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A nonlinear car-following model of highway traffic is considered, which includes the
reaction-time delay of drivers. Linear stability analysis shows that the uniform flow
equilibrium of the system loses its stability via Hopf bifurcations and thus oscilla-
tions can appear. The stability and amplitudes of the oscillations are determined
with the help of normal-form calculations of the Hopf bifurcation that also handles
the essential translational symmetry of the system. We show that the subcritical
case of the Hopf bifurcation occurs robustly, which indicates the possibility of bista-
bility. We also show how these oscillations lead to spatial wave formation as can be
observed in real-world traffic flows.

Keywords: vehicular traffic, reaction-time delay, translational symmetry,
subcritical Hopf bifurcation, bistability, stop-and-go waves

1. Introduction

The so-called uniform flow equilibrium of vehicles following each other on a road
is a kind of steady state where equidistant vehicles travel with the same constant
velocity. Ideally, this state is stable. Indeed, it is the goal of traffic management that
drivers choose their traffic parameters to keep this state stable and also to reach
their goal, that is, to travel with a speed close to their desired speed. Still, traffic
jams often appear as congestion waves travelling opposite to the flow of vehicles
(Kerner 1999). The formation of these traffic jams (waves) is often associated with
the linear instability of the uniform flow equilibrium, which should be a rare occur-
rence. However, it is also well known among traffic engineers that certain events,
such as a truck pulling out of its lane, may trigger traffic jams even when the
uniform flow is stable. We investigate a delayed car-following model and provide
a thorough examination of the subcriticality of Hopf bifurcations related to the
drivers’ reaction-time delay. This explains how a stable uniform flow can coexist
with a stable traffic wave.
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2 Gabor Orosz and Gdbor Stépdn

The car-following model analyzed in this paper was first introduced in (Bando
et al. 1995) without the reaction-time delay of drivers, and that was investigated by
numerical simulation. Then numerical continuation techniques were used in (Gasser
et al. 2004; Berg & Wilson 2005) by applying the package AUTO (Doedel et al.
1997). Recently, Hopf calculations have been carried out in (Gasser et al. 2004) for
arbitrary numbers of cars following each other on a ring.

The reaction-time delay of drivers was first introduced in (Bando et al. 1998),
and its importance was then emphasized by the study (Davis 2003). In these papers
numerical simulation was used to explore the nonlinear dynamics of the system. The
first systematic global bifurcation analysis of the delayed model (Davis 2003) was
presented in (Orosz et al. 2004a) where numerical continuation techniques, namely
the package DDE-BIFTOOL (Engelborghs et al. 2001), were used. The continuation
results were extended to large numbers of cars in (Orosz et al. 2004b) where the dy-
namics of oscillations, belonging to different traffic patterns, were analyzed as well.
In this paper we perform an analytical Hopf bifurcation calculation and determine
the criticality of the bifurcation as a function of parameters for arbitrary numbers
of vehicles in the presence of the drivers’ reaction delay.

While the models without delay are described by ordinary differential equations
(ODEs), presenting the dynamics in finite-dimensional phase spaces, the appearance
of the delay leads to delay differential equations (DDEs) and to infinite-dimensional
phase spaces. The finite-dimensional bifurcation theory that is available in basic
textbooks (Guckenheimer & Holmes 1997; Kuznetsov 1998) have been extended
to DDEs in (Hale & Verduyn Lunel 1993; Diekmann et al. 1995; Kolmanovskii
& Myshkis 1999; Hale et al. 2002). The infinite-dimensional dynamics make the
bifurcation analysis more abstract. In particular, the Hopf normal form calculations
require complicated algebraic formalism and algorithms, as is shown in (Hassard
et al. 1981; Stépan 1986, 1989; Campbell & Bélair 1995; Stone & Campbell 2004;
Orosz 2004). Recently, these Hopf calculations have been extended for systems with
translational symmetry in (Orosz & Stépan 2004) which is an essential property of
car-following models. This situation is similar to the S' symmetry that occurs in
laser systems with delay, see (Verduyn Lunel & Krauskopf 2000; Rottschéifer &
Krauskopf 2004). In (Orosz & Stépan 2004) the method was demonstrated on the
over-simplified case of two cars on a ring. Here, these calculations are extended
to arbitrarily many cars, providing general conclusions for the subcriticality of the
bifurcations and its consequences for flow patterns. Our results are generalization of
those in (Gasser et al. 2004) for the case without reaction-time delay. In particular,
we prove that this delay makes the subcriticality of Hopf bifurcations robust.

2. Modelling Issues

The mathematical form of the car-following model in question was introduced and
non-dimensionalized in (Orosz et al. 2004a). Here we recall the basic features of this
model. Periodic boundary conditions are considered, i.e., n vehicles are distributed
along a circular road of overall length L; see Fig. 1. (This could be interpreted
as traffic on a circular road around a large city, e.g., the M25 around London,
even though such roads usually possess higher complexity.) As the number of cars
is increased the significance of the periodic boundary conditions usually tends to
become smaller.
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Subcritical Hopf bifurcations in a car-following model with reaction-time delay 3

Figure 1. Vehicles flowing clockwise on circular road.

We assume that drivers have identical characteristics. Considering that the ¢th
vehicle follows the (i41)st vehicle and the nth car follows the 1st one, the equations
of motion can be expressed as

ii(t) = a(V (g (t — 1) —zi(t — 1)) —ay(t)), i=1,...,n—1, 2.1)

in(t) = a(V (@1(t = 1) = 2ot — 1) + L) — 20(1)) ,

where dot stands for time derivative. The position, the velocity, and the acceleration
of the ith car are denoted by x;, &;, and Z;, respectively. The so-called optimal
velocity function V: RT — R depends on the distance of the cars h; = ;11 — @4,
which is usually called the headway. The argument of the headway contains the
reaction-time delay of drivers which now is rescaled to 1. The parameter v > 0 is
known as the sensitivity and 1/a > 0 is often called the relazation time. Due to
the rescaling of the time with respect to the delay, the delay parameter is hidden
in the sensitivity o and the magnitude of the function V(h); see details in (Orosz
et al. 2004a).

Equation (2.1) expresses that each driver approaches an optimal velocity, given
by V(h), with a characteristic relaxation time of 1/a, but reacts to its headway via
a reaction-time delay 1. The general features of the optimal velocity function V(h)
can be summarized as follows.

1. V(h) is continuous, nonnegative, and monotone increasing, since drivers want
to travel faster as their headway increases. Note that in the vicinity of the Hopf
bifurcation points, V(h) is required to be three times differentiable for the
application of the Hopf Theorem (Guckenheimer & Holmes 1997; Kuznetsov
1998).
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4 Gabor Orosz and Gdbor Stépdn

2. V(h) — v° as h — oo, where v" is known as the desired speed, which corre-
sponds, for example, to the speed limit of the given highway. Drivers approach
this speed with the relaxation time of 1/« when the traffic is sparse.

3. V(h) =0 for h € [0, 1], where the so-called jam headway is the rescaled to 1,
see (Orosz et al. 2004a). This means that drivers attempt to come to a full
stop if their headways become less than the jam headway.

One might, for example, consider the optimal velocity function to take the form

0 if 0<h<1,

V(h) = 1)
(h) Lo (h=1)
1+ (h—1)3

as already used in (Orosz et al. 2004a,b). This function is shown together with its
derivatives in Fig. 2. Functions with shapes similar to (2.2) were used in (Bando et
al. 1995, 1998; Davis 2003).

Note that the analytical calculations presented here are valid for any optimal
velocity function V(h): it is not necessary to restrict ourself to a concrete function
in contrast to the numerical simulations in (Bando et al. 1998; Davis 2003) and
even to the numerical continuations in (Orosz et al. 2004a,b).

2.2
if h>1, (22)

3. Translational Symmetry and Hopf Bifurcations

The stationary motion of the vehicles, the so-called uniform flow equilibrium is
described by

() =0 t+ar, = i) =0, i=1,...,n, (3.1)
where
rig,—xj=a]—x,+L=L/n:=h" i=1,...,n-1, (3.2)
and
v* = V(h*) <P, (3.3)

Note that one of the constants x;} can be chosen arbitrarily due to the translational
symmetry along the ring. Henceforward, we consider the average headway h* = L/n
as a bifurcation parameter. Increasing h* increases the length L of the ring, which
involves scaling all headways h; accordingly.

Let us define the perturbation of the uniform flow equilibrium by
2(): =xi(t) —24(t), i=1,...,n. (3.4)

K2

Using Taylor series expansion of the optimal velocity function V(h) about h = h*(=
L/n) up to third order of 2%, we can eliminate the zero-order terms

3

() = —ail(t) +a > bp(h*) (el (t - 1) — 2Pt —1))", i=1,...,n—1,
k=1

P (t) = —azP(t —|—0¢Zbk t—l)—mg(t—l))k,
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Figure 2. The optimal velocity function (2.2) is shown in panel (a), and its derivatives
are displayed in panels (b)—(d).

where
bu(h*) = V' (h), bg(h*):%\/”(h*), and bg(h*):%\/”’(h*). (3.6)

At a critical/bifurcation point h?, the derivatives take the values bi., = V'(h%,),
boer = 3V (h%), and byer = V" (h%,). Now and further on, prime denotes differ-
entiation with respect to the headway.

Introducing the notation

. Yigni=ab, i=1,...,n, (3.7)

Article submitted to Royal Society



6 Gabor Orosz and Gdbor Stépdn

equation (3.5) can be rewritten as
§(t) = L(h*)y(t) + R(A*)y(t — 1) + F(y(t — 1);0%) (3.8)

where y: R — R*". The matrices L,R: R — R2"*27 and the near-zero analytic
function F: R?” x R — R2" are defined as

ﬁ(h*):{f” g], mm_[g O‘bl(fh*)A],

a@wﬂFAMt—U)+a@wﬂFJMt—Dq_
0

(3.9)
Fly(t—1);h*) = [

Here 1 € R™ "™ stands for the n-dimensional identity matrix, while the matrix
A € R™™™ and the functions Fa, F5: R?® — R"™ are defined as

(yn+2(t —1) = yns1(t — 1))k

_ _ _ . k
A= : ..1 e Felyt-1) = (nsalt =1) .y”“(t ) . k=23.

1 (s (t = 1) = yau(t —1))"
(3.10)
System (3.8) possesses a translational symmetry, therefore the matrices L(h*), R(h*)
satisfy
det(L(h*) + R(h*)) =0, (3.11)

that is, the Jacobian (ﬂ(h*) + f{(h*)) has a zero eigenvalue
Ao(h*) =0, (3.12)

for any value of parameter h*. Furthermore, the near-zero analytic function F
preserves this translational symmetry, that is,

F(y(t—1)+ch*) = F(y(t —1);h), (3.13)

for all ¢ # 0 satisfying (I:(h*) + R(h*))c = 0; see details in (Orosz & Stépédn 2004).

The steady state y(t) = 0 of (3.8) corresponds to the uniform flow equilibrium
(3.1) of the original system (2.1). Considering the linear part of (3.8) and using the
trial solution y(t) = Ce with C € C?" and A € C, the characteristic equation
becomes

D(\bi(h*)) = (N +aX+abi(h*)e™)" — (abi(h*)e )" = 0. (3.14)

According to (3.11), the relevant zero eigenvalue (3.12) is one of the infinitely many
characteristic exponents that satisfy (3.14). This exponent exists for any value of
the parameter by, that is, for any value of the bifurcation parameter h*.

At a bifurcation point defined by b1 = b1, i.e., by h* = h¥,, Hopf bifurcations
may occur in the complementary part of the phase space spanned by the eigenspace
of the zero exponent (3.12). Then there exists a complex conjugate pair of pure
imaginary characteristic exponents

A2(Rf) = Hiw, weRT, (3.15)
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Subcritical Hopf bifurcations in a car-following model with reaction-time delay 7

which satisfies (3.14). To find the Hopf boundaries in the parameter space we sub-
stitute A\ = iw into (3.14). Separation of the real and imaginary parts gives

b w
ler = T 7
2 cos(w — %) sm(%) (3.16)
o= —wcot(w — A7),
The so-called wave number k can take the values k = 1,...,n/2 (for even n) and

k=1,...(n—1)/2 (for odd n). The wave numbers k > n/2 are not considered
since they belong to conjugated waves producing the same spatial pattern. Note
that £ = 1 belongs to the stability boundary of the uniform flow equilibrium, while
the cases &k > 1 result in further oscillation modes around the already unstable
equilibrium. Furthermore, for each k the resulting frequency is bounded so that
w € (0, %%); see (Orosz et al. 2004a,b).

Note also that the function by (h*) = V'(h*) shown in Fig. 2(b) is non-monotonous,
and so a b, boundary typically leads either to two or to zero h}, boundaries. For
a fixed wave number k£ these boundaries tend to finite values of h* as n — oo,
as is shown in (Orosz et al. 2004b). Using trigonometric identities, (3.16) can be
transformed to

cosw = 2: (— + cot(%’r)) ,

e 2 (3.17)
sinw = (1 - = cot(k—”))

blcr @ " ’

which is a useful form used later in the Hopf calculation together with the resulting
form

4b3.. . . w?
71251112(%) =1+ (3.18)

With the help of the identity

(1+icot(% ))”_1 1 —icot(k™)

(1 —icot(k“'?))n_1 ; 1+1C0t(%) 7

: (3.19)

we can calculate the following necessary condition for Hopf bifurcation as the pa-
rameter b; is varied as

Re <d>\1(blcr)> =& ! (W +a®+a) >0, (3.20)
dby bicr
where .
e=((2-w)'+@2+a0)?) . (3.21)

Since (3.20) is always positive this Hopf condition is always satisfied. Now, using
the chain rule and definition (3.6), condition (3.20) can be calculated further as the
average headway h* is varied to give

dA1 (bier 2bgcy
Re (A{(hg)) = Re <>\1(1(l)11) b'l(h:r)) = 5% (W+a®+a)#0.  (3.22)
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8 Gabor Orosz and Gdbor Stépdn

This condition is fulfilled if and only if by, # 0, which is usually satisfied except at
some special points. For example, the function V”(h) shown in Fig. 2(c) becomes
zero at a single point over the interval h € (1,00). Notice that V”(h) is zero for
h € [0,1] and for h — oo, but the critical headway he, never takes these values for
a > 0.

4. Operator Differential Equations and Related Eigenvectors

The delay-differential equation (3.8) can be rewritten in the form of an operator-
differential equation (OpDE). For the critical bifurcation parameter h., we obtain

v = Aye + F(ye) (4.1)

where the dot still refers to differentiation with respect to the time ¢t and y;: R —
Xgzn is defined by the shift y, (V) = y(t + ), ¥ € [-1, 0] on the function space Xgzn
of continuous functions mapping [—1,0] — R?". The linear and nonlinear operators
A, F: Xpen — Xpen are defined as

0

A5(9) = 5520) if —1<9<0, (42)
Lo(0) + Ro(~1), if 9=0,
F(6)() = {2( T (13)

where the matrices L, R € R?"*?" and the nonlinear function F: R?" — R2" are
given by
L=L(h%), R=R(h:), and F(y(t—1))=F(y(t—1);h%). (4.4)

yhrer

The translational symmetry conditions (3.11) and (3.13) are inherited, that is,
det(L+R) =0, (4.5)

and
Flye+co)=F(y) < Fylt—1)+c)=F(yt-1)), (4.6)

for all ¢ # 0 satisfying (L 4+ R)c = 0.

In order to avoid singularities in Hopf calculations we follow the methodology
and algorithm of (Orosz & Stépan 2004) and eliminate the eigendirection belonging
to the relevant zero eigenvalue A\g = 0 (3.12). The corresponding eigenvector sg €

Xpgzn satisfies
.ASO = /\080 = ASQ = O, (47)

which, applying the definition (4.2) of operator A, leads to a boundary value prob-
lem with the constant solution

s0(9) =Sy € R?™, satisfying (L +R)Sy =0. (4.8)
One finds that
0
S() =D gl (49)

Article submitted to Royal Society



Subcritical Hopf bifurcations in a car-following model with reaction-time delay 9

where each component of the vector £ € R™ is equal to 1. Here p € R is a scalar
that can be chosen freely, in particular, we choose p = 1.

In order to project the system to sg and to its complementary space, we also
need the adjoint operator

0 .
(o) = —a—az/}(a), if 0<o<1,

L'%(0) +R'(1),  if =0,

(4.10)

where * denotes either adjoint operator or transposed conjugate vector and matrix.
The eigenvector ng € Xg,, of A* associated with the eigenvalue A\j = 0 satisfies

.A*?’lo = )\S’I’Lo = .A*TLO =0. (4.11)

This gives another boundary value problem which has the constant solution

no(¥) = Ng € R?*™,  satisfying (L* +R*)Ny=0. (4.12)
Here we obtain
| E
No=9p 0B (4.13)
However, p € R is not free, but is determined by the normality condition
<’I7J07 80> =1. (414)
Defining the inner product
0
(b.0) =" (0)00) + [ v*(€+ DR, (4.15)
-1
condition (4.14) gives the scalar equation
NiI+R)Sy =1, (4.16)
from which we obtain )
p=—. (4.17)
no

Note that, as the vectors sg and ng are the right and left eigenvectors of the
operator A belonging to the eigenvalues Ay = 0 and A§ = 0, similarly the vectors
So and Ny are the right and left eigenvectors of the matrix (L + R), belonging to
the same eigenvalues.

With the help of the eigenvectors sg and ng, the new state variables z5: R — R
and y; : R — Xgen are defined as

207: <’n’03yt>, (418)
Y¢ =Yt — 2050 -
Using the derivation given in (Orosz & Stépan 2004) we split the OpDE (4.1) into

2o = NogF(y; )(0),

. _ _ _ (4.19)
v, = Ayy +F(y; ) — NoF(y, )(0)So.
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10 Gabor Orosz and Gdbor Stépdn

Its second part is already fully decoupled, and can be redefined as

g = Ay +F (ve), (4.20)
where the new nonlinear operator F~ : Xg2» — Xpg2n assumes the form
_ —NjF 0)So, if —1<9<0,
F(¢)(0) = o F(9)( )* 0 ' (421)
F(6)(0) — NgF(¢)(0)Sy, if 9=0.

Considering F(¢)(0) = F(¢(—1)) given by (4.3), and using the expressions (3.9,3.10,4.4),
and the eigenvectors (4.9,4.13), we obtain

Ng F(y; )(0)So = Ng F (y(t — 1)) So

1 - k) [0 (4.22)
= E Z (bkcr Z(yn+i+1(t - 1) - ynJrl(t - 1)) ) Bl
k=2,3 i=1
where the definition y2,41 := y,41 is applied. Note that the system reduction

related to the translational symmetry changes the nonlinear operator of the system
while the linear operator remains the same. This change has an essential role in the
center-manifold reduction presented below.

Let us consider a Hopf bifurcation at a critical point k.. First, we determine
the real and imaginary parts s1, so € Xgzn of the eigenvector of the linear operator
A, which belongs to the critical eigenvalue A; = iw (3.15), that is,

As1(9) = —wsa(9),  Asa(9) = ws1 (V). (4.23)

After the substitution of definition (4.2) of A, the solution of the resulting boundary
value problem can be written as

s1(9)| St -S| .
{52 (19)] = {52 cos(w?) + s, sin(w?) , (4.24)
with constant vectors S, So € R?" satisfying the homogeneous equation
L+ Rcosw wl+Rsinw| [S1] |0 (4.25)
—(wI+Rsinw) L+4+Rcosw| [S2] [0] " '

Using formula (3.17) for the Hopf boundary, the above 4n-dimensional equation

leads to
S2i = wS1 nti

1 for i=1,...,n, (4.26)
Sonyi = ——51
w
and to the 2n-dimensional equation
1 km
—=cot(E)A B
w n —
B %cot(’jf)A S51=0, (4.27)

where A € R"*™ is defined by (3.10) and B € R™*" is given by

B= R E (4.28)
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Solving (4.27) one may obtain
C S S C
i P R [ RS O R

where the scalar parameters v and v can be chosen arbitrarily and the vectors
c,s € R" are

cos(%T’Tl) sin(%Tﬂl)
cos(22) sin(2572)

Cc= ) , S= . , (4.30)
cos(2ETn) sin(25Tn)

with the wave number k used in (3.16,3.17). The cyclic permutation of the com-
ponents in ¢ and S results in further vectors Sy, So that still satisfy (4.25). This
result corresponds to the Z" symmetry of the system, that is, all the cars have the
same dynamic characteristics. Choosing u = 1 and v = 0 yields

c
lg

w

S1= ;o S2=

! (4.31)

-L¢

The real and imaginary parts ni,n, € Xz,, of the eigenvector of the adjoint
operator A* associated with A\] = —iw are determined by

A*ny(o) =wna(o), A'ng(o) =—wny(o). (4.32)

The use of definition (4.10) of A* leads to another boundary value problem having
the solution

{nl(o)] - [%ﬂ cos(wa) + [_]éﬂ sin(wo) (4.33)

na(o)

where the constant vectors N1, No € R2" satisfy

L*+R"cosw —(wI+R"sinw)| [Ni| [0 (4.34)
wl+R"sinw L+ R*cosw | |[Na| |0]° '

The application of (3.17) simplifies this 4n-dimensional equation to

N n+i = alN- Z+LUN i
bt b > for i=1,...,n, (4.35)
Noyyi = —wNy; +alNg,;
and to the 2n-dimensional equation
— cot(ET)A B B
{ B cot(’j:r)A} Ny, =0, (4.36)
where Ny € R?" is defined as
Nu,; =Ny
SET L gor i=1,...,m. (4.37)
Ny pyi = Nojg

Article submitted to Royal Society



12 Gabor Orosz and Gdbor Stépdn

The solution of (4.36) can be written as

.| C | S
Ny=1 A e I (4.38)
which results in
lea[ ¢ }ﬂ[ § } Ngza{ s ]—@ “ | 439
alC +ws asS —wC asS —wC alC +wsS

The scalar parameters 4, ¢ are determined by the orthonormality conditions
<n1,31> = 1, <TL1,$2> = 0, (440)
which, using the inner product definition (4.15), results in the two scalar equations

115t (21+ R* (cosw + %)) + S3R*sinw  —SiR*sinw + SER* (Cosw B ¥)
2 —STR* sinw+S; (2I+R* (COSa}+ M)) _STR* (COS(.«J . %) - S;R* g

w

4.41
v

Ny| |0]°
Substituting (3.17,4.31,4.39) into (4.41) and using the second order trigonometric
identities (A 4-A 6), we obtain

n 2+« %fw al |1
3l e )=l (442
with the solution
U _ 224+«
-2t

where & is defined by (3.21). The substitution of (4.43) into (4.39) leads to

2 24+a)c+ (2 —w)s

N =€~ {(a2+a+w2)c+(f+2w)s] ;

2{ 2+a)s—(2-w)C
(

Ny =€E—
2 n a2+a+w2)5—(%2+2w)0

(4.44)

As s1 + ise and ny + ing are the right and left eigenvectors of the operator
A belonging to the eigenvalues A; = iw and A\] = —iw, the vectors S; + iS2 and
N7 +iN, are similarly the right and left eigenvectors of the matrix (L+R) belonging
to the same eigenvalues.

5. Center-manifold Reduction

With the help of the eigenvectors si,se and mq,m9, we introduce the new state
variables
21 =(n1,y; ),
2 = <n27yt_>v (5'1)
W=y, — 2181 — 2252,
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Subcritical Hopf bifurcations in a car-following model with reaction-time delay 13

where 21,29: R — R and w: R — Xgzn. Using the derivation presented in (Orosz
& Stépéan 2004) we can reduce OpDE (4.20) to the form

21 0 w O Z1
22 =|-w 0 O z9
w 0 0 Al |w
(Ny — @1 N§)F (2181 + 2282 + w)(0)
+ (N3 — @2N§)F (2151 + 2282 + w)(0)
*Zj 12(N — @i N§)F (2181 + 2282 + w)(0)s; + F~ (2181 + 2282 + w)

(5.2)

The scalar parameters ¢, g2 are induced by the translational symmetry and their
expressions are determined in (Orosz & Stépan 2004) as

(Nl( man) N;l*(ﬁfsz) SO,

1 ‘ (5.3)
= (N7 1=89R 4 Nj(I + 822R)) Sy .
Since in our case RSy = NSy = N5 Sy = 0, we obtain
¢ =¢2=0. (5.4)
The power series form of (5.2) is also given in (Orosz & Stépan 2004) as
k=2,3 (1
21 0 w Of [~ ﬁoo (k)ZIZQ
al= | 0 of |5+ s
w 0 0 A] [w i Z;JIZI;OQ (F(,‘jc) cos(w?) + Fj(zs) sin(w?)) 2] 25
Fiy"Ruw(~1)21 + Fy"Ruw(~1)z
. F R + R Ra(-1)zs
N z;;’;OZFJ(;j) 5,) if —1<9<0,|’
k=2 7(3 3 j .
SIES(FY + FE) A, if 9=0
(5.5)

where the subscripts of the constant coefficients f;;g) € R and the vector ones

F ;,1’2’3) R?" refer to the corresponding jth and kth orders of z; and 2y, respec-

tively. The terms with the coefficients F(3b) F(3C) come from the linear combina-
tions of s1(¥) and s9(¢#). The translatlonal symmetry only enters through the terms
with coefficients Fj(,i’_)7 so that the terms with coefficients Fj(,f) and F j(,‘:’_) refer to

the structure of the modified nonlinear operator F~ (4.21). Using the third and
fourth order trigonometric identities (A 7-A 15), we can calculate these coefficients
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14 Gabor Orosz and Gdbor Stépdn

for wave numbers k # n/2, k # n/3, and k # n/4 in the form

=P =0, for j+k=2,

J J
1 1 2 2 abzer o w? w w?
éo) = 1(2) = 2(1) :f(g?a) 2543Eb1bc3,,)3 E(1+?)(W+&+$)v

=1 = A = 13 = e s (14 5) (14 253),
r 2\ ~ ~ 2
) = g [(BHa =)0+ (5 - 2o 25)5+ (L+at “;)E] ’

01 = ©nbrer)? 0

)

Fl(g):f:& _—(%—Zw—Qg)E’—i-(?)—&-a—%Q)g—(%—&—2%)]5}

n(blcr)2 L 0 ’
- 2\ ~ ~ 2
@) _ e 2 |—BFa—)0—(2—2w—-22)5+(1+a+“)E
FOI — 5n(b1zcr)2 ( ) ( 0 ) ( ) ’ (5.6)
(Be) _ 1p(3s) _
Fy " = =0,
3-) _ (3 o w2y |0
Fz(o = Ip ) = *(bbir)"’ (1+ ?) [E] )
F¥)=o,
HO _ e [(L- )T -225 4+ (1+2)5
20 (bicr) 0 ’
F(3) 2bacy 22C + (1 - %)5
1T Be)? | 0 ’
20 = (rer)? 0 ;
where we use the vectors ¢, 5 € R” defined by
cos(#71) sin(2£7 1)
~ cos(4T2) _ sin(2E72)
C= , , 8= . : (5.7)
cos(4£Tn) sin(4£Tp)

Note that the cases k = n/2, k = n/3, and k = n/4 result in different formulae
for the above coefficients, but the final Poincaré-Lyapunov constant will have the
same formula as in the case of general wave number k. The detailed calculation of
these ‘resonant’ cases is not presented here.

Now let us approximate the center-manifold locally as a truncated power series
of w depending on the coordinates z; and z, as

w(v) = % (hZO(ﬂ)Z% + 2h11 () 2122 + hoz(ﬁ)zg) ) (5.8)

There are no linear terms since the plane spanned by the eigenvectors s; and s
is tangent to the center-manifold at the origin. Third and higher order terms are
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dropped. The unknown coefficients hog, h11 and hgo € Xg2» can be determined by
calculating the derivative of w and substituting that into the third equation of
(5.5). The solution of the resulting linear boundary value problem given in details
in (Orosz & Stépéan 2004) is

hgo(’lg) Hl —H2 HQ
hin(¥)| = Hy | cos(2wd) + | Hy | sin(2wd) + | 0
ho2 (1) —H; Hy Hy

3— 3—

1 (3-) 0 (3-) 1 F2(0 ) +F(§2 :

- | -FY | -3 0 b, (59)
“ 9 (3-) B pBo)
11 20 02

where the vectors Hy, Hi, and Hy € R?" satisfy

L+R 0 0 H,
0 L + R cos(2w) 2wl + Rsin(2w) | | Hy
0 —(2wI+Rsin(2w)) L+ Recos(2w) | |Hs
3_ _ 5.10
Y+ F + ) + F) (5:10)
3 3
Y F2(o) ?3)ch2)
LN

Here we also used that Fj(,i’c) = Fj(,?s) =0 and

R(FG)+FS ) =0, (L+R)FS) =0, (L+R)(FS ' —F3)) =0, (5.11)

in accordance with (5.6).

One can find that the 2n-dimensional equation for Hy is decoupled from the
4n-dimensional equation for Hy, Hy in (5.10). Since (L + R) is singular due to the
translational symmetry (4.5), the nonhomogeneous equation for Hy in (5.10) may
seem not to be solvable. However, its right-hand side belongs to the image space
of the coefficient matrix (L 4+ R) due to the translational symmetry induced terms

F 3(27)~ We obtain the solution

E

ol (5.12)

Ho = g2 (14 )

with the undetermined parameter k.
At the same time, the nonhomogeneous equation for Hi, Hy in (5.10) is not

effected by the vectors F (k ) . Using (3.17) this 4n-dimensional equation leads to

H i = —2wH: n4i
b 2L o i=1,....n, (5.13)
Hy ;= 2wHy 544

and to the 2n-dimensional equation

psin?

(77 sin

2kmyn psin®(ET)1—sin(ZET)A
)1—sin(ZEm)A)  psin®(E7)1— cos(22T)A

n

N~
~
—

I

Q

@}

w0
—~

7
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16 Gabor Orosz and Gdbor Stépdn

where the vector H, € R?" is defined as

H 1:H n+1
< VL for i=1,...m, (5.15)
Hypi = Hapyi
and
16bycr w? 8bicr 1_|_3L2
o= Otiaz, n= M, (5.16)
w2\2
(1+2)° (1+%)

The solution of (5.14) is given by

4b2cr -~ —~
~ o%b C -3
HU = lcr (M + ’I] 4C0t(%) |: ~ :|> B (517)
(77—400t(%”))2-i-/12 5 ( ) ¢
which provides
4bocy ~ ~
o 2wl 2ws
i = e (- acont) [ 4 [22]).
(n — 4cot(7)) + p? (5.18)
I o [2w3 2
H, = < (n—4cot(E)) | 72| — ~ .
(n — 4cot(EX))” + p2 ¢ s

Now, using these in (5.8,5.9) we can calculate Rw(—1) which appears in the first
two equations of (5.5). In this way we obtain the flow restricted onto the two-
dimensional center-manifold described by the ODEs

. k=23 (1 k=3 (1

[2’1] _ [ 0 W} [ } i ZJTILDO £ ; 125 [Z]joo 9%%2122] (5.19)
= +F=2,3 12 fh=3 (2 ) :
2 w 0 > k0 Jk 2 D iks0 U 2 125

where the coefficients f;,iz) have already been determined by (5.6) in (5.5), while
the coeflicients

1 1 2 2
Q:E,o) 9%2) 951)_9(()3)

52((11)(b2c)r) COt( m ) [0 (A)2 s w ws (A)2
- - 4cot(i)) o 21+ 4%) ((n deot(E)) (w+ 2 +9%) +u(1+ 2;)) ,

SN GO S ¢

921" = 903 = —930
gQa(bZCr) cot( )
_ _Fhy 2(1+2) ((1-teot(5) (1+225) — p(w+ 2 +2)) ,

(n — 4cot(7)) + pu2”
(5.20)

originate in the terms involving Rw(—1). To determine (5.20) the trigonometric
identities (A 4-A 15) has been used.

We note that the coefficients f;;g) (j + k = 2) of the second-order terms are
not changed by the center-manifold reduction. The so-called Poincaré-Lyapunov
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0 0.2 0.4 0.6 08 , 1 0 0.2 0.4 0.6 08 1

Figure 3. Quantities defined by (5.22,5.23) as a function of the frequency w, for represen-
tative values of parameter a. In panel (a) the numerator N (w, «) is depicted, while panel
(b) shows the ratio N (w, a)/D(w, a).

constant in the Poincaré normal form of (5.19) can be determined by the Bautin
formula (Stépan 1989)

171 1 1 1 2 2 2 2 1 1 2
A= 8<w ((fZ(O) + f(gQ))(_fl(l) + fz(o) - (52)) + ( 2(0) +f(§2))( 2(0) - 52) + f1(1)))

(308 1+ 1504 30) + (308 + o8+ o) + 302

=&ty S (1+ 53) (Wt 2 + ) x

1 2boer )2 4 cot(kx 142
« = 6b3cr+ ( 2c ) CO ( n )2 (77 _4cot(kﬂ') +NO¢2> .
2 bicr (77 — 400t(%”)) + p2

The bifurcation is supercritical for negative and subcritical for positive values of A.
We found that A > 0 is always true when % < 1 which is the case for real traffic
situations (many vehicles n with a few waves k). This can be proven as is detailed
below.

The first part of the expression (5.21) of A in front of the parenthesis is always
positive since &, byer, ,w > 0. Within the parenthesis in (5.21), the first term is
positive since (3.16) implies by, = V'(h%,) < 1/2, which yields critical headway
values h}, such that 6bse, = V"' (h%,) > 0 (see Fig. 2(b,d)). The second term in the
parenthesis in (5.21) contains the ratio of two complicated expressions, which, by
using (3.16,5.16), can be rearranged in the form

2
- - 1—1—25—
teon(s) (n deotdh) 7 )
< £ 43e) — 4 5.22
=(4cot(k7f))2< (1+a2.)(w+a+§a2) 45 i _1> (5.22)
" (cosw — Csinw) (1+%5) (w+ 2+ 25)

= (4 cot(%”))zj\/'(w, a),
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and
(1— deon(55)) 4
= (4cot(k7r))2<(1 + %z)(l +4:—§) — 2(cosw -2 sinw) (1 + 3%)

(cosw -2 sinw)2(1 + ‘(‘;—;)
= (4cot(%’r))2D(w,a) >0.

+ 1) (5.23)

Since (5.23) is always positive, the sign of (5.22) is crucial for deciding the overall
sign of A. According to (3.16) w € (0, ’%r), that is, the realistic case % < 1 implies
the oscillation frequency w < 1.

Fig. 3(a) shows the numerator A (w, «) for some particular values of o demon-
strating that A (w,a) > 0 for w < 1. Note that if @« — 0 then N (w, a) may become
negative (see Fig. 3(a) for a = 0.5), but this is a physically unrealistic case where
drivers intend to reach their desired speed v° extremely slowly.

Moreover, the ratio of (5.22) and (5.23), N (w, a)/D(w, @), is not only positive
for w < 1 but also M(w,a)/D(w,a) — oo when w — 0 (i.e., when n — o0) as
shown in Fig. 3(b). This feature provides robustness for subcriticality. Note that
subcriticality also occurs for optimal velocity functions different from (2.2), e.g., for
those that are considered in (Orosz et al. 2004a).

Using definition (3.6), formulas (3.18,3.22), and expressions (5.21-5.23), the
amplitude A of the unstable oscillations is obtained in the form

. % Re (3 (72,) __w V() (b —ht)
(V' ()" N (w, )
V/(h) D(w,a)
(5.24)
Thus, the first Fourier term of the oscillation restricted onto the center-manifold is

[zl(t)] 4 [ cos(wt) ] . (5.25)

z9(t) — sin(wt)

T V) +

Since close to the critical bifurcation parameter h’, we have y:(9) =~ 2z (¢)s1(9) +
29(t)s2(19), equation (5.25) yields

y(t) = 5:(0) = 21(#)51(0) + 22(t)2(0)
= A(s1(0) cos(wt) — s2(0) sin(wt)) (5.26)
= A(S cos(wt) — Spsin(wt)) ,

where the vectors Sy, Sy are given in (4.31).

Note that zero reaction time delay results in M (w, a)/D(w, @) = —1 as shown
in (Gasser et al. 2004). In that case subcriticality appears only for extremely high
values of the desired speed v° when the term 6b3.; becomes greater than (2bge;)? /b1cr
at the critical points (of the non-delayed model). Consequently, the presence of the
drivers’ reaction-time delay has an essential role in the robustness of the subcritical
nature of the Hopf bifurcation. This subcriticalty explains how traffic waves can be
formed when the uniform flow equilibrium is stable, as is detailed in the subsequent
section.
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6. Physical Interpretation of Results

The unstable periodic motion given in (5.26) corresponds to a spatial wave forma-
tion in the traffic flow, which is actually unstable. Substituting (4.31) into (5.26)
and using definition (3.7), one can determine the velocity perturbation of the ith
car as
i (t) = Acos(2ZEi + wt) . (6.1)
The interpretation of this perturbation mode is a wave travelling opposite to the
car flow with spatial wave number k (i.e., with spatial wavelength L/k = h*n/k).
The related wave speed is
chove = —5=h*w <0, (6.2)

wave 2k

where the elimination of the frequency w with the help of (3.18) leads to
&= —h*blcr<1 - o(’%f)Q) . (6.3)

Since the uniform flow equilibrium (3.1) travels with speed v* = V(h*), the speed
of the arising wave is

e = 0+ e = V) = 0V (03) (1 - O (7)) (6.4)

By considering the optimal velocity function (2.2), we obtain cyave < 0, that is,
the resulting wave propagates in the opposite direction to the flow of vehicles. Note
that the non-delayed model introduced in (Bando et al. 1995) exhibits the same
wave speed apart from some differences in the coefficient of the correction term

(9(%”)2. If one neglects this correction term, the wave speed becomes independent
of n and k, which corresponds to the results obtained from continuum models; see
e.g., (Whitman 1999).

In order to check the reliability of the Poincaré-Lyapunov constant (5.21) and
the amplitude estimation (5.24), we compare these analytical results with those ob-
tained by numerical continuation techniques with the package DDE-BIFTOOL (En-
gelborghs et al. 2001). In Fig. 4 we demonstrate the subcriticality for n = 9 cars
and k = 1 wave. The horizontal axis corresponds to the uniform flow equilibrium,
that is, stable for small and large values of h* (shown by green solid line) but un-
stable for intermediate values of h* (shown by red dashed line) in accordance with
formula (3.16) and Fig. 2(b). The Hopf bifurcations, where the equilibrium loses its
stability, are marked by blue stars. The branches of the arising unstable periodic
motions given by (5.24) are shown as red dashed curves.

According to numerical simulations and traffic experiments, a stable oscillating
state is expected ‘outside’ the unstable oscillating state. This includes travelling
with the desired speed v°, decelerating, stopping, and accelerating. In Fig. 4 the
horizontal green line at A = v°/2 represents these stable stop-and-go oscillations.
The corresponding stop-and-go wave propagates against the traffic flow. Vehicles
leave the traffic jam at the front and enter it at the back (see Fig. 1). The above
analytic construction reveals wide regions of bistability on both sides of the unstable
equilibrium. In such domains, depending on the initial condition, the system either
tends to the uniform flow equilibrium or to the stop-and-go wave.
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Figure 4. The amplitude A of velocity oscillations as a function of the average headway
parameter h* for n = 9 cars, k = 1 wave, and parameters o = 1.0, v° = 1.0. The horizontal
axis (A = 0) represents the uniform flow equilibrium. The analytical results are coloured:
green solid and red dashed curves represent stable and unstable branches, respectively, and
blue stars stand for Hopf bifurcations. Grey curves correspond to numerical continuation
results: solid and dashed curves refer to stable and unstable states, and grey crosses
represent fold bifurcations. The points marked by P;, P/ refer to the oscillation profiles
presented in Fig. 5.

In Fig. 4, we also displayed the results of numerical continuation carried out
with the package DDE-BIFTOOL (Engelborghs et al. 2001). Grey solid curves repre-
sent stable oscillations while grey dashed curves represent unstable ones. The fold
bifurcation points, where the branches of stable and unstable oscillations meet, are
marked by grey crosses. The comparison of the results shows that the analytical
approximation of the unstable oscillations is quantitatively reliable in the vicinity
of the Hopf bifurcation points. The analytical amplitude v°/2 of the stop-and-go
oscillations is slightly larger than the numerically computed ones. The analytically
suggested bistable region is larger than the computed one, since the third degree
approximation is not able to predict fold bifurcations of periodic solutions (the grey
crosses in Fig. 4). In order to find these fold bifurcation points it is necessary to use
numerical continuation techniques as presented in (Orosz et al. 2004b). Neverthe-
less, qualitatively the same structure is obtained by the two different techniques.

As was already mentioned in Section 3, the wave numbers k > 1 are related
to Hopf bifurcations in the parameter region where the uniform flow equilibrium
is already unstable. This also means that the corresponding oscillations for k& >
1 are unstable independently of the criticality of these Hopf bifurcations. Still,
we found that these Hopf bifurcations are all robustly subcritical for any wave
number k (except for large % ~ 1/2). Consequently, the only stable oscillating
state is the stop-and-go motion for £k = 1. On the other hand, several unstable
solutions may coexist as is explained in (Orosz et al. 2004b). Note that analytical
and numerical results agree better as the wave number £ is increased because the
oscillating solution becomes more harmonic.

To represent the features of vehicles’ motions, the velocity oscillation profiles
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Figure 5. Velocity profiles of the first car for the points marked in Fig. 4. Colored curves
are calculated analytically while grey curves are computed by numerical continuation. In
panel (a) the stable stop-and-go oscillations are shown for point P; in green and for point
P/ in grey, while in panel (b) the unstable oscillations are displayed for point P in red
and for point P in grey. In panel (c) the stable uniform flow solution is depicted for point
Ps in green.

of the first vehicle are shown in Fig. 5 for the points P;, P/ marked in Fig. 4, for
headway h* = 2.9. Again, the colored curves correspond to the analytical results,
while the grey curves are obtained by numerical continuation. In Fig. 5, the time
window of each panel is chosen to be the period of the first Fourier approximation
given by (3.18) (red curve in panel (b)). The dashed vertical lines in panels (a,b)
indicate oscillation periods computed numerically with DDE-BIFTOOL.

Panel (a) of Fig. 5 shows the stop-and-go oscillations. The analytical construc-
tion (green curve) is obtained by assuming that the stopping and flowing states are
connected with states of constant acceleration/deceleration, which is qualitatively
a good approximation of the numerical result (grey curve). Panel (b) compares the
unstable periodic motions computed analytically (red curve) from the Hopf calcu-
lation with those from numerical continuation (grey curve). These exist around the
stable uniform flow equilibrium shown in panel (c).

For a perturbation ‘smaller’ than the unstable oscillation, the system approaches
the uniform flow equilibrium. If a larger perturbation is applied then the system
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develops stop-and-go oscillations and a spatial stop-and-go travelling wave appears
as demonstrated in Fig. 1. Since the period of the stable and unstable oscillations
are close to each other, the stable stop-and-go wave travels approximately with the
speed of the unstable travelling wave (see (6.4) for k = 1).

7. Conclusion

A non-linear car-following model has been investigated with special attention paid
to the reaction-time delay of drivers. By considering the average headway as a bi-
furcation parameter, Hopf bifurcations were identified. In order to investigate the
resulting periodic motions, the singularities related to the essential translational
symmetry had to be eliminated. Then the Hopf bifurcations were found to be ro-
bustly subcritical leading to bistability between the uniform flow equilibrium and a
stop-and-go wave. The appearing oscillations manifest themselves as spatial waves
propagating backward along the circular road.

In the non-delayed model of (Bando et al. 1995) subcriticality and bistablity
occur only for extremely high values of the desired speed v°, as it is demonstrated in
(Gasser et al. 2004). We proved that subcriticality and bistablity are robust features
of the system due to the drivers’ reaction-time delay, even for moderate values of
the desired speed. This delay, which is smaller than the macroscopic time-scales of
traffic flow, plays an essential role in this complex system because it changes the
qualitative nonlinear dynamics of traffic.

Due to the subcriticality, stop-and-go traffic jams can develop for large enough
perturbations even when the desired uniform flow is linearly stable. These pertur-
bations can be caused, for example, by a slower vehicle (such us a lorry) joining the
inner lane flow for a short time interval via changing lanes. It is essential to limit
these unwanted events, for example, by introducing temporary regulations provided
by overhead gantries. Still, if a backward travelling wave shows up without stop-
pings, it either dies out by itself or gets worse ending up as a persistent stop-and-go
travelling wave. In order to dissolve this undesired situation, an appropriate con-
trol can be applied using temporary speed limits given by gantries that can lead
the traffic back ‘inside’ the unstable travelling wave and then to reach the desired
uniform flow. For example, the MIDAS system (Lunt & Wilson 2003) installed on
the M25 motorway around London is able to provide the necessary instructions for
drivers.
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Appendix A. Appendix - Trigonometrical Identities
Considering the wave numbers k = 1,...,n/2 (evenn) or k=1,...,(n—1)/2 (odd

n)

if
Zexp 19%—”2 0, 1 k#nfo, (A1)
n, if k=n/o,
where i2 = —1 and p=1,...,4. Therefore, the following identities can be proven.
In first order
ZCOb (%kmi) = (A2)
Zsm 2kmiy = 0. (A3)
In second order
- 2 if & 2
Zcos (214 = n/2, 1 7 /2, (Ad)
p n, if k=n/2,
a 2 if k 2
Zsm (2kmg) = n/2, 1 #n/2, (A5)
P 0, if k=n/2,
Zcos (257 7) sin ( 2’” i)=0. (A6)
In third order
0 if k 3
Zcos Qk” ’ 1 #n/3, (A7)
n/4, it k=n/3,
Zsm (24) = (A8)
Z cos?(27 1) sin(2k74) = 0, (A9)
if k
Zcos (257 4) sin® (222 ) = 0, 1 7 /3, (A 10)
-n/4, it k=n/3.

In fourth order

3n/8, if k#n/2 and k#n/4,

Zcos Lud; n, if k=n/2, (A11)
n/2, if k=n/4,

n 3n/8, if k#n/2 and k#n/4,

> sint (i) = <0, if k=n/2, (A12)

n/2, if k=n/4,
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Z cos3(2k7"i) sin(QkT“i) =0, (A 13)
i=1
n
Z cos( 25T ) sinS(%T”i) =0, (A 14)
i=1
n n/8, if k#n/2 and k#n/4,
> cos?(Z24) sin® (2T ) = € 0, if k=n/2, (A15)
i=1 0, if k=n/4.
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