq. (14) into Eq. (7), then only considered the first and second terms

of Taylor’s expansion, we can derive

(0, +Voik) , + pyikd, =0,

kA)’

Voik + 2Aik —(2p —1) apgV, (o, ) Aik

When the Eq. (15) entails a non-zero solution, the determinant of the coefficient
matrix should be always equal to zero, i.e.

o, +V,ik poik
A(kAY: -0. (16)

avy(p,) - —a—o, —Vik + AAik +(2p 1) apV, (p, ) Ak [%—i)



By cross multiplying and subtracting, we can get

[a+ (kg)z (21-(2p-2) 2PV, (p,)) - 24K +(2p—1)ap§Ve'(po)AikJ’(Uk +voik)+apVe(p)ik

+(0, +Voik)* = 0.
(17

The neutral stability condition for traffic flow can be deduced

o AN+ p NV, (py) (18)

(2p-1)AapiV,(p,)

Equation (18) clearly demonstrate that the correlation parameter p of two
driver’s behaviors have a large impact in stabilizing the traffic flow. The neutral
stability lines in the parameter space of (p; a) are shown in Figure 1. By assigning
and modifying the argument value, the stable region is negatively correlated with the
parameter value P, which verified that timid driving is worse than aggressive

driving. Because the aggressive driver changes lanes to avoid rear-end collision in
accordance with the observation of the road ahead. It also proved that aggressive
driver behavior can enhance the stability of traffic flow.

From Eq. (17), there exists
Im () =—k[ v+ ooV, (95) ]+ O(K°). (19)
From Eqg. (19), the critical velocity at which the disturbance propagates
Co(20)=Vo + PN, (), (20)

which have a strong resemblance of those mentioned in Ref [51].
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Fig. 1. Neutral stability lines for different intensity influence coefficients p.

4. Nonlinear analysis

Nonlinear analysis is an important component for the entire paper. It often starts
from the instability of traffic flow and excavates the internal mechanism of traffic
flow state change. Therefore, we employ a new frame of reference as follows [52]:

Z=X—cCl (21)

Applying Eq. (21) into Eq. (7), we have the following normalized equations:

—Ccp,+q, =0,
2

—ov, +v, (V= AA+(2p-1)ap™V,(p)A) =a[V, (p)—v:|+%(/1—(2p—l)apZVe'(p)vzz).

(22)

where Q=p-V.



According to Egs. (21) and (22), we can also get the following derivative

equation of V:

_¢p,_9p,

v, < (23)
P p
co, 20p: Gp, . 2qp}
2= - 2 2 + 3 (24)

p P p P

The flow q is set to the extended expression of the flow

q = pVe (p)+ b1pz +b2pzz ' (25)

Substituting Egs. (23)-(25) into the second formula of Eq. (22) gives

_C(sz _qlizj+(ﬂ_ﬂ'A—}_(zp_l)asze,(p)A](sz _quzj
Yo,

P P P yo, (26)
q|, A : cp, 20p; qp, . 20p;
=a|V,(p ——}r— A—-(2p-1 05,02\/e Yo, ( 2z _ 2 Az z |
V(o) |+ 5 (4= (2p - o) 2o - 2210 20

Through balancing the terms p, and p,,, the parameters b, and b, can be

acquired as follows:

g, - C OV (p) oA (i~ (2P -1 Vi)
1-a ,
_(c-Vu(p)) 2 (2-(2p-D)apV. () (27)

2 “2+2a

Taking p=p,+p2(xt) and using the Taylor series expansions near the neutral

stability condition, we obtain:

1 i
AV (2)= PN (P) 4 (), |y, 245 (V) | o P (28)

A

Putting Eq. (25) with Eq. (28), and turningthe o to p, we can obtain

~Cp, +[(pVe)p+(pVe)pp p]pz +bp,, +b,p,, =0. (29)
In order to obtain accurate KdV-Burgers equation, performing the following

transformations:

U=-[(pve)p+(pve)ppp] X =mx, T=-mt. (30)



Putting Eq. (30) into Eq. (29), we can obtain the KdV-Burgers equation
U; +UU, —mbU,, —m*bU,,, =0, (31)

with analytical solution

l+2tanh(i mbl){x +6(Lbl)z)T +§0}

2 10m?
y—-3mb) @

25(—m2b2) +tanh2(iﬂj X+—6(_mb1)2 T+¢
? 25(-m’,)

10m

where ¢, isan arbitrary constant.

5. Numerical simulation

In this segment, using the numerical simulation of the difference method to study
the effects of driver’s attributions and bounded rationality in the new continuum

model. We also studied whether the proposed new model can smooth out the shock

waves and rarefaction waves. Let index i and j represent the space and the time,

respectively. The finite difference method was used to discretize Eq. (5) as follow:

At At i
plt=pl = pl (v =via)+ vl (pli-p)) (33)
Lyl oyl
@) If Wy YT <
AX
vt =yl (34)
Lyl gl Ly o
(b) If |- Y +v/ Yea TVl ¢ and vl <c!
AX
_ COAt, : - At-¢/ (v,Ll—Zv +v) )
vt =vl (vl —c)) (v, -V )+aat| V. (p))-v] |- 35
i i AX( )( i1 ) |: e(pl) |:| 2(AX) 'pi ( )
Lyl oyl -
(c) If M +v] Yea Y |>g and v/ >c/
At AX

At-c! (v‘ —2v +vJ

i+1 ) (36)

iy _g(vij ¢ )(Vij _vi{1)+ aAt [Ve (,Dii )‘VH}_ 2(Ax)" - p
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where ¢/ = % -(2p-1) ozpijVe'(,oij )

5.1 Shock waves and rarefaction waves

In this section, we conducted a series of numerical experiments to reproduce the
evolutions of traffic flow under two typical conditions (i.e., shock wave and
rarefaction wave). As pointed out by Daganzo (1995), it is particularly difficult to
accurately describe the problem of traffic shock fronts. We explore how the evolution
of shock and rarefaction wave under two sets of free boundary conditions, where the

initial densities are as follows:

Py =0.04veh/m, pi,. =0.18veh/m, (37a)
P, =0.18veh/m, pf  =0.04veh/m. (37D)

where ol , pi, are the upstream and downstream initial densities, respectively.

Initial speed conditions are

Vi =V (03), (38a)

Vizn = Ve ( Pin )- (38)

Here, we apply the speed-density equilibrium function developed by Castillo et

al. [53]:
V,(p)=v, llexp(lexp(s—m(% ]D] (39)

where ¢ is the kinematic wave speed under the jam density and the road length
L=20km, c,=1Im/s, Ax=200m, At=1s, v, =30m/s, p;=0.2veh/m.

The evolution of Eq. (5) can be obtained from Figs. 2 and 3.
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Figs. 2 and 3 display the density and speed evolution of shock and rarefaction
wave, respectively. From Figs. 2-3, we have produced conclusive results that our
model can effectively describe in enough detail in shock and rarefaction waves. Fig. 2
shows that the wave can be smoother with the increase of the parameter &, which is
agree well with the theoretical analysis. At the same time, the deceleration delay is
increasing with the increase of parameter &, and the trend is the reverse propagation
to the vehicle. Fig. 3 shows the rarefaction wave front evolves, which is mainly
reflected in shock waves. It can be observed that the wave can be smoothed and form

a continuous traffic flow over time.

5.2 Local cluster effect

The new macroscopic model is also used to capture the evolution of small
disturbance, just like the well-known as the local cluster effect of traffic flow. The
analysis of the local cluster effect can explain the phantom traffic jam in the actual
traffic. In this part, we study the phenomenon of local cluster in the process of traffic
flow evolution through numerical simulation. Next, we explore the evolution of a

small perturbation, where the initial conditions are as follows [54]:
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160 5L 1 40 11L
X,0)= p, +Ap.<cosh™?| —| x—=— ||-=cosh?| —| x—=— |}, 40
px0)=r p°{ L( 16ﬂ 4 L[ szﬂ} )

where the road length satisfying L=322km and Ap, indicates density
perturbation. We adopt the boundary condition is periodic, i.e.,
p(Lt)=p(0,t), v(Lt)=v(01). (41)

By comparing the results in Ref. [55], the balance relationship of the speed and

density is expressed as follows:

-1
% ~0.25
\Y/ =V, ||1l+exptLm — | —3.72x10°° |, 42
(,0) f p 0.06 (42)
where v, and p, mean the free flow speed and maximum jam density respectively.

What’s more, other parameters are here chosen as follows:

v, =30m/s, p,=02veh/m, Ax=100m, At=1s. (43)
5.2.1 Sensitivity to parameter p,

When the parameters are chosen as p=0.5, £=0.2, a«=0.9, observe the

disturbance space-time evolution by changing the initial density value are shown in

Fig. 4. In Figure 4, the density fluctuation changes obviously at p, =0.038veh/m,

P, =0.058veh/m , p, =0.078veh/m and p, =0.098veh/m , respectively. As

shown in Fig. 4, the small perturbation will almost dissipate when the initial traffic
density is greater than the upper critical density 0.098veh/m. As the number of
vehicles increase there will be stop-go-stop traffic phenomenon. Therefore, the traffic

flow density wave fluctuates drastically with the augment of traffic density (see Fig.

4(a)-(c))-
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density(veh/m)
o
8

1500 0 1500

104 500

40 time(t/min)
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(a) p=0.038veh/m (b) p=0.058eh |

density(veh/m)
o
8

0.02

1500 1500
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4 0 time(t/min) 4 0 time(t/min)
space(x/102m) space(x/10%m)

(c)p:0.078veh/m (d)p=0.09\8eh I
Fig. 4. Spatio-temporal evolution of small perturbation considering the driver’s
bounded rationality, timid and aggressive behaviors when p=0.5, £=0.2, «=0.9

for different initial densities.

5.2.2 Sensitivity to parameter p

Figure 5 represents traffic patterns by considering different influence coefficients

of two driver’s characteristics for p=0.1, 0.4, 0.6, 0.9 (see Fig. 5(a)-(d)), where
£=0.2, «=0.9 with initial density p,=0.058 veh/m. From Fig. 5, we can find

that traffic flow will be more stable with the increase of p. It is concluded that the

driver’s timid behavior has negative influence on the traffic stability, but the

aggressive behaviors’ is valuable to reduce traffic jams.
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4 0 time(t/min)

density(veh/m)
density(veh/m)
o
8

1500 0 1500

104 500

4 0 time(t/min)
space(x/1 Ozm) space(x/10°m)

4 0 time(t/min)

(c)p=06 (d)p=0.¢
Fig. 5. Spatio-temporal evolution of traffic flow when £=0.2, «=0.9 with initial
density p,=0.058 ven/m for different intensity influence coefficients p of two

driver’s characteristics.
5.2.3 Sensitivity to parameter &

Figure 6 displays the spatio-temporal evolution of traffic density for various

arguments & where p,=0.058veh/m , «=0.9 with intensity influence

coefficient p=0.4. We can clearly see that the amplitude decay with the decrease of

& in free space, which verifies the effect of driver’s route choice behavior has

positive impact on increasing the traffic flow stability.
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4 0 time(t/min) 4 0 time(t/min)

space(xl102m)

(c)e=0.2 (b)&=0.:
Fig. 6. Spatio-temporal evolution of density with different & when

P, =0.058veh/m, «=0.9 with intensity influence coefficient p=0.4.

5.2.4 Sensitivity to parameter «

Figure 7-8 exhibit the influence of different anticipation ability coefficients «

on traffic flow when p,=0.058veh/m, £=0.2 with p=04 and p=0.38,

respectively. From Fig. 8, it is clear that the size of density fluctuation decrease

gradually with the growth of « when p > 0.5, which verifies that the factor of «

can effectively anticipation traffic congestions. Conversely, the size of density

fluctuation increase gradually with the growth of « when p<0.5 are shown in Fig.

7.
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(c)a=0.6 (d)a=0.¢
Fig. 7. Spatio-temporal evolution of density with different o« when p=0.4,

& =0.2with initial densities g, =0.058veh/m.

density(veh/m)
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(a)a=01 (b)a=0.-

density(veh/m)

1500 1500

4 0 time(t/min) 4 0 time(t/min)
space(x/102m)

space(xl102m)

(c)a=0.6 (d)e=0.¢
Fig. 8. Spatio-temporal evolution of density with different o« when p=0.8,

& =0.2with initial densities p, =0.058veh/m.

5.3 Energy consumption

A lot of energy consumption will be caused by acceleration, deceleration and
idling in transport system [56-58]. When road conditions, traffic control and traffic
members and other factors change, the driving velocity of traffic flow and
macro-micro behaviors will change correspondingly, thus affecting the energy
consumption of traffic flow. We attempt to explore the effects of driver’s attributions
and driver’s route choice behavior on energy consumption during the whole
evolutions in macro traffic flow model. In this paper, the following formula is adopted

as energy consumption

E(X.0) =2V (1) (44)
Here, we apply the fuel consumption change on t and X, it follows that

OE(x,t) 1, 1.,

==V (X,t+At) ==V (X,t), 45

=SV A -2 (xt) (45)
OE(x,t) 1 , 1,

— =V (X+AX,t) - =V (X, 1), 46

OX 2 ( ) 2 ( ) (46)

where At and Ax is uniform time step and uniform spatial step, respectively.
We study the effect of driver’s characteristics on the fuel consumptions during
the whole evolutions of small perturbation are given in Fig. 9. Correspondingly, the
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energy consumption of vehicle at the mid-position of the space under different p at

various time points when t=6000s Figs. 9-10 show that the key variable of driver’s

characteristics is augment, the car requires less energy to transport within a fixed
delay time, which certified that aggressive is more energy efficient than timid driver’s
behavior.

Figure 11 presents the energy consumption on the road under different parameter
o at t=6000s. In the meantime, the energy consumption of vehicle at the
mid-position of the roadway under different « at various time points are shown in
Fig.12. We can see from the Figs. 11-12 that the energy consumption increases

proportionally to the element of & when p<0.5. On the other hand, it clearly

shown that energy consumption decreases inverse proportion to the element of «

when p>0.5. Itimpliesthat « can better predict the traffic conditions.

Next, we explore the effect of the driver’s bounded rationally on energy
consumptions in Fig. 13. From Fig. 13, one can draw a conclusion that the energy
consumptions will decrease as the parameter & increase. It can be known that the

driver’s bounded rationally can considerably enhance the stability of traffic flow.
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Fig. 9. Profile of energy consumption of vehicle with different p at various road

points when t=6000s, p,=0.06ven/m, £=0.32.

20



250 - . : : : 300
—p=0.2
—p=0.4 250 +
200 | —p=0.6[}]
—p=0.9
200 |
150} “ _
= ( 2150
5 | S
100 | | H
) } ) 100
| f
ot LBl i ? 50
RN
0 ol I i 0 L T L
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Time (s) Time (s)
(a)a=0.: (a)a=0.¢

Fig. 10. Energy consumption of vehicle at the mid-position of the road under different

p at various time points when t=6000s, p,=0.06veh/m, £=0.32.
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Fig. 11. Energy consumption of vehicle with different parameter « at various road

points when t=6000s, p,=0.06ven/m, £=0.32.
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Fig. 12. Energy consumption of vehicle at the mid-position of the road under different

a at various time points when t=6000s, p,=0.06ven/m, «=0.9.
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Fig. 13. Energy consumption of vehicle at the mid-position of space x under

different ¢ at various time points when t=6000s, p=0.1, £=0.32.

6. Conclusion

It is rare to simultaneously explore the impacts of driver’s bounded rationality
and driver’s behavior in existing macro traffic model. This paper firstly construct a
new macro continuum model by taking incorporating driver’s characteristics and
driver’s bounded into account. The linear stability condition of the new continuum
model under small disturbances is derived. Simulation examples verify that the
influences of driver’s bounded rationality and driver’s attribution (e.g., timed driving
and aggressive driving) play an important role in traffic jamming transition. At the

same time, the effect of driver’s route choice behavior on the propagation of shock

22



waves and rarefaction waves propagation is explored by the numerical simulations.
Energy consumption is also explored for the new model. The analytical and numerical
results demonstrate that the impacts of driver’s bounded rationality and aggressive
driving behavior play an important role in improving the highway capacity and

minimizing the vehicle energy consumption.
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