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Abstract. In this paper, the traffic flow at an unsignalized T-shaped intersection in which there are three
input directions of vehicles and two right-turnings and one left-turning has been investigated by using
the cellular automata traffic model. The interactions between vehicles on different lanes and effects of
traffic flow states of different roads on capacity of T-shaped intersection system are analyzed. The phase
transition characteristics of traffic states on different lanes are studied. The research indicates that the
model can be applied to the real traffic analysis and traffic forecast.

PACS. 89.40.-a Transportation — 45.70.Vn Granular models of complex systems; traffic flow — 05.70.Fh

Phase transitions: general studies

1 Introduction

Unsignalized intersections exist widely in urban traffic sys-
tem. They play an important role in the control of the traf-
fic network system. The study of unsignalized intersection
is the base of other intersections’ study. The interaction
between vehicles on different lanes, and the effects of dif-
ferent traffic policies on the traffic capacity are not only of
scientific significance on the development of traffic theory,
but also of guiding importance for establishing suitable
urban traffic policies.

The studies usually concentrate on the analysis and
calculation of the capacity of T-shape intersection sys-
tem. In general, the methods can be classified into two
types [1]: Theoretical Analysis Method and Empirical
Analysis Method. The theoretical analysis method, includ-
ing the gap acceptance theory and queuing theory, pre-
dicts the capacity of intersections theoretically under some
supposed conditions. However, the above theories assume
that all drivers are uniform. That is, different drivers will
response to the same traffic condition with the same man-
ner. Obviously, this assumption is not in agreement with
the real conditions. Empirical analysis method, including
delay analysis method and integrated analysis method,
studies the dependence of traffic capacity on different fac-
tors with observation data. Empirical analysis methods
have to gather great amount of data, and the universality
of the results is limited.

Comparing with other theories and models, the cellular
automata (CA) traffic model has a flexible evolution rules,
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and is easy to be parallelly realized on computer. Much
work has been done in recent years on the use of cellular
automata for modeling various aspects of city traffic [2-9].
Ruskin [10] and Wang [11] presented a CA model to sim-
ulate the traffic flow at the intersections. They follow the
idea of gap acceptance theory, but incorporate more flexi-
ble rules, so that the spatial and temporal details of vehi-
cles’ interactions can be reproduced. But this CA model
treats the vehicles at the intersection either stopping (ve-
locity = 0) or moving with velocity equals one. It ignores
the effect of variability of moving vehicles’ velocity, so that
the corresponding evolution rules are established based on
the spatial gap between vehicles. This leads to the result
that the vehicles cannot pass in some cases where it is
possible to pass in real conditions, so that the predicted
traffic capacity is lower than that of the reality.

Ceder and Eldar (2002) find that, the traffic capacity
of cross intersection can be improved when split into two
T-shape intersections apart from each other with distance
L [12]. Moreover, a majority of unsignalized intersections
in urban traffic system are T-shape intersections. There-
fore, the study of T-shape intersection is important. But
the related theories and models are lacked.

This paper presents a new CA traffic model for an
unsignalized T-shaped intersection based on our previous
work [13] in which there are three input directions of ve-
hicles and two right-turnings and one left-turning. This
model considers the variation of vehicles’ velocity and use
temporal gap but not spatial gap to determine which ve-
hicle is allowed to pass the intersection. The result of this
new model agrees well with real traffic.
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2 Model

The illustration of T-shape intersection and the traffic is
shown in Figure la. The lanes are divided to CA cells as
shown in Figure 1b. Every vehicle takes a single cell. The
lengths of lane 1-5 and 2-4 are both L = 1999. The lengths
of lane 3 and 6 are Ly = Lg = 500. The intersection locates
at the middle point of lane 1-5 (b = 1000).

The vehicles on lane 1 will turn right to lane 6 with
turning probability P;; when they get to cell b, and the
other vehicles steer straightly forward to lane 5. The ve-
hicles on lane 2 will turn left to lane 6 with probability
P,o, and the other vehicles steer forward to lane 4. The
vehicles on lane 3 will all turn right to lane 5. Here we do
not consider the left-turning of vehicles on lane 3. So, the
T-shape intersection has three input directions of vehicles,
five steering paths, and two traffic conflicts. As shown in
Figure 1, the left-turning vehicles on lane 2 will conflict
with the straight or right-turning vehicles on lane 1 at
cell b. And at cell ¢, the right-turning vehicle of lane 3 will
conflict with the straight vehicles on lane 1. This paper
simulates the two conflicts and the effect of conflicts on
the traffic flow at the intersection.

2.1 The evolution rules for vehicles steering straightly
at non-turning cells

For non-turning vehicles on all lanes and the vehicles tend-
ing to turn but not close to the turning cells, the ve-
locity and position are updated according to the Nagel-
Schreckenberg (NaSch) CA traffic model [2]. That is:

— velocity update: v, (t+1) = min(vmaz, vn(t)+1, dn(t));
— randomization with probability p:

maz (v, (t +1) —1,0), if (rand
on(t+1) = {vn(ﬁg—l(),Jr ) : if Erand8 ;

— position update: z,(t + 1) = 2, (¢) + v, (t + 1).

P);
p

)

Here x,, v, is the position and velocity of vehicle n,
dp, = p—1 — x, — 1 is the gap before vehicle n (it is as-
sumed that vehicle n — 1 precedes vehicle n), vy, =5 is
the maximum velocity of the vehicles at the straight lane.

2.2 The turning rules at the turning points

For the turning vehicles, when they approach close to the
turning cells where T' — x,, < 5 (T denote cell a, b or ¢),
the maximum velocity will decrease to vimazt = 2. They
arrive at the corresponding turning point with velocity
zero. That is, when the vehicles are at cells z,, from T —
Zp < 5 to turning cells T, the velocity update rule change
to: vp(t + 1) — min(vmazt, vn(t) + 1,dn(t), T — x,(t)).
Then the conflicts at the turning point are handled with
the following rules:

— (i) The conflict of vehicles on lane 1
with the left-turning vehicles on lane 2
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Fig. 1. Illustration of T-shape intersection with three input
directions of vehicles.

The turning vehicle ¢ on lane 2 arrives at cell a first,
from where it turn to lane 6. If vehicle ¢ turn success-
fully, the velocity after turning is one and it will reach
cell b at the next time-step. But it may conflict with
the vehicle j on lane 1 reaching or passing cell b. Which
vehicle can reach or pass cell b is determined with the
temporal gap difference. Obviously, the time for vehi-
cle i to reach cell b is ¢; = 1. The time for vehicle j is
calculated with the following formula:

b — l‘j
min(Vmaz, vj + 1,d;)

tj =

(1)

Here v,,4: for vehicle j is vpeze but not vp,g, if it
is a turning vehicle. Comparing ¢; with t;, if ¢; < ¢;,
then vehicle i reach cell b first and vehicle j wait at
the cell next to cell b; if ¢; > ;, then vehicle j reach
or pass cell b first and vehicle ¢ wait at cell a for the
next opportunity to reach cell b; if ¢; = ¢;, then it is
determined with a preferential probability P;o which
vehicle to pass cell b first.
— (ii) The conflict of straightly steering vehicle
on lane 1 with the right-turning vehicles
on lane 3
The turning vehicle m on lane 3 must reach cell ¢ first
and then drive to lane 5 accelerating from velocity zero.
It may conflict with the straightly steering vehicle n
reaching or passing cell c. We calculate the time for
vehicle m and n to reach cell c:
C— Ty
fm min(”mawt; U + 1, dm) (2)
C— Ty

t, = — . 3
’ITLZTZ(’Umal-, vp + 1, dn) ( )
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Note that the vyq, in formula (2) is vmeqrt = 2, but in
formula (3) vma; = 5 which is the maximum velocity
of straightly steering vehicle. Comparing t,, with ¢,,
the vehicle with less time will reach or pass cell ¢ first,
whereas the other vehicle should wait. If ¢,,, = t,,, it is
determined with a preferential probability P;3 which
vehicle reach cell ¢ first.

In the first conflict, the vehicle i and j compete to take
cell b. Here velocity of vehicle i is one, whereas the veloc-
ity of vehicle j is a certain speed in its driving. That is,
vehicle ¢ and j have a kind of inequality in competition.
In the second conflict, vehicle m and n compete to take
cell c. Vehicle m turns from lane 3, so that its maximum
speed is limited to vyq,; = 2, while the straightly steering
vehicle n has the maximum speed of v, = 5. That is,
the competition has also a kind of inequality for lane 1
and lane 3.

2.3 Deceleration

For all the straightly steering or turning vehicles, the speed
is randomly decelerated with probability p = 0.3, in order
to simulate the drivers’ over-decelerating reaction.

Open boundary condition is used to simulate the input
and output of vehicles on lane 1, lane 2 and lane 3. We
assume that the first cells at the entrances of lane 1, 2 and
3 correspond to x = 1, and the entrance regions of lanes
include v,,q. cells, i.e., the vehicles can enter each lane
from the cells 1,2, ..., Vmae. In one time step, when the
update of the vehicles on the lane is completed, we check
the positions of the last vehicles on each lane, which are
denoted as xjqst. If Tjgst > Vmaz, @ vehicle with velocity
Umaz 18 injected with probability Pj,1, Pin2, Pins at the
cell min(vmaz, Tiast — Umaz). Near the exits of the lanes,
the leading vehicle is removed if zfrs: > L (L denotes
the position of the last cell on the lane) and the following
vehicle becomes the new leading vehicle.

3 Simulation result

As a preliminary work, we simulate the effect of turning
probability P; on the traffic low when changing the input
probability P;, on a single lane without considering other
lanes’ influence. As shown in Figure 2, the flow of single
lane increases with the input probability until a saturated
flux is reached. The turning vehicle acts as a bottleneck for
the lane because it slows down near the turning point. One
can see that this bottleneck effect is more obvious when P,
is bigger because the maximum flow and the critical point
of P;, are smaller. When P; = 1, the saturate flow is about
0.31, and the critical point of P;, is about 0.31 also. In
general, the flow will saturate when the input probability
is 0.5. The simulations for lane 1, 2 and 3 have the same
result. The turning probability for lane 3 is always one
because all the vehicles on it will turn right.

Then we show the simulation results when vehicles en-
ter from three lanes. Figure 3 shows the effects of lane 3
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Fig. 2. The effect of turning probability P; on the flow with
the changing of input probability P;, without the conflicts of
vehicle flows.
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Fig. 3. The phase diagram in the (P;n1, Pin2) space for differ-
ent input probability Pjns.

on the traffic of lane 1, 2 and on the whole intersection.
Here turning probability P;; and P are 0.5 and preferen-
tial probability Pjs and P;3 are 0.5. The phase diagram in
(Pin1, Pin2) for Py,3 = 0,0.2,0.4 is classified into four re-
gions. Region I corresponds to free flow on both lane 1, 2.
Region IT (III) corresponds to free flow on lane 1 (2) and
congestion flow on lane 2 (1). Region IV corresponds to
congestion flow on both lane 1 and 2.

When P;,3 = 0, vehicles enter the system only from
lane 1 and 2. One can see that the free flow region of
lane 1 is larger for P;,; than that for lane 2. When Pj,o
is large enough, the critical changing point from free flow
to congestion flow for lane 1 is about P;,; = 0.3. When
P;,1 < 0.3, the traffic on lane 1 will remain as free flow no
matter what the traffic condition on lane 2 is. For lane 2,
when P;,; is large enough, the critical changing point from
free flow to congestion flow is about Pj,2 = 0.23. When
Pino > 0.23, lane 2 will be congestion flow because of
the heavy traffic on lane 1. Simulation reveals that the
saturated flow on lane 1 is 0.296, whereas that of lane 2 is
0.23. The differences above arise from the rule inequality
competing for cell b. The turning vehicles on lane 2 are
more likely to wait at cell a because it starts from static
state to compete with the moving vehicle on lane 1 to
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Fig. 4. The variation of intersection capacity with input prob-
ability.

take cell b. So the free flow region on lane 2 in Figure 3 is
smaller than that of lane 1.

When P;,3 increases, one can see that region I shrinks.
The vehicles on lane 1-5 cannot drive freely after passing
cell b because they have to compete with the turning vehi-
cles from lane 3. So that the critical changing point from
free flow to congestion flow decrease and the free flow re-
gion shrinks. Meanwhile, the traffic on lane 2 is affected
by lane 1, so that the critical changing point for lane 2
also moves left and the free flow region shrinks.

We note that when P;,; is nearly zero, the critical
changing point of lane 2 converges to P;,2 = 0.35 for dif-
ferent P;,3. This is because the traffic on lane 2 will not
be affected by lane 3 when there is no input vehicle on
lane 1. The traffic on lane 2 can be described by the single
lane simulation with turning probability P;; = 0.5. So we
conclude that the traffic on lane 3 affects lane 2 through
lane 1.

Figure 4 shows the variation of intersection capacity
with input probability P;,.1, Pin2 and Pj,3. In Figure 4a,
the capacity of T-shape intersection increases until it is
saturated when P, increases. Here P;,o = 0.2, and P;,3
is 0.2 and 0.4 respectively. Simulation reveals that for all
the cases with P;,2 < 0.25, the tendency is the same. This
is because that the traffic on lane 2 remains as free flow
when P;,2 < 0.25, and qualitatively it can not affect the
flows on lane 1 and lane 3.
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Fig. 5. Phase diagram in the (P;n1, Ping) space with different
input probability Pj,2.

As shown in Figure 4b, when P;,2 = 0.4, lane 2 is in
congestion flow, and the intersection capacity changes dif-
ferently. When P;,3 = 0.2, lane 3 is in free flow and the
flux remains unchanged. With the increase of P;,1, the flux
on lane 1 increases whereas the flux on lane 2 decreases.
But the decrement of lane 2 flux is lesser than the incre-
ment of lane 1 flux. So the intersection capacity increases
with Pj,1 until it is saturated. But when P;,3 = 0.4, the
flux increment of lane 1 cannot compensate the decrement
of flux on lane 2 and 3, so that the intersection capacity
first decreases obviously and then decreases slowly.

Next we investigate the dependence of lane 1, 3 flux
and the intersection capacity on the input probability
Pino. Let the turning probability P;; = 0 and P = 1,
that is, all vehicles on lane 1 will steer straightly and all
vehicles on lane 2 will turn left. The preferential probabil-
ity P12 and P;3 are both 0.5. The phase diagram in the
(Pin1, Pins) space for different Pj,2 is shown in Figure 5.

When P;,2 = 0, the traffics on lane 1, 3 interact with
each other. From Figure 5, one can see that the free flow
region of lane 1 is larger than that of lane 3. The critical
changing point of lane 1 is about 0.25, and the critical
changing point of lane 3 is about 0.17. In the congestion
flow region, the saturated flux on lane 1 is 0.23, whereas
the saturated flux on lane 3 is 0.17. These differences arise
from the rule inequality of competing for cell ¢ because the
maximum speed for lane 1 iS v,,4; = 5, while the maxi-
mum speed for the turning vehicles on lane 3 is vzt = 2.

Moreover, we also get the simulation result for the case
of turning probability P;; = 0.5. Now the saturated flux of
lane 1 and 3 is 0.26 and 0.23 respectively. That is, when the
number of straightly steering vehicles on lane 1 decreases,
the conflict between lane 1 and 3 is lightened, so that the
maximum fluxes of both lanes increase.

When Pj,2 = 0.1, the congestion flow region of lane
1 increases. But the congestion flow region of lane 3 de-
creases a little. This is because the competition of lane 2
and lane 1 decreases the disturbance of lane 1 on lane 3
traffic. So the effect of lane 2 on lane 3 is positive.

When P;,» = 0.3, the free flow region of lane 1 de-
creases more and the free flow region of lane 3 grows big-
ger. We note that when P;,; < 0.15 and P;,3 > 0.22, the
critical changing point of lane 3 for different P;,2 are the
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Fig. 6. The variation of intersection capacity with input prob-
ability.

same. That is, when P;,; is small enough, the traffic flow
on lane 1 remains free flow and it will not be affected by
lane 2, so that the traffic on lane 3 will not be affected by
lane 2.

Figure 6 shows the dependence of intersection capac-
ity on the input probability P;,; with different P;,s and
P;,3. The characteristics of these curves are like those in
Figure 4.

The simulation results reported above are qualitatively
and almost quantitatively in agreement with the measure-
ment results of Chodur [14]. We believe that the rules and
conflict judgment criterions in this model are compatible
with the real traffic conditions and the model can reflect
the basic characteristics of T-shape intersection.
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4 Conclusions

We simulate the traffic flow at an unsignalized T-shape
intersection with three input direction by using a new cel-
lular automata model. The phase diagram and the varia-
tion of intersection capacity with vehicle input probability,
and the interaction between vehicles on different lanes are
discussed. When the fluxes have not reached saturation,
the increase of input flux on lane 3 will decrease the flux
on lane 1 and lane 2. The increase of input flux on lane 2
will decrease the flux on lane 1 but increase the flux of
lane 3. The variation of capacity is determined by the net
increment or decrement of flux on all three lanes. This
new model can be applied to the practical traffic analysis
and traffic forecast.
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