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ABSTRACT

The rapid growth of CAV (Connected and Automated
Vehicle) market penetration highlights the need to gain
insight into the overall stability of mixed traffic flows in
order to better deploy CAVs. Several studies have ex-
amined the modelling process and stability analysis of
traffic flow in a mixed traffic environment without con-
sidering its inner spatial distribution. In this paper, an
innovative Markov chain-based model is established for
integrating the spatial distribution of mixed traffic flow
in the model process of car-following behaviour. Then
the linear stability analysis of the mixed traffic flow is
conducted for different CAV market penetration rates,
different CAV platoon strength and different cooperation
efficiency between two continuous vehicles. Moreover,
several simulations under open boundary conditions in
multiple scenarios are performed to explicate how CAV
market penetration rate, platoon strength and coopera-
tion efficiency jointly influence the stability performance
of the mixed traffic flow. The results reveal that the per-
formance of this mixed traffic flow stability could be
strengthened in these three factors. In addition to stabili-
ty, an investigation of the fuel consumption and emission
reduction under different market penetration rates and
the platoon strength of CAVs are explored, suggesting
that substantial potential fuel consumption and emission
could be reduced under certain scenarios.

KEY WORDS

traffic flow modelling; linear stability, connected and
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1. INTRODUCTION

In the Connected and Automated Vehicles
(CAVs) system with the benefit of the advanced
wireless communication technology, the CAVs can
share real-time information with other vehicles
and infrastructure [1]. The vehicles will accurate-
ly get information about the surrounding vehicles.
Thus, the vehicles under the CAV environment tend
to form a platoon-based driving pattern. In recent
years, many scholars have carried out extensive re-
search on platoon control of CAVs under advanced
communications [2-5]. They point out that when the
market penetration rate of CAVs is high enough,
the CAV platoon has the potential to mitigate traffic
congestion, increase road throughput, and reduce
energy consumption through reasonable control.
However, CAVs have not appeared on the market in
large quantities, and they are only in the initial stage
of the development. Thus, a mixed traffic environ-
ment, a combination of CAVs and human-driven
vehicles (HVs), will continue for a relatively long
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time. Many findings have demonstrated that large
amounts of CAVs are able to significantly enhance
road traffic capacity, safety, fuel and emission effi-
ciency [6-8]. And all these ameliorates are insep-
arable from the stability performance [9-13]. To
better realize this expected potential boost provid-
ed by CAV to the traffic, the mixed traffic flow is
desired to exhibit string-stable behaviour [14-18].
Many studies have been carried out for theoretically
investigating the stability of the homogeneous traf-
fic flow, which only contains HVs or CAVs, [3, 19-
22]. In addition, many scholars have also carried out
theoretical analyses on the stability performance of
various CAV market penetration under mixed traffic
environment [23, 24]. These studies have reached
a consensus that traffic flow stability will improve
with the increase of CAV market penetration rate.

Up to now, the impact of order randomness of
the mixed traffic flow on the stability performance
had not been apprehended in previous studies as-
suming deterministic time delays between two con-
tinuous vehicles. Ghiasi et al. put forward a concept
of platoon strength; their findings proved that it will
affect the capacity of mixed traffic to some extent;
a Markov chain model which is proposed in their
research is used to analytically formulate the traffic
capacity of mixed traffic flow [25]. Although they
mainly focus on the capacity analysis of mixed traf-
fic flow, the method in this paper can be extended in
a number of directions. Inspired by this, we believe
that this Markov model can be applied to analyse
the microscopic traffic dynamics of mixed traffic
flow (e.g. the traffic flow stability analysis). The
stability performance in the traffic flow is related
to safety, throughput as well as energy, and the in-
sights that reveal how CAV market penetration and
platoon strength jointly influence the stability of the
mixed traffic remain a challenge.

Furthermore, from the perspective of modelling,
the IDM (Intelligent Driver Model) with or without
time delay, describing the car-following behaviour
is often used to analyse the string stability of traf-
fic flow in traditional environment. Ngoduy uses an
extension IDM with different time delays to obtain
stability criterion for the mixed traffic system un-
der connected and automated environment [14]. Li
proposed another extended IDM in consideration of
the cooperation efficiency between two continuous
vehicles, but the authors assume that the coopera-
tion efficiency is not related to the order of vehicles,
and this assumption obviously does not accord with

the actual situation [26]. In general, compared with
the HVs, CAVs have stronger cooperation efficien-
cy with its preceding vehicle. Thus the difference
between different distribution types should be dis-
tinguished and investigated in this extended IDM.
Therefore, this paper attempts to span the gap by
proposing an innovative Markov chain-based mod-
el for the stability performance investigation under
mixed traffic environment. This model will jointly
take into account the effects of CAV market pene-
tration, CAV platoon strength and collaboration ef-
ficiency between two adjacent vehicles.

Moreover, fuel consumption and emission re-
duction is another field where CAVs can make
significant contributions [27-29]. This study also
investigates how CAVs affect fuel consumption and
emission from the perspective of stability analysis.
The results reveal that the substantial potential ener-
gy saving and emission reduction could be achieved
under certain scenarios.

The rest of this paper is organized as follows:
Section 2 provides the modelling process of the
proposed Markov chain-based model. Section 3 in-
troduces string stability conditions for mixed traffic
system in consideration of topology of vehicles, and
Section 4 projects the effect of penetration rate, pla-
toon strength of CAVs and collaboration efficiency
into the stability analysis with different car-follow-
ing simulation scenarios to support our analytical
findings. In addition, fuel consumption and emis-
sion analysis obtained with the simulations are pre-
sented in Section 5. Finally, Section 6 concludes
with some discussions and future research ideas.

2. MODEL FORMULATION

In this section, first, the spatial distribution ran-
domness of mixed traffic flow is modelled. Addi-
tionally, the homogeneous traffic flow models of
HVs and CAVs are briefly introduced. Finally, an
innovative Markov chain-based model is construct-
ed, which jointly take into consideration the CAV
penetration, CAV platoon strength, as well as the
collaboration efficiency between two adjacent ve-
hicles.

2.1 Spatial distribution model of mixed
traffic flow

In mixed traffic environment, the traffic flow will
be randomly composed of CAVs and HVs. Markov
chain describes a stochastic process in a state space
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that transitions from one state to another. The ben-
efit from this character is that it could be well em-
ployed to depict the arrangement of mixed traffic
flow problems as mentioned above.

For the sake of investigating the stochastic dis-
tribution of different vehicles, a Markov model
raised by Ghiasi et al. [25] is employed to depict
the stochastic distribution of the mixed traffic flow.
Assume that there exist N vehicles running on a cer-
tain road segment. 4, €S5:10,1} represents the state
space variable of the n-th step, that is, at the n-th
step, what type of vehicle there is, and the different
values of 4, represent different types of vehicles (if
vehicle n is an HV, 4, =0; and if vehicle n is a CAV,
A,=1), and let p, represent the CAV market penetra-
tion, then we have:

N
pi=3 4

n=1

(1
Since the traffic flow is composed of only two

vehicle classes (CAV and HV), the market penetra-
tion of HV p,, can be obtained as:

o 1-4,
po=2-—xr=1-pi (2)
n=1

Because p, and p,, exist, the relationship is based
on the formulations of Equation 2. So, in the follow-
ing paper, only p, will be used for the analysis. Let
us assume that the probability of the first vehicle
being a CAV is p,, that is, Pr(4,=1)=p,. Hence, the
initial state of the system S, ..~ and the subsequent
transition matrix can be represented as indicated in
literature [25]:

where S, .. denotes the initial state of the sys-
tem; and 7, ; represents the probability for different
car-following scenarios, e.g. T,,:=Pr(4,,,=CAV
|4, =HYV).

Then, T, i could be expressed as a function of p,
and O:

{Tlo(p|,0)=(1 -p1)(1-0)
Tl](p|,0)= 1 -T]O(p],O)

n+l

)

{Tm(pl,O)pl(l-O)
Too(p1,0)=1-Toi (p1,0)

where O€[0,1] denotes the connection degree of the
same type of vehicles, with the increase of O. It is
indicated that the two vehicles of the same type are
more likely to appear adjacent to each other. When
O=1, the same type of vehicles will be adjacent to
each other, at this time, the platoon composed of
CAVs has the largest capacity, as shown in Figure 1.
Otherwise, if O€[0,1), HVs and CAVs will be ran-
domly distributed, as shown in Figure 2. In particular,
the distribution of vehicles will only be determined
by CAV market penetration when O=0.

2.2 Homogeneous car-following models

The IDM is adopted to describe the behaviour of
HVs. And the model derived by the PATH program
is employed to depict the car-following behaviour
of CAVs.

Modelling for human-driven vehicles
IDM was proposed by Treiber et al. in 2000.
This model has the following expression:

dva(t)

Suia:={ pr.po} @) @) =g =Alsa(hva(e).Ava (1)) =
- 70([1 (v;;(t))4 ( So )2] (6)
(4 1o - v - (¢)
Tran,v. - ] 4 S”
! Tor Too )
Direction
-
0=1
G0 o Go @ @ & &
HV HV HV HV CAV CAV CAV CAV
Figure 1 — Vehicle distribution example when O=1
Direction
-—
el NN Noesl  oesiiews
HV CAV CAV CAV HV CAV HV HV
Figure 2 — Vehicle distribution example when O#1
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where
S:=S0+vn(t)T+%x/a_lg(t) (7)

In this model, a,(7) is the acceleration of n-th ve-
hicle at the next time step; v, (¢) denotes current ve-
locity of n-th vehicle; s, () is the headway between
two vehicles; Av (7) represents the velocity differ-
ence between two car-following vehicles.

The description of a, v, 5, T, f are as follows:
o —vehicle maximum acceleration;

v, —expected velocity at which vehicles drive in
free state;

s, —desired safe headway;

s, —minimum desired distance. If the headway
between two adjacent vehicles is less than s,
the vehicle will stop going

T —minimum possible time that takes for trailing
the preceding vehicle to cover the distance;

S —desired deceleration, which is a positive
number.

Based on Egquations 6 and 7. The three partial de-
rivatives of this model regarding v , Av , s, at steady
state can be calculated through Equation 8:

0

v Ofn _ 2 (ve\, T(so+Tve)
AR R
fity — o _ Ve [Q sotTve
" 8Av,, (ve,se) Se ﬁ Se (8)
e/ 2o(<so+ Tve \?
S _ _ <« e
1= s (vw)_ Se Se )

where f) M is human-driven vehicle acceleration
function, where H stands for HV. In addition, /) A
147 and £ denote the partial differential of /, with
respect to velocity, velocity difference, and head-
way distance at equilibrium state, respectively.

Modelling CAVs

In the research of Milanés and Shladover [31],
PATH program put forward one car-following mod-
el for CAVs, which has been widely employed by
many scholars. The acceleration of n-th CAV at
time ¢ is depicted by:

_ dva(t) _ ki (sa(t)-50-tcvn)+kaAv,

where s, has the same meaning as described in
Equation 7; t, indicates the expected time gap of
CAVs; k, and k, are parameters which need to be
calibrated; and Af is the time step. Some experi-
ments were performed by PATH to calibrate these
parameters whose values are listed in 7able 3 of Sec-
tion 4.

The three partial differentials of this model re-
garding v , Av , s at steady state can be calculated
as the following formulas on the basis of Equation 9:

Vo a.f” _ kl tu
f’? N IV, (ve,se) o At+ kot
I k
Av _ _ % _ 2
it = AV, |y Atthate (10)
G k
S _ _ 1
fg - asn (ve,se) At+k2tc

2.3 Markov Chain-based model

In CAV environment, the information sharing
efficiency depends in part on the collaboration ef-
ficiency between two adjacent vehicles. This study
employs the refined model put forward by Li et al.
[26] to depict CAV car-following behaviour, due to
its refined consideration of both time delay and col-
laboration efficiency with its preceding vehicle. The
driving behaviour of CAVs is described as:

an:W:fn(&l(l‘)av"(t)’AV"(t))Jr

F A1 ($n-1 (2 ), Va1 (2),Aviai (2))
where 7, indicates the delay due to physical effects

of the vehicles; 4 denotes collaboration efficien-
cy between two adjacent vehicles, as depicted in

(11)

Figure 3.

Comparing to the IDM and PATH model that
considers only speed, headway, and relative speed,
this model depicts that collaboration efficiency is
another factor that affects the driving behaviour of
the vehicle. Based on such a model, a novel Markov
chain-based model that premeditates different col-
laboration efficiencies between two adjacent vehi-

an pr INET (9) cles could be easily explored.
Direction
-
A/i_\ A/i\
T oM oD
HV CAV CAV CAV HV CAV HV HV
Figure 3 — Different collaboration efficiencies for two adjacent vehicles when O#1
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To explore how CAV market penetration, col-
laboration efficiency and CAV platoon strength af-
fect the traffic flow stability, an innovative Markov
chain-based model that incorporates these three key
factors is proposed in this section.

In more general cases of O<[0,1), CAVs respond
faster to the state changes in the preceding vehicle in
comparison with humans, benefiting from the wire-
less communication with vehicles and infrastruc-
ture. As HV cannot sensor the condition of the pre-
ceding vehicle without on-board equipment, it can
only pay attention to the headway with its preceding
vehicle, and therefore the decision of HV is inde-
pendent of the type of its preceding vehicle. Thus, 4
is variable rather than fixed, which depends on the
types of two adjacent vehicles. Figure 3 depicts two
different scenarios of collaboration efficiency 4,
and 4,,, which denote the car-following scenarios
that an HV or a CAV follows a CAYV, respectively.

Therefore, different probabilities of n-th vehicle
acceleration under different car-following circum-
stances can be obtained:

Table 1 — Probability of n-th vehicle acceleration

Car-following scenarios Probability
HV (front) + CAV (rear) Py Ty /g PETy, /7
HV (front) + HV (rear) PyTo /"
CAV (front) + HV (rear) P.T,, /"
CAV (front) + CAV (rear) P\T, [+, P2T}, f€

Based on the analysis above, the acceleration of the
n-th vehicle could be thus presented as:

dv,(t+t

%=[(l—p1)Too+p1Tm]fy+
+(1-p1)2101T01ﬁ7.1+
+[(1-p)Tor+pr T IS +pi Auife s

(12)

Substituting Equation 5 into Equation 12, the fol-
lowing equation can be derived:

dva(t+ta)

7 = Al + Aofi + AsfS + Asf (15)

Note that Equation 6 and Equation 11 can be re-
trieved if a homogeneous traffic flow environment
is presented.

3. LINEAR STABILITY ANALYSIS

3.1 Mathematical derivation of stability
conditions

The general control theory is employed to de-
rive the stability criterion for our innovative Mar-
kov chain-based model. The traffic flow stability is
affected by many factors, and traffic disturbance is
one of the important ones. Let y (7) be one small
perturbation of n-th vehicle at time #:

yu(t)=Ce™ " = x,(t)-x.(1t)

(16)
where C is a constant and a, =27k /N, k=0,1,...N-1.
Performing the second derivative on both sides
of Equation 16, the following equation can be derived:
Iu(t+ta) =% (t+1a) - (%a (14 24)) = X0 (14 1a) =

_dvn(t+ta)
B dt

(17

Substituting Equation 15 into Equation 17, one can
obtain:

Pu(t+ta)=Arfil+ Aofil + A3 S + AafS (18)

By linearizing Equation 18, multiplyipg t, on
both sides, and submitting y,(f) = Ce™*""* and
n(f) = zCe™ "™, we can get the following equa-
tion:

(&7 - D] ze" - (AfiF + A3fS") - (Aofi™ + Aaf$) et -
(AL 4 A fEN(L - @) - (Ao fi + AufEh )k - g2
= ta[ AL/ + A5/ (e - 1)+ (Aofi + a2 )7 - )]
where the six partial derivatives are presented in
Equations 8 and 10, respectively.

The solutions for z can be obtained by sub-
stituting the expansion formulation z=z,(ia,)+
zy(ia,)*+..., €=+t z+132%2+..., and e"%=1-ig,-

(19)

dVﬂ(t""td) _ i 2 el . . .
== (p)f [ pi (1-p1 P (1-0) Ao (13) n?a,2+... into Equation 19 as discussed in [32]:
+plngrp%(Oer-]710)111]{5.1 LSS+ Ao 1)+ A fSS + A4fCS,
z1= v v v v (20)
. . A n +A n- +A n +A n-
For notation convenience, let 4, 4,, 45, 4, de- l TS A
note the four coefficients in Equation 13, respectively: | s
1 - [1 -Ttd(A1f7V+Asziv1 +A3ﬁv+A4ﬁf’1)]Zl
A1 = _g ) (1-0)A o A Afis AL+ Afis
2=pill-p1 - 01 ” | (Asz.”1+A4 nz/l_Alfrfl-IAv_Azf:I_Av_A3fy(lfAv_A4ffl?_Alv)Zl ) (21)
A3:p; ( ) - Alf,,ﬂvaAz ,,I_"1+A3fncv+z44f§?1
As= O+p1-p1O)A 5
4=pi(0+p1-p10)An | %Alﬂ’M%Azﬂ’;‘l+%A3ﬁ5+%A4ﬁ:‘1
. . N Hy Aty v v
Then Equation 13 can be simplified to: A Aofi A+ Asfi
Promet — Traffic& Transportation, Vol. 32, 2020, No. 6, 849-861 853
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The traffic flow will keep in a steady state if
z,>0. Additionally, the following equations need
to be satisfied in the case that the traffic flow con-
sists of only one type of vehicle (pure CAV or pure
HV): S =/t = fals f5= 10 S0 = fihs
Ay — gl CAv — (CAY - Therefore, the stability
criterion of a mixed traffic system can be derived as
the following inequality:

1 1

Fta < - - -

21 A+ o)+ (A5 + A0S

) (4, +Az)anA"+(A3 +A4)‘f§A‘:-Azf#V—A4f§" )
(= A+ (s - A

(L + 30 )5 (s + 30 Y i+ )8+ (s + 40157

[(4, +Az)ﬂ7s+(A3 +A4)ff1vv]2

(22)

where the values of coefficients 4,, 4,, 4;, 4, are as
shown in Equation 14.

Note that the stability criterion of IDM in [15]
can be retrieved if a homogeneous traffic flow envi-
ronment is presented and collaboration efficiency is
equal to zero.

3.2 Numerical analysis

As shown in Inequality 22 and Equation 15, there
are three free parameters that control the stability
of the system: CAV market penetration rate p,, CAV
platoon strength O, and collaboration efficiency be-
tween two adjacent vehicles A,,, 4,,. For the sake
of gaining deep insights into the contributions of
these critical factors to stability, some numerical
analyses are conducted in this section. According to
some recommendations of previous literature, the
value of some parameters for our proposed Markov
Chain-based model is presented in 7able 2. In addi-
tion, the sensitivity analysis of model parameters is
shown in Figures 4-7.

Figure 4 illustrates the stability boundary under
different values of market penetration rate and pla-
toon strength of CAVs in velocity and desired time

3.0+

—=— p=0

5] Stable — p=0.1
= T |~ p=02
= 50l Tt e p=03
& ' - + p=0.4
o 15 - P02
£ 1 g p=0.6
B —e— p:O.7
3 —— p=0.8
A K"\‘\\:

04 Unstable

0 2 4 6 8 10 12 14 16 18
Velocity [m/s]
a) Market penetration

gap plane, with 4,,=0.3, 4,,=0.5 and 7,=0. These
marginal stability curves lie between two regions;
the upper area of the edge stability curve represents
the stable area, and the lower area denotes the un-
stable one. From Figure 4a it is obvious that the po-
sition of the curve will be closer to x-axis when
market penetration p, increases, which means that
the unstable area will shrunk with the augment of
p,- The contribution of market penetration to stabil-
ity performance is relatively minor at low market
shares, resulting from the advantage of CAV that
cannot be reflected, i.e. shorter reaction time, higher
collaboration efficiency. On the other hand, CAVs
make a greater contribution to stability as the mar-
ket penetration rate increases, particularly under the
circumstance where traffic flow is mainly composed
of CAVs. Moreover, under equal market penetration
circumstance, the biggest platoon strength can make
more contributions than the smallest one in terms
of enhancing stability performance, as shown in
Figure 4b.

Furthermore, the gap between two adjacent
curves becomes larger as CAVs market penetra-
tion increases. This is because the probability of a
CAV following another CAV is pl2 when O=0 and
p, when O=1. Thus, the system will be much more
stable with high market penetration p,. This is also
the reason why stability performance is better when
O=1 than O=0, as shown in Figure 4b.

To capture how collaboration efficiency affects
the stability performance, the stability performance
results for mixed traffic flow with various collabo-
ration efficiencies are shown in Figure 5. The right
hand of each subfigure illustrates the stability of
contour plots, the red part (positive section) indi-
cates the stability of the system, while the other
parts (negative section) represent instability of the
system.

3.01

Stable

2.51
2.01
1.51
1.0

Desired time gap 7 [s]

0.5

S s N——
§ 10 12 14 16 18
Velocity [m/s]

b) Platoon strength of CAVs on traffic stabilities

oA
[\
N
N

Figure 4 — Stability boundary
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Velocity(mis)

-13
20

-3

o1 82 03 a4 03 o 07 es
P

d) 170.5,0=1,2,=03, 1, =0.5

Figure 5 — Stability criterion under different combinations of CAV market penetration and collaboration efficiency with t ;=0

Moreover, comparing Figure 5a With Figure 5b and
comparing Figure 5S¢ With Figure 5d, it can be seen that
as collaboration efficiency improves, the system
stability can be greatly increased. However, the dis-
tribution of the market penetration rate to stability
performance remains dominant. These numerical
analysis results also indicate that as CAV market
share increases, the stability performance and the
critical speed are simultaneously improved.

In addition, physical delay #, can also affect sta-
bility performance, as shown in Figures 5c and 5d. It
can be easily found that shorter physical delay will
make the system more stable. This conclusion is in
consistence with the finding of literature Li et al.
[26]. More specifically, comparing Figure 5b with
Figures 5c and 5d, one can see that the physical delay
has a more significant impact on system stability
than collaboration efficiency, thus reducing physi-
cal delay is of great importance for the mixed traffic
flow to exhibit string-stable behaviour.

4. SIMULATION AND DISCUSSION

In this section, several simulations are conduct-
ed for convincing the analysis of our analytical
results. All of the simulations in this section are
conducted on a single line freeway. There are 25
vehicles mixed by CAVs and some HVs on this
freeway without overtaking and lane-change. Let
them have the same initial headway #=20 m and

the same steady velocity v,=20 m/s. That is, the
system is set in an equilibrium status at the begin-
ning of the simulation. These vehicles including
HVs and CAVs are distributed randomly along one
segment of the freeway and numbered sequentially
from 0 to 24.

In order to analyse the stability performance
based on our proposed Markov chain-based model,
a small perturbation generated by the leading vehi-
cle in the initial stable status is created. In this pa-
per, traffic perturbation is conducted by suddenly
decelerating the first vehicle of the fleet from 20 m/s
to 18 m/s after the simulation running for 100 s.
The following vehicles will respond to this action
by changing their status according to Equation 13
and the leading vehicle will maintain its velocity
of 18 m/s in the remaining simulation time.

To investigate the influence of CAV market
penetration and the platoon strength on the stabili-
ty performance, several simulations are conducted
by changing the values of these two factors.

The first set of simulations examine the im-
pacts of market penetration on the stability per-
formance. Figure 6 compares the perturbation
propagation along with the mixed traffic flow by
changing six various CAV market penetrations,
i.e. p,=0.1,0.3,0.5,0.6,0.9,1, respectively, with pa-
rameter values of the driver model in 7able 2. It is
apparent from this figure that the stability of the
system will be strengthened with the augment of

Promet — Traffic& Transportation, Vol. 32, 2020, No. 6, 849-861
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Table 2 — Parameter values of IDM for HVs and PATH for
CAVs

Paie?nlzgter Value for HVs PaI;aAIflI:ter Vagii/zor
T 2.0s k, 0.45
Sy 20m ky 0.25
a 1.0 m/s? t, 0.6
b 2.0 m/s? At 0.1
Vo 20 m/s?

Table 3 — Other parameters and their values for the simulation

Platoon Physical C(;lt}f"ii:i(;iz;on
Variable streggth delay 1,
For A
Value 1 0 0.3 0.5

P> which is found in good agreement with the nu-
merical investigation in Section 3. Although the
system stability is strengthened as p, increases, the
traffic system is still in an unstable condition until
CAV penetration rate exceeds 0.9, because the sta-
bility criterion Equation 22 cannot be satisfied with
parameter values in Table 3.

Additionally, some other meaningful simula-
tions under different value of platoon strength O
with same p, are conducted to explore how these
two critical factors jointly influence the stability of
a mixed traffic system. Figure 7 illustrates the speed
profiles over time of the 2", 5t and 10 vehicle
under different combination of platoon strength O
and market penetration rate p,, e.g. p=0.1, O=0;
P=0.1, O=1. It could be found that the magnitude
of velocity when O=1 is less than that in the case of
O=0 until p,>0.3, which indicates that the stabili-
ty will not be strengthened but exacerbates in the
case of a relatively low CAV market penetration
rate (compare Figures 7a and 7b with Figures 7c and
7d). The reason is that CAVs have excellent abili-
ty to absorb disturbance, which has a particularly
large advantage in improving the system stability.
Thus, the stability will be significantly strength-
ened as CAV market penetration augments. In our
simulation case, if CAV market share is relative-
ly low (p,=0.1), CAV platoon cannot completely
absorb the disturbance at one time even if all the
CAVs are platooned together. Therefore, the dis-
turbance will propagate and grow in the remaining

HVs. On the contrary, if we spread all the CAVs
apart in this case, the ability to absorb disturbances
of every CAV will be better exerted. Every time
the disturbance propagates, it will be filtered by
the scattered CAVs, which can better improve the
stability performance. In general, the improvement
of the stability of traffic flow helps to improve the
road capacity. This analytical analysis result is
consistent with the conclusion derived in [33], in
contrast with most people’s intuitive feeling that
higher market penetration and platoon strength
are always beneficial to all aspects of the overall
transportation system. In fact, these two factors
may hinder the improvement of capacity in some
cases. It is worth noting that in the case of other
simulations, different conclusions may be drawn.
But anyway, our conclusion can be a good count-
er-example for most people’s intuitive feeling that
higher platoon intensities always produce better
stability performance.

Moreover, one should not ignore that the influ-
ence of platoon strength could be considered as
negligible in the case of high CAV market pene-
tration. In other words, market penetration is more
effective in improving the stability performance
of the traffic system than the platoon strength, no
matter whether at low market penetration rate or
high rate. When p,>0.3, with the increase of CAV
platoon strength, CAVs are more likely to run in
the form of the platoon in which the headway of
two consecutive vehicles is much shorter than two
conventional HVs. This is why platoon strength is
of benefit to enhance the stability performance af-
ter penetration rate reaches a certain level.

5. FUEL CONSUMPTION
AND EMISSION ANALYSIS

Besides the enhancement of traffic throughput
and safety, fuel consumption and emission reduc-
tion is another field where CAVs can make signifi-
cant contributions. Investigating the fuel efficiency
and emission reduction is also an interesting issue
in assessing CAVs’ contribution to the mixed traf-
fic system. Therefore, this section investigates its
potential benefit to energy saving and environment
under various CAV market penetration rates and
platoon strength based on the simulation results
in Section 4, from which each vehicle’s kinematic
characteristics (instantaneous acceleration and ve-
locity) over simulation time could be obtained.
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Figure 6 — Propagation of the perturbation along the mixed traffic flow with different CAV market penetrations under open
boundary condition
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Figure 7 — Velocity profiles of some vehicles with different platoon strength of CAVs
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Many scholars have carried out various field
experiments of the emissions during the operation
of vehicles and obtained some useful empirical
formulas [34-36]. For the sake of investigating
the environmental influence of vehicles running
on a single line freeway segment under a circum-
stance of different market penetration and platoon
strength, this paper adopts the model proposed by
Ahn et al. [34]. This is not only because of its good
integration with microscopic traffic flow models to
explore the contribution of stability performance
to exhaust and pollutant emissions, but also for its
reasonable estimation accuracy and relatively sim-
ple structure, requiring only the vehicle’s accelera-
tion and velocity at each moment. Measures of Ef-
fectiveness (MOE) indicate the instantaneous fuel
consumption (L/s) of emission rate (mg/s). For ex-
ample, for the MOE of fuel consumption, it indi-
cates the instantaneous fuel consumption (L/s), for
the MOE of CO, emission and NO, emission. It
represents the instantaneous emission rate (mg/s).
In this model, the fuel consumption or emission
rate of n-th vehicle MOE can be calculated as the
following formulations:

ii(Kw Vi ')ifaZO
In(MOE) = j (23)
2

3
z Kijvh-al) if a<0

where v, is the velocity of n-th vehicle (km/h);
i=0,1,2,3 denotes velocity power; a, is the accelera-
tion of n-th vehicle(km/h/s); j=0,1,2,3 represents ac-
celeration intensity; coefficients K and K ;j are both
determined by acceleration or deceleratlon behaviour
of the vehicle. In terms of coefficient values for fuel
consumption, CO, emission, NO_ emission, please
see the recommendations in literature [37].

Table 4 — Average reduction in fuel consumption and emissions

As benefit from the simulation in Section 3, the
instantaneous velocity and acceleration could be ob-
tained. Table 4 represents the average reduction of fuel
consumption and emission of 25 vehicles with differ-
ent combinations of market penetration rate and pla-
toon strength, compared with pure HV traffic flow.

For better visualization, Figure 8 illustrates the
energy saving and environmental impact with vari-
ous CAV market penetrations. One can see that the
energy and emission reduction deteriorates with the
augment of CAV penetration when it is less than
about 30%, which is found to be consistent with
the results in Figure 7. In addition, it can be easily
seen that the platoon strength contributes little to
the energy saving and emissions when CAV pen-
etration reaches about 80%. Generally, this figure
reveals that substantial potential fuel consumption
and emission can be mitigated by more than 100%
under certain scenarios.

601
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Average reduction [%]

104

CAV penetration rates [%]

— Fuel consumption, O=1 == Fuel consumption, O=0
— CO, emission, O=1 == CO, emission, 0=0
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Figure 8 — Average reduction of energy and emissions with
different CAV market penetration

Average reduction
pecr;:t\r]art?g;k[e";)] Fuel consumption [L/s] CO, emission [g/s] NO, emission [g/s]
when O=1 when O=0 when O=1 when O=0 when O=1 when O=0

0 - - - - - -
20 5.44 8.42 4.11 4.58 30.85 39.72
40 23.34 23.34 11.80 11.44 84.35 84.35
60 51.12 47.46 12.96 12.46 145.85 139.18
80 59.21 58.74 13.03 12.53 159.23 158.48
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6. CONCLUSION

The main contribution of this paper is to reference
an innovative integrated Markov chain-based model
to better depict the vehicles’ stochastic distribution
in the mixed traffic system and derive stability cri-
terion under various sets of CAV penetration rate,
CAV platoon strength and collaboration efficiency.
This innovative model is found to be useful for linear
stability analysis in many cases and can be retrieved
into original IDM in specific cases. Consequently, the
main novelty and contribution of this paper is the in-
troduction of the concept of platoon strength in the
car-following model and stability analysis, taking
into account the stochastic probability distribution of
different vehicle types in mixed traffic flow by Mar-
kov-chain method. The results of numerical analysis
and simulations under open boundary conditions
show that the innovative integrated model proposed
in this paper is a good description of car-following
behaviour in a mixed traffic system. Moreover, from
the perspective of stability analysis, the contribution
of stability performance to energy saving and envi-
ronmental protection were evaluated, with the results
indicating that the substantial potential environmen-
tal impact could be reduced under certain scenarios.

Some further extensions of this study need to be
carried out in the future. Firstly, linear stability analy-
sis is only the most basic research on the traffic flow.
An in-depth study of non-linear analysis deserves
more attention. In addition, all the findings in this pa-
per were derived through numerical and simulation
analysis due to the lack of field test data of CAVs.
Thus, these findings need to be validated by employ-
ing the field test data when the real vehicle test site
is available. Furthermore, with the development of
many other advanced technologies, it should be fur-
ther investigated how to incorporate more these tech-
nologies as relevant factors into our proposed meth-
odological framework. Anyway, we are aware of
the stability boundary condition of the mixed traffic
system considering the spatial distribution of CAVs
and HVs and that advanced technologies (e.g. pla-
toon strength and collaboration efficiency) are able to
help smooth the mixed traffic flow by attenuating the
perturbation propagation and reduce environmental
pollution.
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