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A new macroscopic traffic flow model is proposed which incorporates traffic alignment behavior at transitions. In
this model, velocity is a function of the distance headway and driver response time. It can be used to characterize
the traffic flow for both uniform and non uniform headways. The well-known Zhang model characterizes this
flow based on driver memory which can produce unrealistic results. The performance of the proposed Khan-
Imran-Gulliver (KIG) and Zhang models is evaluated for an inactive bottleneck on a 2000 m circular road.
The results obtained show that the traffic behavior with the KIG model is more realistic.

1. Introduction

Traffic models play a vital role in the development of strategies to
mitigate congestion [1,2]. Vehicle dynamics are based on the distance
between vehicles (distance headway), driver reaction to a stimuli [3],
velocity differences, road pavement condition, and driving environ-
ment. A small headway results in quick driver reaction which can pro-
duce large changes in traffic. An aggressive driver will typically
maintain a small headway while a sluggish driver will have a large
headway. With a large headway, driver reaction is slow and smooth
changes in flow occur. Aggressive drivers are a major cause of traffic
accidents. It has been stated that 55.7% of traffic fatalities are caused by
these drivers [4]. Aggressive driving behavior can increase fuel con-
sumption and carbon monoxide emissions [5]. Further, it has been
observed that 25% of all road accidents are rear-end collisions. One of
the major factors contributing to these collisions is distance headway
(rearward). If this headway is less than the required safe headway,
drivers will not have enough time to safely react to sudden braking by
leading vehicles [6,7]. Thus, the distance headway and driver reaction
should be incorporated in traffic models to characterize traffic flow
dynamics.
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Macroscopic models characterize the aggregate behavior of traffic
and are widely employed because they are simple to implement and
have low computational complexity [8,9]. The Lighthill, Whitham and
Richards (LWR) model was the first to be developed and can be
expressed as [10,11]

pi+ (pv(p)), =0, @

where v is speed, p is density, and v(p) is the relationship between speed
and density under equilibrium traffic conditions. This model is based on
traffic continuum such that the law of mass conservation is obeyed.
Further, traffic changes are assumed to be small and occur instanta-
neously, which correspond to ideal conditions on a long road. Thus, this
model cannot accurately characterize large changes such as with stop
and go traffic [12], and sudden changes in velocity [13-15].

In [16], an acceleration term was added to improve the LWR model.
Payne proposed a second order model which incorporates traffic ad-
justments based on driver response (anticipation) [17,18]. This model
characterizes driver reaction to a forward stimuli [15], and changes in
velocity are based on a relaxation term. Whitham introduced a similar
model which is known as the Payne Whitham (PW) model. This model
assumes vehicles have uniform behavior [19], but in reality this is not
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true. As a consequence, the PW model can produce unsatisfactory results
[18].

The PW model was improved in [20] by considering the anticipation
and reaction times for small changes in velocity and density. In [21], the
relaxation time 7 was assumed to be a function of the density. It was
shown in [13] that forward conditions influence the traffic flow and
changes in velocity should not be greater than the average velocity.
Further, traffic is affected by forward vehicles, and this is ignored in the
PW model. This can result in negative speeds with a large traffic flow,
which is impossible [22,23]. However, speed differences in the lanes of
multilane roads allow vehicles to travel faster then the average speed
[24]. The PW model was modified in [25] so that velocity changes are
below the average speed. However, the results can be unrealistic when
the density is high [26].

Zhang [18] improved the PW model by considering both density and
velocity (speed). However, the density is adjusted instantaneously so the
time taken by a driver to align to a forward stimulus is ignored. This
model incorporates microscopic car-following and macroscopic
fluid-like traffic flow behavior [27], but driver response based on dis-
tance headway is not considered which can lead to unrealistic results.

The PW model was improved in [28] by considering harmonization
during transitions. This model incorporates the forward and lateral
distances between vehicles, reaction and harmonization times, and
changes in velocity. The equilibrium velocity distribution is character-
ized based on the density and travel time of real non-homogeneous
traffic. In [29], a macroscopic model for traffic flow in the presence of
Connected and Autonomous Vehicles (CAVs) was proposed. The antic-
ipation behavior of CAVs is modeled based on the reaction times of CAVs
and distances between vehicles. However, this model is based on speed
and not density.

Second order models have been employed in a number of applica-
tions. In [30], a model was proposed which considers graded highways
and roads in hilly regions. This type of terrain presents difficulties for
drivers due to the limited visibility which impairs their ability to prop-
erly assess the speed of approaching cars. A new macroscopic traffic flow
model was presented in [31] which incorporates driver anticipation and
the links between micro and macro factors. Recent research has
concentrated on factors such as forward and backward anticipation, but
these factors have not been considered together. This is crucial for ac-
curate modeling of graded highways and determining traffic flows.

In real traffic, drivers typically observe following cars via the rear
view mirror. This information is important to properly respond to
changes in traffic and ensure a safe and stable traffic flow. The rapid
development of urban transportation systems coupled with modern in-
formation technology has led to Intelligent Transportation Systems (ITS)
which can provide drivers with detailed traffic information. This moti-
vated development of the Backward Looking Optimal Velocity (BLOV)
model [32]. This model was used to demonstrate that backward infor-
mation affects congestion. ITS information was considered in [33] along
with anticipation and backward observations. It was shown that antic-
ipation and backward observations can improve traffic stability. These
observations were considered in the lattice hydrodynamic model [34]
and in [35,36]. However, only microscopic models have been developed
and none of the existing macroscopic models incorporate backward
observations.

In this paper, a macroscopic traffic model is developed based on
driver response to a traffic stimuli and the rearward and forward dis-
tance headways to incorporate the effects of anticipation and backward
observations. Vehicle alignment to a forward stimulus influences this
distance. A sluggish driver has a large distance headway with forward
vehicles and a small headway with rearward vehicles, and the response
to forward vehicles is slow. Conversely, an aggressive driver has a small
distance headway with forward vehicles and a large headway with
rearward vehicles. A typical driver falls between these two cases. The
changes in traffic flow with a typical driver are smaller than with a
sluggish driver. Thus, spatial changes in density and velocity in the KIG
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model are based on driver behavior. For more realistic traffic evolution,
the rearward distance headway is included. The performance of the KIG
model is compared with the Zhang model for a 2000 m circular road
with an inactive bottleneck. The results obtained show that the KIG
model can characterize traffic behavior more realistically because it
incorporates driver behavior and physical road characteristics.

The remainder of this paper is organized as follows. The KIG model is
presented in Section 2 and the hyperbolicity is investigated in Section 3.
Section 4 examines the flow and numerical stability. The performance of
the KIG and Zhang models is investigated in Section V, and finally some
conclusions are given in Section 5.

2. Traffic flow modeling

Zhang [18] developed a model based on changes in the equilibrium
velocity distribution. According to this model, traffic density changes
are proportional to the changes in velocity during alignment. The driver
response of this model is pv(p). Since the equilibrium velocity distri-
bution is a monotonically decreasing function of density, this response is
inversely proportional to the density. Zhang [27] developed a second
model that also considers driver resistance to changes in velocity. It
includes the response due to the distance headway with a forward
vehicle [8]. This model can be expressed as

P+ (pv), =0, @)

Ep) _vlp) —v

v+ (v42c(p))ve + T/)X = + u(p)Vars 3

where w is the relaxation term which determines velocity alignment
during the relaxation time 7 at traffic changes (transitions) [371, c(p) =

pv(p)' is the driver response, vy, is the second derivative of velocity with
respect to space, f is a dimensionless parameter which corresponds to
driver memory [27], and u(p) = 2pzc?(p). The term u(p) indicates that
driver resistance to changes in velocity is a function of driver memory f.
For negligible changes in traffic, § = 0, which implies that v(p) = 0 as
the density is low. Further, there is no driver memory in this case as
changes in flow are small. § is large for a high density as large changes in
flow occur.

The Zhang model has been shown to produce unstable traffic
behavior when 0 < # << 1 and g >>1 [27]. The term #px is the
spatial presumption of a driver [38] which indicates that spatial traffic
evolution is based on driver behavior. The viscosity term u(p)vs
smooths out large traffic changes and ensures that the density and ve-
locity are stable and stay within range. However, this term has no
physical meaning so the results may not be realistic.

Second order traffic models with no viscosity term are known as
inviscid models [27]. Setting the viscosity term in the Zhang model to
0 gives

P+ (pv), =0, 4)

cp) Vi) —v

o T (5)

vi+ (v =2ple(p)l)v: +

Driver memory is characterized by a constant f in this model. Further,
spatial changes in traffic are based on the term pv(p) so driver pre-
sumption is a function of the density dependent velocity profile. This can
result in excessive changes in traffic when the density is large. For a
more realistic characterization, both driver memory and pv (p) should be
a function of driver response.

During the reaction time, a driver perceives forward stimuli and
reacts to align to the conditions ahead. An aggressive driver reacts
quickly and so takes less time to respond than a typical driver while a
sluggish driver responds slowly [1]. In this paper, driver memory is
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defined as the ratio of reaction time 7, to relaxation time 7

g )
T

Then p = 1 for a typical driver, § < 1 for an aggressive driver, and § > 1
for a slow driver.

Spatial traffic alignment is influenced by the presence of vehicles in
the vicinity [27]. A stimulus for a driver is the distance headway be-
tween vehicles. With an aggressive driver, there is a large rearward
distance headway and with a slow driver, this headway is small. The
forward distance headway maintained between vehicles is h; and the
reaction of a driver to this headway is #. Thus, the driver response to
forward vehicles can be characterized as [27]

ﬂ X hf. (7)

The rearward distance headway maintained between vehicles is h,.
Changes in 7, are a function of the relaxation time so the reaction of a
driver to the rearward distance headway based on memory can be
expressed as a — f where 0 < 8 < a. Then the driver response to rear-
ward vehicles can be characterized as [27]

(a—p)h,. (8
The driver response from (7) and (8) is
Py + (a—P)h, ©

For a typical driver, f =1 so 7, = 7 and hy = h,. For an aggressive
driver, f <1 so 7, < 7. In this case, the forward distance headway is
smaller than with a typical driver and the rearward distance headway is
larger. For a sluggish driver, > 1 so that 7, > 7. Then the forward
distance headway is larger than with a typical driver and the rearward
distance headway is smaller.

The velocity is given by

-, 10)

s
v=-
T

where s is the distance covered during time 7. The velocity based on
forward and rearward vehicles from (9) and (10) is

Py + (a = p)h,
T

(€8]

In (5), c(p) is the rate at which changes in traffic propagate during
alignment. However, these changes are affected by the driver response.
From (11), driver presumption of changes in density can be expressed as

c(p) = (’M). a2

T

Thus for the KIG model, the acceleration relationship based on driver
response from (5) and (12) is

<M)Z
v+ (v (B + (aTZ_ ﬁ)hr)fr> bt ; y— v(p)T— v
(13)

According to (13), a driver aligns to forward conditions based on
stimuli (distance headway) and memory (response time). Unlike the
Zhang model (3), there is no viscosity term to smooth large traffic
changes in traffic. Note that the first equation of the KIG model is the
same as in the Zhang model

P+ (pv), = 0. a4
3. Model hyperbolicity
A second order traffic system must be hyperbolic such that the up-

stream rate of change during congestion is less than the rate of change in
the downstream during free flow [39,40]. Further, hyperbolicity
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guarantees finite changes in velocity [1]. The conserved form of the KIG
model from (13) and (14) is

v p

<€)z+ (M> (Vi(ﬂhﬁ(a—ﬁ)hr)fr)

P, 2
0
= (v(p)v)7

T
and the homogeneous form is

(15)

v p
(1) + (et emimly (v o tepminy (4),

» 2

T

(16)
From the Jacobian matrix
v P
<(ﬁhf +(a—ph) )2 ,
T (v B (ﬂhf + (a— ﬂ)h,)f,)
p 7
the eigenvalues of the KIG model are
h — p)h,
d=v— (ﬁ+\/1+/f2> (7@ /Jr(z A )>.,
17

h=v- <,;, m) ((ﬁhf+<j—mhr>).

The KIG model is hyperbolic as the eigenvalues are distinct and real.
Further, they indicate that changes in velocity are based on driver
behavior. During alignment, forward changes disseminate at a rate 1, for
a smooth flow while rearward changes disseminate at a rate A, for a
congested flow. In the case h, = hy = h, i.e. when the forward and
rearward distance headways are equal, 7, = 0 so the eignevalues are

h h
M=v—a—Ah=v+a-— (18)
T T

From (4) and (5), the Zhang model can be expressed as

v p .
(€)1+ % (v = 28e(p)) (p>‘(<ﬂ>—> 19

T

and its homogeneous form is

v p

(ﬁ)’+ % (v —26le(p)) (p>:<8> @0

From the Jacobian matrix
v p
c(p)’
) (v =28lc(p)])

the eigenvalues are

b=y (pe1e 8 el =v= (51 el v
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Thus, traffic changes in the forward and rearward directions are
based on driver memory and changes in the equilibrium velocity dis-
tribution. With no driver memory (4 = 0)

o =v—|clp)|,dr = v+ le(p)], (22)

so c(p) determines the changes in traffic. Thus, with the Zhang model
these changes are based on constant driver memory and driver behavior
during alignment is ignored.

4. Traffic flow stability

In this section, the stability of the Zhang and KIG models is exam-
ined. It is assumed that the initial density distribution p, at t = 0 is stable
and the initial velocity distribution v, is density dependent, i.e. vo =
v(po) [41-43]. Changes in velocity and density can be expressed as

Av = v—y
’ (23)
Ap = p—po

These changes are considered to be periodic functions of k(x) so that
[41]

0 )
k() +w(r) 24)

where i = v/ —1. Thus, the changes in velocity and density over time are
voe” and p,e”®), respectively.

2
For simplicity, let A = (W) and B = (%) in the

T

KIG model. Substituting (23) in (13) and (14) gives

0Ap 0Ap o0Av

7+VW+/)W—0, (25)
JAv 0Av B dAp v(p) —v

az’< =475 p6x+( ) (26)

During traffic alignment, the temporal and spatial changes in velocity
and density from (24) can be expressed as

0A )

Ttv _ W(t) Voe(nk(x)ﬂv(z))

GAY k(v

0anp 27)
L= w PRSCORTD)

oA .

a_xp = ik(x) el ),

For simplicity, denote k(x), and w(t) by k, and w, respectively.
Substituting (27) in (25) and (26) [44] gives

Ap\ (O
(3)=6) @)

where
jl 1 le
J = ) )
(]21 J2 )
(ikvo +w) ikp, (29)
ikB ' 1]
—1—4-M —w —ik(vo —A) — =
Po v v
so that
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(ikvo + w) ikp, poe(ik“")
ikB ’ 1 .
_1_ + M —w — ik(vo _ A) _ voe(nk+w)
Po T T (30)

)

It is assumed that <i€ ) is the solution for the KIG model such that

the temporal and spatial changes in traffic are small, i.e. the changes in
velocity and density are small.

With a stable system, the effect of traffic changes decrease over time
so that det(J) = 0 [45]. From (30), we then have

1
W+ <— — ikA + iZka>w — vy + KvA + KB
T
, (31)

I ikVO + kpov(po)
7

=0,
which gives
w2+ (¢, +ie)w + ¢, +ie; =0, (32)

where

1

€ = —kA + 2kvy,

¢, = —Kv; + KvoA + KB,
and

_ kot kl’o"(/’o)"
T

€2

The solutions of (32) are

i) Wl; ie))’ — 4(¢s +iex) 5

Traffic is stable if Re(w, ) < 0. The term (¢; + ie1)? — 4(¢h, +i€) under
the radical sign in (33) is

VREFP+R VR + P —R
\/@_\J( 5 )ii¢< 5 ) (B34
so that

2 VEFPE+R
Re (\/M— (¢, +i62)) - % (35)

where [ = (4’1“;2"’2) and R = (4’%75?4(’52) [46]. The real part of (33) is

(/)I:I: (\/Rz—+lz+R>.

Traffic is unstable if Re(w, ) is positive which occurs when
1
—%Jr S (VR P+ R) >0, (37)
which gives
¢2
R+I> f + R — $IR, (38)
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or
P 1
$R+T > (39)
Substituting the values for I and R gives
$ih, — €3+ drerer > 0, (40)

and then substituting ¢,, ¢, €1, and €1, the instability condition is ob-
tained as

P(2>V'(/’o)2 +Apyv (py) — B > 0. (41D

Using A = 27, (m) and B =

unstable when

2 —p)h, + Phy
( ﬂ)fz s fl’u"(ﬂo) - <

2
(m> , the KIG model is

(42)

. 2— B)h, + phy\’
p(Z)V(Po)2+27r (ﬁ)7+/f) > 0.

T

Since equilibrium velocity decreases as the density increases, i.e.
V(p) < 0, a stable traffic flow requires that

, 2—Ph +phy 2 — Bh, + B\
polv(po)| < \/ —2rr(’)f4z+ﬁfpov(po) + ((”%ﬂf) . 43)
We have that
' v(py)
= : 44
v(py) apy (44)

and substituting this in (43) gives

2
- \/_2112#)77;% g+ (G2

ov (/70)
Po 9y

which indicates that traffic is stable when there are small changes in
velocity during alignment. As the density increases, the changes in ve-

locity increase, i.e. ‘% increases. However, the RHS also increases so
0

the flow remains stable.

For the Zhang model, A = 2c(p,), and B = c(p,)?, so the corre-
sponding stability condition is

Pov(pe)” = 2Blc(py)| — (¢(po))* > 0. (46)
For v (p,) <0

W0\ <\ [aple(po) +(clpo)) “7)

9Py

In this case, the terms on the RHS are 2f|c(p,)| and (c(p,))>. f is a
constant and so cannot characterize traffic behaviour under different
conditions. Further, c(p,) is density dependent and ignores driver re-

Po

action time. We have [c(p,)| = ‘ Poy ”0 which is an increasing function of

density, so an increase in density w111 also increase the RHS which keeps
the flow stable. However, this stability mechanism is not based on real
traffic behavior and so is unrealistic.

4.1. Numerical stability

For numerical stability, the convective stability criteria [42] must be
satisfied. This requires that the road segment length be greater than the
distance covered in a time step. This is known as the
Courant-Friedrich-Levy (CFL) condition [47,48] which can be expressed
as
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[
O maxd] < 1. (48)
ox

It is the maximum distance traffic can move in a time step. Thus, to
approximate density over this time, the distance covered should be
smaller than a road segment so

max|4| x 6t < éx, (49)

which gives

ox
~ max|4|’

(50)

The time step 6t should satisfy this condition, in which case the slope
of the gradient is always less than or equal to 1, which is known as the
Courant number given by

ot

¢ =max|d| x —. (51)
ox

The CFL condition ¢ < 1 guarantees numerical stability. For the KIG

model, the maximum eigenvalue occurs when traffic has maximum
velocity which gives

— P)h, + ph
— _ _ 1 2 (a ﬁ) f 2
mala| = v, — (9= 1+ 7) (1422 | 2)
and the corresponding stability condition is
ot < ox (53)
max|v,, — (ﬂ+ V1+p ) ( mh’”’"’)’

For the Zhang model, the maximum eigenvalue is

o= (p=\148 )] (54)

and the corresponding stability condition is
ox

max‘v— (/J'-‘r m)k(/’”’

If (53) and (55) are satisfied, the numerical solutions of the KIG and
Zhang models, respectively, will be stable.

max|i| =

S5t < (55)

5. Performance evaluation

In this section, the KIG and Zhang models are evaluated numerically
using the First ORder CEntered (FORCE) scheme [49]. This scheme has
been employed previously for second order traffic systems [1,50] as it
can be used to approximate abrupt and large changes in traffic flow. It
was employed in [51] to estimate pedestrian traffic. Thus, the force
scheme can provide accurate numerical results for both pedestrian and
vehicular traffic. It is easy to implement and has lower computational
complexity than the ROE decomposition scheme [50]. The FORCE
scheme combines the first order Lax-Friedrichs and second-order
Richtmyer schemes to accurately estimate second order partial differ-
ential systems. Nonlinear traffic systems are solved by considering the
conservation form which is

g +f(5) = S(8), (56)

where E is the vector of data variables, i.e. p and v, f(E) is the corre-
sponding vector of functions of the data variables, and S(E) is the vector
of source terms [52]. The Zhang model (4) and (5) in conserved form is
given by
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) (v =2Blc(p)])
A (57)
0
SE) = | (velp) =
T
and the KIG model in conserved form is
v P
2= <p> ,f(E) — </ih,+(2—/i)/1,>2 ,
v/, T (v B ((ﬁh,+(2:[})h,)1,))
p ° . (58)
0
S(E) = Ve (P) —v
T

The road length is x;; and there are M equidistant segments so the
segment length is §x = x;,/M. The total time duration is ty and there are
N time steps so a time step is 6t = ty/N given by t,; — t,. At a given time
step, E and f(E) are approximated for the road segments (x; +%,x; — %),
and the data variables are obtained for each of the M segments. Let Z; be
the average values of the data variables in the ith road segment. Then the
traffic flux at the road segment boundaries with the Lax-Friedrichs
scheme is

=n o=n 1 =n =n = _en
f:%(:‘[ Ea) | = 2 (&) +f(EL)) + 2 ox (& —-EL.). (59

where f(27) and f(Z], ;) are the data variable functions in segments i and
i+ 1, respectively, and the superscript | denotes the Lax-Friedrich
scheme. Using the Richtmyer scheme, the data variables are obtained as

r

= 1 =n =n 16t - (= - (=n
=) T3 (& +8) + 2 ox (f(E) —£(E)) (60)

where r denotes the Richtmyer scheme. The corresponding traffic flux at
the road segment boundaries is

r r

(@) | =S| B | 6D

Then the flux at the segment boundaries based on the Lax-Friedrichs
and Richtmyer schemes is the average of (59) and (61) giving

r 1

fn+l — 1

5 fn + n (62)

i+5 Jith

The updated data variables are obtained by including the source
term

g —m -2y |+ as(E). (63)

i i Sx i+%

The performance of the KIG and Zhang models is evaluated over a
circular road of length 2000 m with periodic boundary conditions. The
simulation parameters are given in Table 1. The road and time steps for
the KIG and Zhang models are 10 m and 0.01 s, respectively, so that the
CFL stability conditions [47] given in (54) and (55) are satisfied. The
total simulation time for both models is 10 s. The maximum velocity is
30 m/s and the target is the Greenshields equilibrium velocity
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Table 1

Simulation Parameters.
Parameter Value
Simulation time 10s
Length of the circular road 2000 m
Maximum velocity 30 m/s
Time step 0.01s
Road step 10 m

Reaction time
Relaxation time

7.=1.5,2535s
T=25s

Headway hy =hf =10 m, 20 m

hy =12mand hf = 15m
Driver memory for the KIG model p=06,1,14
Driver memory for the Zhang model p=0,1

Variation in response time a=2
Equilibrium velocity distribution v(p) Greenshields

Maximum normalized density Pm =1
Minimum normalized density Pm =0
distribution [53] which is given by
v(p) = Vi (1 - ﬂ) : (64)
/)m

where p,, = 1 is the maximum normalized density which means that the
road is 100% occupied. This is the most commonly used equilibrium
velocity distribution because it has been shown to be appropriate for
characterizing traffic flow. It also provides a hyperbolic fundamental
flow so the traffic flow increases for a small density and decreases when
traffic is congested [54]. This model has been validated using data from
Yokohama, Japan, and San Francisco, CA, USA [55-57]

The reaction time is typically in the range 7, = 0.5sto0 3.5s,s0 7, =
1.5, 2.5, and 3.5 s are used to evaluate the KIG model. The relaxation
time is 2.5 s with h = h, = 10 m and 20 m [3,45,58,59], and h, = 12m
and hy = 15 m. The initial density p, at time t = 0 for both the KIG and
Zhang models is

0.01, for x < 600
~J 08, for x < 1000,
P0=193 001, for x < 1500,
0.8, for x < 2000,

(65)

over the 2000 m road. Moreover, circular boundary conditions are
employed in this study. This simplifies the simulations by eliminating
complex boundary conditions, prevents edge effects near boundaries,
and approximates real traffic with continuous circulation which is useful
for studying steady-state traffic behavior. However, the choice of
boundary conditions depends on research objectives and traffic char-
acteristics.

The velocity for the KIG model on a 2000 m circular road at 1 s, 5 s
and 10 s with 7, = 1.5 and hy = h, = 20 m is shown in Fig. 1. The ve-
locity varies between 6.0 m/s and 29.6 m/s, and is within the limits 0 m/
sto 30 m/s. At 1 s, the velocity is 7.8 m/s at 1 m, increases to 29.6 m/s at
280 m and remains at this level until 350 m. It decrease to 6.0 m/s at 810
m, increases to 29.2 m/s at 1270 m, and is 7.8 m/s at 2000 m. At 5 s, the
velocity is 11.8 m/s at 1 m, increases to 24.7 m/s at 400 m, decreases to
9.1 m/s at 840 m, and then increases to 22.1 m/s at 1340 m. At 1790 m
and 2000 m, the velocity is 7.7 m/s and 11.5 m/s, respectively. At 10 s,
the velocity is 13.8 m/s at 1 m and increases to 24.3 m/s at 400 m. It is
13.3 m/s at 890 m, 21.9 m/s at 1390 m, 11.1 m/s at 1820 m, and 13.6
m/s at 2000 m.

The velocity with the KIG model on a 2000 m circular road at 1's, 5's,
and 10 s with 7, = 2.5 s and h = 20 m is given in Fig. 2. These results
show that the velocity becomes smoother over time and changes in
velocity decrease. At 1 s, the velocity is 7.4 m/s at 1 m and increases to
29.7 m/s at 350 m. It is approximately 6.1 m/s between 780 m and 880
m, increases to 29.3 m/s at 1270 m, and is approximately 6.1 m/s from
1670 m to 1880 m. The velocity is 7.1 m/s at 2000 m. At 5 s, the velocity



Z.H. Khan et al.

Transportation Engineering 14 (2023) 100208

\

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Distance, m

30 T T T

25

N
5]

Velocity V, m/s

Fig. 1. Velocity with the KIG model on a 2000 m circular road with hf=h=20mandz =1.5satls,5s,and 10 s.
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Fig. 2. Velocity with the KIG model on a 2000 m circular road with hf =h, =20 m and 7, = 2.5sat 15,55, and 10 s.

is 11.4 m/s at 1 m, increases to 27.4 m/s at 410 m, decreases to 9.0 m/s s at 890 m, 22.7 m/s at 1380 m, 10.9 m/s at 1810 m, and 13.1 m/s at
at 840 m, and then increases to 23.8 m/s at 1350 m. At 1770 m and 2000 2000 m.

m, the velocity is 7.6 m/s and 11.1 m/s, respectively. At 10 s, the ve- The velocity with the KIG model on a 2000 m circularroad at1s, 5,
locity is 13.7 m/s at 1 m and increases to 25.8 m/s at 480 m. Itis 13.1 m/ and 10 s with 7, = 3.5 s and hf = h, = 20 m is shown in Fig. 3. At 1’5, the
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Fig. 3. Velocity with the KIG model on a 2000 m circular road with hf =h, =20 m and 7, = 3.5sat 15,55, and 10 s.



Z.H. Khan et al.

velocity is 7.2 m/s at 1 m, increases to 29.7 m/s at 280 m, and remains at
this level until 360 m. It decreases to 6.1 m/s at 890 m, increases to 29.5
m/s at 1280 m, and is approximately 6.0 m/s between 1680 m and 1880
m. The velocity is 6.9 at 2000 m. At 5 s, the velocity is 12.0 m/s at 1 m,
increases to 29.9 m/s at 440 m, decreases to 10.6 m/s at 860 m, and then
increases to 25.2 m/s at 1380 m. At 1790 m and 2000 m, the velocity is
8.9 m/s and 11.8 m/s, respectively. At 10 s, the velocity is 13.1 m/s at 1
m and increases to 28.1 m/s at 470 m. It is 12.7 m/s at 900 m, 23.9 m/s
at 1390 m, 10.7 m/s at 1800 m, and 12.9 m/s at 2000 m.

The velocity with the KIG model on a 2000 m circular road at 10 s
with 7, = 1.5, 2.5 5, and 3.5 s, and hf = h, = 10 m is shown in Fig. 4.
With 7z, = 1.5 s, the velocity is 14.3 m/s at 1 m, increases to 23.6 m/s at
440 m, and then decreases to 13.5 m/s at 890 m. The velocity is 21.6 m/s
at 1360 m, decreases to 11.2 m/s at 1820 m, and is 13.8 m/s at 2000 m.
With 7, = 2.5 s, the velocity is 14.1 m/s at 1 m, increases to 24.0 m/s at
460 m, and then decreases to 13.4 m/s at 900 m. It is 21.8 m/s at 1370
m, decreases to 11.1 m/s at 1800 m, and is 13.6 m/s at 2000 m. With z,
= 3.5s, the velocity is 13.7 m/s at 1 m, increases to 24.6 m/s at 460 m,
and then decreases to 13.3 m/s at 880 m. It is 22.1 m/s at 1390 m,
decreases to 11.1 m/s at 1810 m, and is 13.5 m/s at 2000 m.

The velocity with the KIG model for 10 s on a 2000 m circular road
with 7, = 1.5 s and hy = h, = 20 m is shown in Fig. 5. The highest ve-
locity is 29.6 m/s and the lowest is 6.0 m/s, so the velocity is between
the maximum 30 m/s and minimum O m/s. Further, the velocity be-
comes smoother over time. The corresponding density is given in Fig. 6.
The density also becomes smoother over time and is between the
maximum and minimum.

The velocity and density with the KIG model for 10 s on a 2000 m
circular road with 7, = 2.5 s and hy = h, = 20 m are given in Figs. 7 and
8, respectively. These results show that the density becomes smooth over
time and is between the maximum and minimum. The highest velocity is
29.7 m/s while the lowest is 6.0 m/s, so it also stays within range. The
velocity becomes smoother over time and the changes are not as large as
with 7, =1.5s.

The velocity and density with the KIG model for 10 s on a 2000 m
circular road with 7, = 3.5 s and hy = h, = 20 m are given in Figs. 9 and
10, respectively. The density is smoother than withz = 1.5sand 7 = 2.5
s. The velocity stays between the maximum and minimum values as the
highest is 29.7 m/s and the lowest is 6.0 m/s.

The velocity with the KIG model on a 2000 m circular road with § =
0.6,7,=15s,hy =15mand h, =12mat 15, 5s and 10 s is shown in
Fig. 11. At 1 s, the velocity is 8.2 m/s at 1 m and increases to 29.7 m/s at
310 m. It decreases to 6.0 m/s at 800 m, increases to 29.1 m/s at 1270 m,
and is approximately 6.0 m/s between 1680 m and 1800 m. The velocity
is 8.0 m/s at 2000 m. At 5 s, the velocity is 12.2 m/s at 1 m, increases to
23.0 m/s at 370 m, decreases to 9.2 m/s at 830 m, and then increases to
21.2m/s at 1310 m. Itis 7.7 m/s at 1780 m and 11.9 m/s at 2000 m. At
10 s, the velocity is 14.1 m/s at 1 m, increases to 23.5 m/s at 440 m,
decreases to 13.5 m/s at 880 m, and then increases to 21.4 m/s at 1380
m. It is 11.3 m/s at 1800 m and 13.9 m/s at 2000 m.
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The velocity with the KIG model on a 2000 m circular road with g =
1,7, =25s,hy =15mand h, =12mat 15, 55, and 10 s is shown in
Fig. 12. At 1 s, the velocity is 8.1 m/s at 1 m and is approximately 29.7
m/s between 290 m and 340 m. It decreases to 6.0 m/s at 800 m and
remains there until 840 m. The velocity then increases to 29.1 m/s at
1270 m and is approximately 6.1 m/s between 1670 m and 1850 m. It is
7.8 m/s at 2000 m. At 5 s, the velocity is 12.1 m/s at 1 m, increases to
23.5 m/s at 380 m, decreases to 9.2 m/s at 840 m, and then increases to
21.3m/s at 1320 m. Itis 7.7 m/s at 1780 m and 11.8 m/s at 2000 m. At
10 s, the velocity is 14.2 m/s at 1 m, increases to 23.7 m/s at 440 m,
decreases to 13.5 m/s at 880 m, and then increases to 21.6 m/s at 1370
m. Itis 11.2 m/s at 1810 m and 13.8 m/s at 2000 m.

The velocity with the KIG model on a 2000 m circular road with g =
14,7, =35s,hy =15mand h, =12mat1s, 55, and 10 s is shown in
Fig. 13. At 1 s, the velocity is 7.9 m/s at 1 m, increases to 29.6 m/s
between 300 m and 350 m, and then decreases to 6.1 m/s between 800
m and 870 m. It increases to 29.1 m/s at 1270 m and is approximately
6.1 m/s between 1700 m and 1850 m. The velocity is 7.7 m/s at 2000 m.
At 5 s, the velocity is 11.9 m/s at 1 m, increases to 24.2 m/s at 400 m,
decreases to 9.1 m/s at 840 m, and then increases to 21.8 m/s at 1330 m.
Itis 7.7 m/s at 1780 m and 11.6 m/s at 2000 m. At 10 s, the velocity is
13.9 m/s at 1 m, increases to 24.0 m/s at 450 m, decreases to 13.4 m/s at
890 m, and then increases to 21.8 m/s at 1380 m. It is 11.2 m/s at 1820
m and 13.7 m/s at 2000 m.

The velocity with the Zhang model on a 2000 m circular road with
B =0.1at5s,and 10 s is given in Fig. 14. This shows that the velocity
exceeds the maximum of 30 m/s which is not realistic. At 5 s, the ve-
locity is 21.6 m/s at 1 m, increases to 32.8 m/s at 290 m, decreases to
14.1 m/s at 600 m, and then increases to 29.8 m/s at 1250 m. It is 14.2
m/s at 1570 m and 21.2 m/s at 2000 m. At 10 s, the velocity is 21.1 m/s
at 1 m, increases to 28.1 m/s at 350 m, decreases to 18.7 m/s at 780 m,
and then increases to 25.8 m/s at 1300 m. It is 17.8 m/s at 1740 m and
20.9 m/s at 2000 m.

The velocity with the Zhang model on a 2000 m circular road with
B =0.5at 5 s and 10 s is given in Fig. 15. This shows that again the
maximum velocity of 30 m/s is exceeded. At 5 s, the velocity is 22.3 m/s
at 1 m, increases to 33.4 m/s at 300 m, decreases to 12.3 m/s at 600 m,
and then increases to 33.0 m/s at 1250 m. It is 12.7 m/s at 1570 m and
21.8 m/s at 2000 m. At 10 s, the velocity is 21.3 m/s at 1 m, increases to
29.5 m/s at 340 m, decreases to 18.0 m/s at 770 m, and then increases to
26.5 m/s at 1290 m. It is 17.3 m/s at 1750 m and 21.0 m/s at 2000 m.

The velocity with the Zhang model on a 2000 m circular road with
f=1at5sand 10 s is shown in Fig. 16. The velocity now greatly ex-
ceeds the maximum of 30 m/s. At 5 s, the velocity is 22.8 m/s at 1 m,
increases to 42.7 m/s at 310 m, decreases to 10.9 m/s at 640 m, and then
increases to 36.5m/s at 1260 m. Itis 11.5m/sat 1610 m and 22.2 m/s at
2000 m. At 10 s, the velocity is 21.3 m/s at 1 m, increases to 30.7 m/s at
340 m, decreases to 17.8 m/s at 800 m, and then increases to 26.9 m/s at
1290 m. It is 17.1 m/s at 1750 m and 21.1 m/s at 2000 m.

The velocity with the Zhang model on a 2000 m circular road with
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Fig. 4. Velocity with the KIG model on a 2000 m circular road with hf = h, =10 m and 7, = 1.5 5, 2.5 5, and 3.5 s at 10 s.
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Fig. 5. Velocity with the KIG model on a 2000 m circular road with hf = h, = 20 m and 7, = 1.5 s for 10 s.
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Fig. 8. Density with the KIG model on a 2000 m circular road with hf = h, =20 m and 7z, = 2.5 s for 10 s.
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Fig. 9. Velocity with the KIG model on a 2000 m circular road with hs = h, = 20 m and 7, = 3.5 s for 10 s.
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Fig. 13. Velocity with the KIG model on a 2000 m circular road with hf =15m, hy =12m, 7, =3.5sand f=14at1s,5s,ands 10 s.

f=0at5s and 10 s is shown in Fig. 17. The velocity again greatly 2000 m. At 10 s, the velocity is 23.7 m/s at 1 m, increases to 29.7 m/s at

exceeds the maximum of 30 m/s. At 5 s, the velocity is 26.2 m/s at 1 m, 280 m, decreases to 17.3 m/s at 730 m, and then increases to 26.1 m/s at
increases to 40.1 m/s at 260 m, decreases to 5.4 m/s at 550 m, and then 1720 m. It is 23.1 m/s at 2000 m.
increases to 35.4 m/s at 1210 m. It is 7.4 m/s at 1520 m and 25.6 m/s at The velocity with the Zhang model on a 2000 m circular road for 10 s
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Fig. 14. Velocity with the Zhang model on a 2000 m circular road with f=0.1 m at5s, and 10 s.
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Fig. 18. Velocity with the Zhang model on a 2000 m circular road with = 0 for 10 s.

with # = 0 is given in Fig. 18. This shows that the highest velocity is 47.6
m/s and the lowest is —3.1 m/s, which is impossible.

5.1. Discussion

The KIG model incorporates real traffic parameters such as h,, h;, 7
and 7y while the Zhang model does not explicitly consider these pa-
rameters. Thus, the Zhang model cannot be used to evaluate traffic flow
under different conditions and driving behavior. The velocity and den-
sity evolution for both models was evaluated to determine if the output
remains within the allowable range.

There are two important cases with the KIG model

{ ]’lf = hr
hy # hy

When hy = h, = 20 m (uniform headway) and 7, = 1.5 s, Fig. 1 shows
that the velocity evolution is smooth and the velocity is always between
the minimum and maximum values. With 7, = 2.5 s, Fig. 2 shows that
the velocity evolution is very smooth as increasing 7, increases f.
Similarly, when 7, is 3.5 s, the velocity behavior at 5 s and 10 s shown in
Fig. 3 is smoother than with 7, = 1.5 s as in this case 7, = 7so0 f = 1.
Figs. 5 and 6 give the velocity and density evolution of the KIG model,

uniform headway,
non-uniform headway.

13

respectively, for 10 s with three values of z,. These results show that the
model outputs are stable and stay within range.

When hy = 15 m and h, = 12 m (non-uniform headway) and 7, = 1.5
s, Fig. 11 shows that the velocity evolution is almost the same as with a
uniform headway, but the average velocity is lower than in Fig. 1. The
results for 7, = 2.5 s given in Fig. 12 show that the velocity behavior is
similar to the uniform case in Fig. 2). However, Fig. 13 shows that as
7,—17, driver memory approaches the maximum and the non-uniform
headway results in significantly different velocity behavior than with
a uniform headway as shown in Fig. 3.

The Zhang model performance was evaluated for f = 0,0.1,0.5, and
1. With g = 0.1, Fig. 14 shows that the velocity is 32.8 m/s at 5 s which
exceeds the maximum velocity of 30 m/s. With g = 0.5, the maximum
velocity is 33.4 m/s at 5 s and with # = 1, the maximum velocity is 42.7
m/s at 5 s. More problematic is that when g = 0, Fig. 18 shows that the
velocity not only exceeds the maximum value, but is also —3.1 m/s
which is impossible. Thus, it can be concluded that the Zhang model
behavior due to large variations in density is not stable. This is because
of the limitation of this model.

The results presented in this section clearly show that the velocity
with the KIG model is more realistic than with the Zhang model. The
velocity with the KIG model is within the allowable range for all values
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of 7,. Moreover, this model can provide results based on the driver
memory f. Conversely, the Zhang model produces negative velocities
with # = 0 and velocities above the maximum of 30 m/s for values be-
tween 0 and 1. Thus, the KIG model provides a better characterization of
traffic.

6. Conclusion

A new traffic flow model was proposed to include traffic alignment
behavior at transitions. The flow is characterized based on distance
headway and driver memory whereas the Zhang model only considers
driver memory. Results were presented which show that the proposed
model provides realistic results based on the headway. The velocity
evolves smoothly over time and stays within limits. On the other hand,
the Zhang model produces large variations in velocity resulting in
negative values and values that exceed the maximum.
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