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Abstract—Recently, the synchronized flow traffic pattern has oversaturated traffic synchronized flow pattern(s) (SPukho

been found in empirical data of oversaturated city traffic.  also occur [9]. In comparison with [9], in this article we

Traffic simulation models based on classical theories canto make the following new developments: i) we simulate and
reproduce synchronized flow. We present simulation resultsased  djscuss single vehicle (microscopic) acceleration relate

on Kerners three-phase traffic theory. By using a version of  guncpyronized flow in oversaturated city traffic and ii) we
the Kerner-Klenov stochastic microscopic traffic flow simuhtion

model, we are able to reproduce all traffic patterns found mak(_e_a briew Comp_arison of simulated synchroni_zed flow with
in city traffic, including synchronized flow. The key role in e_mplrlcal Synchronlzed flow r_evealed_ recently_ In m_easured
understanding the emergence of synchronized flow within the field data in oversaturated city traffic. For simulations of

model plays the driver's speed adaptation effect. spatiotemporal features of SPs in oversaturated traffic see u
) o ) ] the Kerner-Klenov stochastic microscopic traffic flow model
Citther)é\;fvi(():r.dlecroscoplc simulation; Three-phase traffic theory; [10][11][12] in the framework of Kerner's three-phase theo
. INTRODUCTION (a) © vaffic () .

On an urban road with a traffic signal various congested g S el = 60 vehicle 1
traffic patterns can be observed. The understanding of these’f ‘ E
city traffic phenomena is important for the development of 2 < 30
effective tools for traffic management and intelligent gan g ? 2 [\ A
portation systems. 0+ ' :

There are two main types of city traffic on multilane % 30 60 % 20 22 24
roads at traffic signals: under- and over-saturated trafffic. time [min] time [min]

accordance with the classical theories [1][2][3][4][9][&/hen
the flow rate increases above some signal capacity value
a transition from under- to over-saturated traffic occurs. |
undersaturated traffic, all vehicles, which are waitinghimit
a queue during the red phase, can pass the signal durin =
the green phase. An opposite case occurs in oversaturate
traffic: some of the vehicles in the queue cannot pass the
signal location during the green phase resulting in the gueu
growth (see Figure 1(a, b)). In accordance with the claksica
theories [1][2][3][4][5][6], well-developed oversatueal traffic Bl , )
consists of a sequence of moving queues with stopped vshicle 20 25 - 30 35
separated by regions in which vehicles move from one moving time [min]
gueue to the adjacent downstream moving queue; the mearigure 1. Spatiotemporal structure of oversaturated traffia traffic signal
duration of the vehicle stop within a moving queue does not of the classical theory of city traffic. Taken from [9].
usually change while the moving queue propagates upstream
of the signal (see Figure 1(c)).

Based on simulations in the framework of the three-phase This article is organized as follows. In Section 1, a short
theory [7][8], Kerner et al. have recently predicted thaaddi-  introduction to the theory of synchronized traffic flow in &yci
tion to classical sequences of moving queues (see Figuie 1), is given, and the simulation model is described. In Section
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2, empirical findings of synchronized flow in city traffic are We use a discrete version of a stochastic three-phase

presented and compared with simulation results. In Se&jon microscopic model of Kerner and Klenov [10][11][12]. The

a conclusion and an outlook to further work are given. physics of the model variables are explained in [7][8]. The

parameteres of the model have been adapted for city traffic

in [18][19], the vehicle speed, 1, the coordinate:,, 1, and

the acceleratiom,,;; at time stepn + 1 are found from the
Urban traffic on a multilane road with a traffic signal following equations:

at its end can either be oversaturad or undersaturated. In . -

undersaturated city traffic all vehicles waiting in a quene i  Unt! = max(0, min(vgree, Un+1 + &ns Un + maxT, Usn ),

II. KERNERKLENOV SIMULATION MODEL

front of a traffic signal can pass the signal in the next green (1)
light phase. In oversaturated city traffic on the other hand, Tnt1 = Tn + Vn41T, (2)
not all vehicles can pass and therefore the queue of waiting Ang1 = (Vng1 —vn) /T, (3)
vehicles grows with each cycle of the signal. In classical ~ .

theories the oversaturated city traffic consists of a sesfes Un+1 = Min(Vtree, Vs,ns Ve,n); (4)
moving queues, sequences of stopped vehicles interrugted b

sequences of vehicles that move from one moving queue to v((})l at Av, + Ap .7 < Av,,

the next queue downstream. In general the duration of the Ve,n = v(2) at Av +A7 > Aw (5)
vehicle stop within a moving queue does not change in average on " bt = S

while the moving queue propagates upstream of the signal (se\v, is constant.
Figure 1). 1

It is usually assumed [1][2][3][4][5][6] that the transiti o) = { v + AL atg, <Gy, (6)
from under- to over-saturated traffic, i.e., traffic breakdo ' Un +anT  atgn > G,

at the signal occurs at a classical capacity of traffic digna AS) = max(—by7, Min(anT, ven —vn)); @)
Ca = quTG /19 wheregs,t is the saturation flow rate, i.e., ’
the mean flow rate from a queue at the signal during the green v((:z,)L =0, + AP, (8)
phase when vehicles discharge from the moving queue to their @) ]
maximum free speed.c.. ¥ = T + Ty + Tk is the cycle Ay = kaanT max(0, min(1, (g, — va7))), 9)
time of the signal and assumed to be constdit, 7y, and
Tr are the durations of the green, yellow, and red phases of . { a at Avy, + ApnT < Avy, (10)
the signal, respectwelﬁl”G %) is the effective green phase time e kaa at Av, + Agn > Av,,
that is the portion of the cycle time during which vehicles ar
assumed to pass the signal at constant gaje an =aO(Py —r1), by, =aO(P; —1r1), (12)
Within anonymized vehicle probe data from oversaturated
city traffic provided by TomTom, rather than this stop-and- po if S, #1, py if S, # -1,
go pattern built by the moving queues, synchronized flowFo = { 1 ifS,=1, P = { py if S, = —1, (12)
according to the three-phase traffic theory by Kerner has bee
found [13]. 1 i By < v,
— Snp1=9 1 if Opp1 > vy, (13)
% 3000 Jsat=9out @ E 60 (b) GS i ! { 0 If f}n-ﬁ-l = Un,
5 g 40 J ry =rand(0,1), ©(z) =0 atz < 0and©(z) =1 atz > 0,
p g 20 po = po(vn), P2 = p2(vn), p1 is constant.
§ H : 2 0 Esafe 5 it 5 1
S a n+l — 4,
= 0 densitys[(z/ehiclel/(l)(()m] 0 spe?;g [km/h] 60 §n = _gb if Sn+1 = _17 (14)

. . . . €0 if S, =0,
Figure 2. 2D-regions for steady states of synchronized flothée
flow—density (a) and the space-gap—speed planes (b) [JRIEL8][19].

F — free flow, S — synchronized flow, J — line[7][8]. & = a(a)TG(pa _ T)’ & = a(b)T@(pb —7), (15)

. ) . —1 i (0)

In contrast with two-phase traffic flow models with a 1 !f r<p,
fundamental diagram (e.g., [14][15][16][17]), in the stastic & =a”7q 1 if p® <7 <2p© andw, >0, (16)
model [10][11][12] used for all simulations, there is a 2D- 0 otherwise
region of synchronized flow associated with the fundamental _ (®) _ (b ) (a) (0)
hypothesis of three-phase theory (see Figure 2) [7]. Whegons@ﬁ?s(os%cﬁronlza(tllon(ga)plpané) tzsalf)e spcéedb @ areare
a driver approaches a slower moving preceding vehicle an "
she/he cannot overtake it, then the driver begins to deateler Gpn, = G(vn,v1.0), a7
and adapts its speed to the speed of the preceding vehicle, Gy ) = max(0, [kru + a L dou(u — w)|), (18)
when the gap to the preceding vehicle becomes smaller than
a synchronization ga@' (see Figure 2 (b)). This driver’s speed (safe) (a)
adaptation occurs under conditigfs. < g < G, Whereggase Vs, = min (0,7, gn /7 +0,7), (19)
is a safe gap. vafe) — |pGafe) (g, )], (20)
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(safe) (safe) _ — a)
! Toate + Xa(v ) gn + Xd(w’n)’ Xa(w) Weak Speed Adaptation
br? (aﬂ + —Q(O‘Q_l)), a = |u/bt], B = u/bt — «, v;) = T o — > CT— >
maX(O,min(vé,szfc),W,n,ge,n/T) — at), Tsafe iS a safe time : - >
gap;b, k > 1, a, ka, and ¢y are constants}z| denotes the : ie 3

integer part of a real number. In (1)—(20),n = 0,1,2,... is : Safety Gap:
the number of time steps; = 1s is a time stepgan.x IS a I _ 5
maximum accelerationy,.. is @ maximum speed in free flow, Synchronization Gap

U, is the vehicle speed without speed fluctuatigns? marks
the preceding vehicley,, = z,,, — x,, — d is the space gap

between vehicles] is the vehicle lengthAv,, = vy, — vp; b) Strong Speed Adaptation

z, andv, are measured in unitdz = 0.0l m anddév =0.01 - > - >

m/s, respectively. i e I R
In the model, if a vehicle reaches the upstream front of : = . S_)

a moving queue at a signal it decelerates as it does at the : e >

upstream front of a wide moving jam propagating on a road : Safety Gap-

without traffic signals [7][8]. During the green light phase I 5

vehicles accelerate at the downstream front of the moving Synchronization Gap

gueue (queue discharge) with a random time delay as they

do at the downstream jam front. During the yellow phase a i . . .

vehicle passes the signal location, if the vehicle can datil u Vehicle unde_r COHSlderat_lon )

the end of the yellow phase; otherwise, the vehicle comes to > Slower moving preceeding vehicle

a stop at the S'_gnal- . . . Figure 3. Explanation of speed adaptation effect: Weakdspekaptation (a)
A key role in the simulation of synchronized flow plays and strong speed adaptation (b).

the driver’'s speed adaptation for which we use a stochastic

description through the probabilities, and p, in (12). We

; This situation, described with > 0, is called strong speed
write these probabilities as follows: - g sp

adaptation and leads to the behaviour that cannot be dedcrib
by classical theories: the mean duration of the stops of the
p1 = min(1, (1 + s)p§°>), p2 = min(1, (1 + s)p§°> (vn)), vehicles decreases the further upstream of the traffic kibea
(21)  moving queue is located [9]. The growth of the space gap leads
Wherepgo) = 0.3, pg” (vn) = 0.48 + 0.320(v, —v21), € is  to the dissolution of the jam upstream of the traffic signal. S
the coefficient of speed adaptation. The largethe stronger in oversaturated city traffic adjacent to the traffic sigradre
the speed adaptation and, therefore, the larger the meag spas still the classical stop-and-go behaviour of the velsichaut
gap (the longer the mean time headway) between vehicles iurther away from the signal synchronized flow emerges due
synchronized flow. This can be explained as follows. the dissolution of the jam.
If on a multilane road a driver approaches a slower moving
vehicle in front and if he cannot change lane, e.g., because
of traffic on the other lane not permitting a sufficient safety lIl. " SYNCHRONIZED FLOW IN CITY TRAFFIC
gap for a lane change, than the driver has to decelerate. In =
the model he can start to decelerate as soon as he enters hhsee
synchronization gap to his leader. The driver will decdkera
if his distance to the leader becomes smaller than the safe
gap, and he will accelerate if the distance becomes grédwster t
the synchronization gap (see Figure 2 (b)). But in contrast t
models based on classical theories, in three-phase traffic fl
models a vehicle doesn't try to abide to a specific distance t
the preceeding car, usually the safety gap. Instead, thieleeh
tends to adapt its speed to the speed of the preceeding tar, i Empirical findings
it will do this while taking an arbitrary distance to it as tpn
as it stays within the synchronization gap. Figure 5 shows typical examples of anonymized empirical
Therefore, the driver could decelerate gradually to thevehicle probe data provided by TomTom, the dotted (red) line
speed of the leader as soon as he enters the synchronizatidenotes the point in time at which the vehicles pass theiposit
gap, which would lead to a short headway to the preceedingf the traffic signal. Figure 5(a) shows the velocity profife o
vehicle (see Figure 3(a)). This situation, described with 0, a vehicle driving on Volklinger Strafl3e in the morning rush
is called usual or weak speed adaptation and leads to theour, exhibiting the classical moving queue pattern in ffrain
classical behaviour of stop-and-go traffic: the mean domati a traffic signal in oversaturated city traffic.
of the stops of the vehicles remain almost constant along Figure 5(b) shows an example of a velocity profile in
the moving queues that build upstream of the signal [9]the synchronized flow phase in the late morning rush hour:
Alternatively, the driver can decelerate more sharply whenhe vehicle at first drives with a speed between 20km/h and
reaching the synchronization gap distance, which wouldtea 30km/h without coming to a stop. Then as it moves further
a large headway to the preceeding vehicle (see Figure 3 (b)jlown the road it has to decelerate to a full stop about 100 m

or the simulation of synchronized flow in urban traffic we
a multilane road with a traffic signal at the end. We chose

road section of Volklinger Stral3e in the city of Dusseldo
géee Figure 4) as congested traffic is observed here regularl
in the data of a stationary video detector [13]. The length of
the section is 630 m, the speed limit is 60 km/h, and there are
no junctions in between.
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Figure 4. Layout of test track Volklinger StralRe from Sidrto Fahrstralle. time
Video detector at: = 20 m, traffic light atz = 630 m (cycle timey = 70s, b)
red phase duratiofix = 35s, yellow phase duratioffy = 4s), speed limit .
Umax = 60 km/h. 60 2013-02-06 :
< ] '
in front of the traffic signal as it reaches the upstream front g | !
of the queue. In accordance with the microscopic criteria = '
for traffic phases in congested traffic [7][8], this is a tygic %" 30 !
empirical example of synchronized flow in oversaturatedg cit © . '
traffic. Following classical theories one would expect @ith 4 - X
stop-and-go pattern along the road, or a higher speed at the 0 I —— L
beginning of the section followed by one or more stops intfron 9:05 a.m. 9:06 a.m.
of the traffic signal. time

Finally, Figure 5 (c) shows an example of a vehicle driving
through heavy congested traffic: the travel time for the 630
meters of Volklinger Stral3e is about 12 minutes.

c)

604 2013-02-02

B. Simulation of synchronized flow

For our simulations we used infrastructure information
from OpenStreetMap [20] that was improved by the use of
infrastructure plans from the city of Dusseldorf that also
provided the traffic signal cycle plans. The amount of vedscl 0~
emitted per minute into the simulation was matched to the 1:11 p.m. 1:17 p.m. 1:23 p.m.
data of the video detector at the beginning of the road. In all .
simulations we use the following parameters of model ((1)— time
(21)); Teate = T = 1, d = 7.5M, Vfpee = 18.0558 ms— ! Figure 5. Empirical examples of speed profiles: classiag-sind-go pattern

velocity [km/h]
w
?

(65km/h), b = 1ms™2, a = 0.5ms 2, k = 3, ¢g = 1, (moving queues) (a), synchronized flow (b) and highly cotegksraffic

Av, = 2msfl, ko = 4,7 = 1, pp = 0.1, ps = 0.03, pattern (c). The dotted (red) line denotes the position eftthffic light.

p© = 0.005, po(v,) = 0.667 + 0.083min (1,v,/vo1),

vor = 6ms™ !, vy = Tms™ !, al® = q, a® = 024, later within the queue. This is an example of synchronized
a®(v,) = 0.2a + 0.8amax(0, min(1, (ves — v,)/Avay),  flow pattern reproduced in the simulation.

veo = Tms™ !, Awvgs = 2ms™!, ¢ = 0. Open boundary Finally, Figures 8(a) and (b) show the speed and acceler-
conditions have been used in all simulations. ation profile of a vehicle driving in heavily congested traffi

Figure 6 (a) shows the speed profile of a vehicle driving inThe vehicle is following a typical stop-and-go pattern gon
free flow, and Figure 6 (b) shows the according acceleratiothe entire strech of the road up to the position of the traffic
profile: after entering the road section, the vehicle drivessignal.

(nearly) at maximum speed at first. Then it decelerates and All simulation results shown above are representatives of
comes to a stop in front of the traffic signal. In the nexttraffic patterns that were found in the empirical data. This
green light phase it passes the traffic signal position aathag demonstrates that we can reconstruct in our simulations the
accelerates to maximum speed. This is a typical simulatiomrban traffic patterns known from classical theories likapst
example for the situation of undersaturated city traffieic® and-go traffic, as well as synchronized traffic that is unkmow
we describe free flow, the speed adaptation effect doesmieco to classical theories but found in real data. By alternatire

into it. strength of the speed adaptation effect we can reproduce all

Figures 7(a) and (b) show the speed and acceleratiomaffic patterns found in the empirical data for synchrodize
profile of a vehicle driving in synchronized flow. The pattern flow.
is very similar to the one found in the empirical data (see As described in Section II, the stronger the speed adapta-
Figure 5(b)): the vehicle first drives with a speed betweertion effect, the larger the space gap (time headway) thatardr
10km/h and 20km/h. As it moves further down the road itchooses on average to the preceeding vehicle. Since thergriv
first decelerates to a full stop at the end of the queue in fronin this case have enough space in front and can decelerate
of the traffic signal and then a second time about 20 secondgadually, they come to a stop less often and therefore the
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Figure 6. Typical example of simulation results for free flow
time-dependance of microscopic (single) vehicle speedata) the
according acceleration profile (b) The dotted (red) lineades the position
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Figure 7. Typical example of simulation results for synctization flow.
The dotted (red) line denotes the position of the traffictlidiodel
parameters are the same as those in Figure 6 with the exceyititne value

of ¢, that is taken as = 1.333.
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Figure 8. Typical example of simulation results for congdstraffic. The
dotted (red) line denotes the position of the traffic lightodél parameters
are the same as those in Figure 6 with the exception of thee \@fle, that

is taken as = 1.333.

mean stop duration of the vehicle within the moving queue
decreases. As a result, the absolute value of the upstreaun fr
velocity of a moving queue becomes smaller than that of the
downstream front of the moving queue, resulting in moving
gueue dissolution. The moving queues dissolve into the syn-
chronized flow phase. The strength of the speed adaptation
effect influences the distance from the traffic signal, atclhi
the moving queues dissolve. The greaterthe shorter the
distance from the traffic signals at which the moving queues
dissolve [9].

IV. CONCLUSION AND FUTURE WORK

Empirical probe vehicle data measured by TomTom nav-
igation devices show synchronized flow in oversaturateg cit
traffic [13]. We have simulated oversaturated city traffi¢chwi
the discrete stochastic microscopic Kerner-Klenov ttpbase
traffic flow model. The simulations show that under strong
speed adaptation synchronized flow patterns which are very
close to empirical data can be reproduced with this model.
Strong speed adaptation is associated with an averagasggcre
of space gaps (time headways) which drivers choose moving in
very dense city traffic. The stronger the speed adaptatfentef
the shorter the distance at which moving queues dissolee int
synchronized flow. Further work will include the evaluation
of the strength of the speed adaptation effect as well as
comparisons to more empirical examples.
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