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Abstract — In the current traffic rules, cars have to move along lanes and to stop at red traffic lights. However, in
the future when all cars become completely driverless, these traffic rules may vanish and cars may be allowed to
move freely on two-dimensional plane by avoiding others like pedestrian flow. This innovation could greatly reduce
traffic jams. In this study, we propose a decentralized control scheme for future self-driving cars that can freely
move on two-dimensional plane, based on the social force model widely used as the model of pedestrian flow. The
performance of the proposed scheme is validated via simulation. Although this study is still conceptual and does not
consider realistic details, we believe that it paves the way to developing novel traffic systems.
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1. Introduction

Technologies for self-driving cars have been developed within the framework of the conventional
traffic rules in which cars have to move along lanes and to stop at red traffic lights. However, these traffic
rules, which limit traffic flow and often cause traffic jams, may not be necessary in the future when all cars
become completely driverless, because self-driving cars will be able to move more accurately than cars
driven by humans. It is expected that traffic jams will be greatly reduced if self-driving cars move freely on
two-dimensional plane by avoiding others like pedestrian flow.

In this study, we propose a decentralized control scheme for future self-driving cars that can freely
move on two-dimensional plane. Because this study looks ahead to distant future, we employ minimal
assumptions, rather than consider realistic and detailed problems, to capture the essence of the control.
Social force model [1,2], a simple model of pedestrian flow, would be a suitable platform for considering
this problem. We construct the control scheme by improving the social force model and demonstrate that
the simulated self-driving cars can move fast, smoothly, and safely.

2. Model

In the social force model [1,2], each pedestrian on a two-dimensional plane is regarded as a circular
particle with the radius of 7, and its time evolution is described as
mk; = a (voe; —%;) + > _(F2° +£57°) + Y (F5™° + £°), (1)
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where 71t is the mass of the particle, ¥i is the position of the particle ¢, €i is the unit vector that
represents the direction particle ¢ wants to move, Y0 is the target speed, and ¢ is a positive constant.
The second and third terms on the right-hand side denote forces generated by the interaction with the
other particles and that with the environment, e.g., walls, respectively. Superscripts “phys” and “soc” for
these forces denote physical and social forces, respectively. Details are provided in [1,2].

The model of self-driving cars proposed here is also described in the same form as Eq. (1). Here,
whereas the social force originates from psychological effect, i.e., desire to avoid others, in the case of
pedestrian flow [1,2], it is redefined as the control input to self-driving cars and is designed based on the
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prediction of future motion of itself and nearby cars (see Steps 1—4 below). Note that the basic idea of
the design is similar to our previous work on the decentralized control of traffic signals [3].

The social force (control input) £ in the proposed model is calculated according to the following 4
steps (fj}y “can be calculated in a similar manner as £°°):
Step 1: Each car detects the relative position and velocity of cars within the distance R from itself every
time interval At.

Step 2: Based on the information obtained in Step 1, each car predicts the future motion of cars within the
distance R from itself. Because the interaction terms (the second and third terms on the right-hand side)
in Eq. (1) are hard to predict, the equation in which the interaction terms are omitted from Eq. (1) ,

m, = a(ve; - %) @)
is solved numerically for duration 7', wherein the . X
initial position and velocity of the cars are the same f J dij
as those obtained in Step 1 (Fig. 1). :
Step 3: Based on the numerical calculation fo(r /
performed in Step 2, the expected time until the i (o) / ,
distance between cars ¢ and J takes a minimum ' —

. y . - . . \ rediction time
value or until car J collides car ¢, 7ij, is derived / ' N
(Fig. 1). Here, 75 = U when the distance is expected W Presenfﬁme
to increase monotonically, and 7is =1 when the @) (®)
d1§tance 18 expeqt@d to decrease monotonlcally Fig. I: Schematic of the proposed control scheme. (a)
without any CO_HISIOH- Further, the% expected distance  Based on the present position and velocity of the cars
between cars ¢ and J after the time interval 7, (blue filled circles and arrows, respectively), their
d;i; (i ]’ is also derived. future trajectories are estimated by calculating Eq. (2))

(blue, red, and green dashed circles). (b) Schematic of

Step 4: The social force £57° is derived according to  the time evolution of the distance between cars ¢ and
the following equation: J for the situation shown in (a).

SOC dl —2r Tij\ 5 PN
£5° = —Aexp (*JT> n;; —C (1 - ?') dij (7i3) " i (7i5), 3)

where A, B, C, and ¥ are positive constants, and dij is the distance between cars 7 and J. The unit

vectors Mij and D (7ij)

are given b
Xj — X; g y

nij = —

Ixj = %il,
X;(7i) — %i(7i;) “)
1% (7ij) = %i(73)],
where  Xi(7ij) is the expected position of car ¢ after the time interval 7is (Fig. 1). The first and second
terms on the right-hand side in Eq. (3) denote the exclusive volume effect and the avoidance force based

nij =

on the prediction, respectively. The term (1= 7i;/T)dij(mi5) ™" i Eq. (3) was introduced because the
avoidance force should be large when the distance between cars ¢ and J is expected to become small in
near future. Note that the proposed model is consistent with the original social force model [1,2] when
A>0 and C=0.

3. Simulation

Simulation of the proposed model was performed. The deflection angle of ©i was set to be random
and did not vary during the simulation. The periodic boundary condition was employed. The performance
was evaluated by the following indices E;, E,, and Ej:
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where k is the time step, ¢ is the maximal time step, and N is the number of particles. Index 1 is
large when cars move fast in the direction they want to move, while indices #2 and £3 are small when
cars move smoothly and safely, respectively.

The result when parameters A and C are varied with the other parameters fixed is shown in Fig. 2.
It is found that £1 increases as A decreases and C' increases (Fig. 2(a)), while £3 decreases as A
and C increase (Fig. 2(c)). In contrast, £2 is small in the area where A is small and C is around 3.0
[m* kg s2].
White and yellow arrows in Fig. 2 point the parameter

E ((m® s™))

00 — 10| 640

regions where “speed”, “smoothness”, and ‘“safety” are M
well-balanced for the proposed model (4 >0, C > 0) and E

for the original social force model (A >0, ¢ =0) [1,2], %

respectively. It is clear that the performance is better for the T © i
proposed model than for the original social force model ( A (x10°[m kg s7]) ® A(x10%m kg 572

By =085E; = 140.7[m2 kg s4], and F3 =530 [m kg s2] @ ®
at the region where the white arrows point, while £1 = 0.71
FEa =428.5 [m? kg s*], and E3 =233.0 [m kg s7?] and at
the region where the yellow arrows point). Thus, the
avoidance force based on the prediction, which was newly
introduced, plays a crucial role for enabling self-driving cars
to move fast, smoothly, and safely. 4 (x10%(m kg -7
©

Fig. 2: Values of El, E2, and £3 when
parameters A and C are varied are shown

We proposed a decentralized control scheme for future in (a), (b), and (c), respectively. White areas
self-driving cars that can freely move on two-dimensional in (c) denote the areas in which £3 = 800
plane, based on the social force model. We demonstrated via [m kg s?]. Explanations for the white and
simulations that cars with the proposed control scheme can yellow arrows are provided in the main text.
move fast, smoothly, and safely. It should be noted that this
study is still conceptual and does not consider realistic issues (e.g., calibration of parameters to realistic
values of current cars efc.). However, we believe that our new concept becomes a breakthrough for
developing novel traffic systems. Finally, we would like to note that the model proposed here could be
also used as the model of pedestrian flow because pedestrians change their path by predicting the
movement of their nearby pedestrians. Hence, we believe that this study contributes to the field of
pedestrian and evacuation dynamics.
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