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Abstract

This article presents an approach to simulation of the rates of road traffic accidents involving
unmanned ground vehicles within a multi-agent intelligent transportation system for the ‘smart city.” A
new simulation model of an intelligent transport system has been developed which makes it possible to
significantly reduce the number of potential road traffic accidents (TAs) and implements the concept
of socially-centered management of the urban economy. The software implementation of such a
large-scale agent-based model was carried out using the FLAME GPU framework, which allows us
to effectively parallelize the agents’ behaviour logic and consider their individual decision-making
systems when modelling the spacial dynamics of an ensemble of unmanned ground vehicles (UGVs)
interacting with other road users: the usual manned ground vehicles (MGVs), unexpected obstacles
(e.g., pedestrians, etc.). Various scenarios of such agents’ behaviour in an intelligent transportation
system are studied, including the occurrence of an accident under certain conditions (e.g., under the
high speed and traffic intensity of UGVs, etc.) and various configurations of the digital road network
(DRN). We determine the parameter values that provide for the individual decision-making system
of UGVs remaining stable with respect to the characteristics of the external environment (including in
extreme situations), ensuring the safety of other road users on the scale of the ‘smart city.’
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Introduction

owadays, the transition to socially-

centered management of the urban

economy within the development of
the ‘smart city’ [1] is being updated as a com-
plex urban ecosystem that combines a number
of interrelated subsystems. Among them, one
can highlight intelligent transportation sys-
tems as the most important factor providing a
safe and comfortable state of the urban popu-
lation. The importance of rational manage-
ment for the ‘smart city’ system is due to the
need to transform the urban environment in a
direction that ensures a fundamental improve-
ment in road traffic safety. Thus, for instance,
the present level of traffic congestion in the
Moscow agglomeration, according to various
expert estimates, is from 60 to 70% and con-
tinues to grow annually (due to an increase in
the number of personal vehicles, deficiencies
in the characteristics of existing road networks
and other factors). The degeneration of the
road situation leads to many negative conse-
quences: the occurrence of road traffic acci-
dents (TAs), an increase in the time and cost
of delivering marketable products, faster wear
of the road surface, environmental degrada-
tion and other negative social consequences.
Therefore, it is necessary to develop an intel-
ligent information-analytical system for urban
economy management which provides the
possibility of introducing ground unmanned
vehicles (UGVs)!' and related transportation
infrastructure. A clear advantage of the UGV
is the ability to organize effective ‘car sharing,’

! https://www.m24.ru/news/proisshestviya/27042021/163077

i.e. the shared use of unmanned vehicles by
many people. The number of required UGVs
in such shared use may be relatively small,
and the level of security under certain condi-
tions is quite high. In the future, this will make
it possible to significantly reduce the number
of vehicles on roads and improve the quality of
the urban environment. At the same time, we
know that accidents regularly occur in Moscow
and other large metropolitan areas, including
those involving UGVs. Such situations are a
significant barrier to the wide dissemination
and introduction of UGVs in the urban envi-
ronment, since, in addition to the high cost of
damage from road accidents, there are risks to
life and health for all road users.

Previously, in [2—4], the existence of scenar-
ios for accident-free movement of the UGVs
ensemble interacting with manned ground
vehicles (MGVs) has been shown for various
configurations of the digital road networks and
other environment characteristics. In particu-
lar, in the work [2] general conditions lead-
ing to occurrence of such accidents (mainly
vehicle manoeuvres in dense traffic condi-
tions) have been determined with the use of the
developed agent-based model [5, 6]. Thus, the
‘turbulence’ and ‘crowding’ effects arise with
an increase in the density of UGVs and MGVs,
when some drivers seek to increase their per-
sonal space through frequent lane changes,
overtaking and braking. As a rule, this leads
to an even greater slowdown in traffic, creat-
ing difficulties for other road users, their ‘push-
ing out’ from their original route, errors dur-



ing forced manoeuvres and the occurrence of
an accident [7—9]. At the same time, of great-
est interest are the particular conditions for
the occurrence of accidents involving vari-
ous agents: UGVs, MGVs, MGVs with anom-
alous behavior, pedestrians, cyclists, etc., as
well as the possibility of developing an individ-
ual decision-making system for UGVs that is
as stable regarding the environment character-
istics. Such the system can be based on mod-
eling and solving emerging problem situations
[10, 11], using fuzzy rules in manoeuvres [2]
and a phenomenological approach to control
of the radius of an agent-UGV’s personal space
in manoeuvres and unexpected appearance of
pedestrian-obstacles [4]. Moreover, it can use
optimal routing for UGVs that allows them to
avoid possible undesirable interactions with
other road users [12—16].

Note that previously the phenomenological
approach was proposed for modeling crowd
behavior [17], considering the influence of the
‘crowd effect’ and other environmental char-
acteristics (in particular, its configuration). A
multi-agent system for control of UGVs has
been developed based on this approach [5, 6].
For this purpose, the large-scale agent-based
simulation framework FLAME GPU was
used? [5, 18, 19]; it makes it possible to effi-
ciently parallelize the logic of agents’ behavior
and consider their individual decision-making
systems when modeling the spacial dynamics
of an ensemble of interacting vehicles. On the
other hand, the phenomenological approach is
based on Dirk Helbing’s studies [20, 21], which
deal with models of humans and pedestrians’
behavior under the influence of social forces.

Within the concept of the ‘smart city’ devel-
opment, control systems for unmanned railway
vehicles [22, 23] are also of great interest: they
can be used to form optimal routs for freight wag-
ons (controlled by unmanned locomotives) for a

2 https://flamegpu.com/

given set of freight wagons and a list of requests
for a cargo transportation. Also, a promising area
of research is the use of fuzzy [4, 5] and hierar-
chical clustering [24] methods to identify prob-
lem areas of the urban road network [25] (e.g.,
traffic jams, accident locations, etc.).

This paper proposes an approach to modeling
the rates of accidents and improving road safety
within the scale of the ‘smart city’ by combin-
ing computational and expert decision-mak-
ing methods. A similar approach is also used
in strategic management systems [26, 27], and
its advantage is the ability to evaluate and gen-
eralize trade-offs by experts, obtained, in par-
ticular, as a result of optimization experiments
with the simulation model so developed. Such
an expert assessment allows you to consider the
off-model features of an intelligent transporta-
tion system, in particular, financial and tech-
nological restrictions that affect the possibility
of reconfiguring street road networks, as well as
legal requirements that can be applied to tasks
of the ‘smart city.’

The purpose of this article is to develop a new
socially-centered approach to urban manage-
ment based on modeling the dynamics of traf-
fic accidents involving unmanned vehicles
within a multi-agent intelligent transporta-
tion system of the ‘smart city’ and implemen-
tation on the FLAME GPU framework, as well
as determining the conditions under which the
UGV’s individual decision-making system
keeps up resilience to risk factors to ensure the
safety of other road users. An information-ana-
Iytical system for the rational management of
the urban economy can be developed based on
the proposed model. Furthermore, some rec-
ommendations are formulated to increase the
transformation of the urban environment (in
particular, the transport infrastructure), which
is one of the important areas of research in the
field of business informatics.



1. Description of the model

Previously, an agent-based simulation model
of the UGVs’ behavior in an interaction with
MGVs and other agents of the intelligent trans-
portation system was developed [2, 3]. This
model uses a system of finite-difference equa-
tions with a variable structure to implement
various scenarios for vehicle communications
with each other (V2V), with pedestrians (V2P),
with the environment (V2I), etc. (Fig. 1). Such
an approach allows you to consider multiple
scenarios of UGVs interaction with other par-
ticipants of the digital road network (DRN),
for instance, MGVs, pedestrians, stationary
obstacles, etc., which differ significantly in
their velocities and sizes, and which directly
affect the decision speed of UGVs.

V2V — interaction of the ‘vehicle-vehicle’ type

At the same time, digital road networks such
as ‘roundabouts” [2] and the ‘Manhattan grid’
[3] with a limited set of possible configurations
were considered. In this paper, we propose to
significantly complicate the geometry of digi-
tal road networks, bringing it closer to the scale
of the ‘smart city,” as well as to develop an indi-
vidual UGV’s decision-making system that is
as stable as possible regarding risk factors, such
as the unexpected appearance of static obsta-
cles, pedestrians, cyclists, etc. (Fig. 2).

Such stability is ensured by braking through
increasing the radius of the vehicle’s personal
space (with a subsequent gradual decrease to
a normal level) when obstacle objects appear
that have different linear speeds, if the path
length from the vehicle to the object is suffi-
cient for braking (Fig. 2a), or manoeuvering
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V2D — interaction of the ‘vehicle-device’ type (i.e. a moving object)

V2P — interaction of the ‘vehicle-pedestrian’ type

V2H - interaction of the ‘vehicle-home’ type (i.e. a stationary object)
V2G - interaction of the ‘vehicle-grid’ type (i.e. a charging station)
V21 — interaction of the ‘vehicle-infrastructure’ type (i.e. a smart traffic light)

Fig. 1. lllustration of the interaction of a vehicle (V)
with various agents of an intelligent transportation system.



Normal behaviour of UGV

UGV braking through increase in the radius of its
personal space that sets the length of braking path
if the safe distance is presence

Emergency behaviour of UGV

UGV manenvering (avoiding emerging obstacles)
in combination with emergency braking if the safe
distance is absense

Fig. 2. lllustration of the process of interaction between the vehicle
and other agents of the intelligent transportation system:
a) if the safe distance between the vehicle and obstacle is maintained;
b) if the path length is insufficient for emergency braking.

SO as to bypass emerging obstacles within its
lane in combination with emergency braking
(Fig. 2b) in the case when the distance between
the vehicle and the obstacle that has arisen
does not allow avoiding a collision through
braking.

If a stationary obstacle (e.g., a road works
sign) suddenly appears in front of a vehicle
moving at an average speed of 60 km/h, then
the decision speed is quite high to avoid an
accident by minimally increasing the radius
of the vehicle’s personal space up to the level
d, (approximately 20 m in a dry, 30 m in wet
and 60 m in icy road surfaces, respectively)
if a pedestrian suddenly appears (at an aver-
age speed v, = 4—7 km/h), then in order to
avoid an accident with the UGYV, it is neces-
sary to increase the radius of personal space to
the level d, (approximately 30 m in dry pave-

ment, 50 m in wet and 70 m in icy), and finally,
if a fast moving cyclist unexpectedly appears (at
an average speed v, = 10—15 km/h), then the
radius of the personal space of the UGV should
be increased to the level d,(approximately 40 m
in dry pavement, 60 m in wet and 80 m in icy).
The increase in the radius of the UGV’s per-
sonal space is caused by decrease in the reac-
tion speed in appearance of a moving obstacle
and increase in the UGV’s time spent to cor-
rectly recognize the corresponding event.

At the same time, various configurations
(schemes) of the street road network are pos-
sible [25], among which the radial-circular one
should be singled out as an example (Fig. 3). It
should be noted that there are possible config-
urations of the street road network, for exam-
ple, extended radial-ring, rectangular, rectan-
gular-diagonal, rectangular-ring, etc.



=

'y

S 1 G
e e

Ih
us

Tfff
=
N

it

Fig. 3. A simple radial-ring scheme
of the street road network.

The arrows in Fig. 3 show the directions of
traffic flows. In such a scheme, each vehi-
cle entering the DRN and staying in decision
zones (i.e. at intersections) has two alterna-
tive routes of movement (e.g., left-to-right or a
detour) that ensure the implementation of out-
going traffic.

Next, an abstract description of the devel-
oped model of UGVs’ behavior, the spacial
dynamics of which correspond to the config-
uration of a simple radial-ring scheme of the
street road network is given (Fig. 3).

Here,

¢ T'={t,1t, .., |T|} is the set of time moments
(by minutes),|T| is the total number of time

moments; ¢ € T, o € T are the initial and
final time moments;

oI ={i, i, .. iw} is the set of indices for
unmanned ground vehicles (UGVs), where
7] is the total number of UGVs;

¢ B={1,2,...,|B|} is the set of indices of obsta-
cle types:b = 1 is an agent-MGV, b =2 is a
stationary obstacle (e.g., sign of road works,
pit, etc.), b = 3 is a pedestrian, b =4 is a
cyclist, etc.), which may suddenly appear

on the road, where |B| is the total number of
types of possible obstacles;

¢ J = dps s leb\}’ b € B is the set of indi-
ces of agent-obstacles belong to the b-type,
where |/, | is the total number of agent-obsta-
cles;

s U={u,u, .. ”\u|} is the set of indices of
the DRN’s characteristics that significantly
affect the dynamics and manoeuverability of
the agent-UGVs, in particular, the state of
the road surface, the illumination level, etc.,
where |U] is the total number of the DRN’s
characteristics.

Then, the density of the vehicilar flow
around some i*-agent-UGV (i e I ) at moment
t.,(t_,eT)isequal to

l1] LA
p; () = Zm,, () + Zzﬁ”,;b (t), (D

where

o _[rifda)<R
mf,( k-1 — O, if d;l (tkfl) > R, (2)

i Lif d (1, ) <R,
ms. (t) = s
b 0, if d; (1, ,)> R,

iel,beB,jcl,.

Here, {d.(t._), ci:jb(tk_l)} is the Euclid-
ean distance between the i”-agent-UGV
(i e I) and each other i"-agent-UGV (i e I),
as well as between the i”-agent-UGV and
J/'-agent-obstacle (b e B, j, € J,) at the moment
t_, (¢_,€T), respectively, and the Ris the fixed
viewing radius chosen to estimate the density
of vehicles.

The radius length of the agent-UGV’s per-
sonal space depends on the density of the sur-
rounding space, as well as on the distance to
the agent-obstacle.

The radius of the i#-agent-UGV’s personal
space at moment 7,_, (¢, € T) equals
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Here, # is the initial value of the radius of the
agent’s personal space corresponding to the
normal state of the density of the surrounding
space (i.e. in absence of panic); 0 << 1issome
coefficient with the fixed value (n=0.2); 2 >> 7,
is the value of the radius of the agent’s personal
space corresponding to the state of high density
of the surrounding space; {p, p}are the thresh-
old values of the densities of the surrounding
space; [, , b € B is the minimum required dis-
tance from the UGV to the j/”s-obstacles for
safe braking, taking into account the state of
the road surface and illumination level u e U.

The agent-UGYV motion velocity depends on
the radius of its personal space and presence of
obstacles.

The line speed of the i”-agent-UGV when
driving in the linear section of the street road
network at moment 7, (¢,_, € T) is equal to

AV, if ;}*(tk—l) e[f], ;2]a
V() =MV (), i () <1, (4)
0, if #(t,_,)=0,

iel, beB,jel,uecl.

Here, v, is the base velocity of UGV given
through the log-normal distribution in a fixed
range; 0 < y < 1 is the coefficient of extreme
braking (v = 0.01); A is the coefficient that
determines the ratio of the scales of real and vir-
tual simulation time (considering the real and
virtual velocities of the vehicular movement).

The angular velocity of the i"-agent-UGV
(i € I) when driving in the roundabout sec-
tion of the street road network at moment
t_,(t_,eT)isequal to

V-t )

V(t )= PR ®)

Here, 07;0 (#,_,) is the Euclidean distance from
the i"-agent-UGV (i € I') to the center of the
circular motion area (see Fig. 2a) at moment
t (@ eT).

The directional angle required for the angu-
lar motion of the i*-agent-UGV (i e I ) located
in a circular motion at moment ¢_, (f,_ € T)

equals

()= .
a-(t_)= arctanw— AV (t,,). (6)
X-(t_)— X,

Here, {X.(#,_,), J: (#,_,)} are coordinates of the
i"-agent-UGV (i e I ) at moment ¢_, (f,_ € T);
{X,,J,} are coordinates of the center of the
roundabout area.

The offset angle of the i-agent-UGV (i e ])
to bypass the nearest j-agent-obstacles (j, € J,,
be B) at moment¢,_ (7, €T)equals

(7)

s
-3 (te) = Z+

3 . . T
Vit — vt ) + (’;’b(tk—l) + rf(tk—l)) sy

+|arctan 2
(1) = Flt )+ (70 ) +F () cos

Here, {x, (¢_), ,(t_D}, 7, (¢_)), are coor-
dinates and radius of the personal space of



the j”-obstacle (j, €
i@ _eT).

The angle specified the direction of move-
ment of the i”-agent-UGV (i e I') towards the
nearest neighbour (for overtaking) at moment
t_,(t_,€T)equals

k—1

J,, b € B) at moment

yjb (tkq) =) (tk71)
x;, () —x(f,) '

y;,(t.,) =|arctan (8)

The rebound angle of the i”-agent-UGV
(iel) from the nearest J/'-agent-obstacles
(J,€J,) at moment ¢,_, (¢,  €T)equals

V5, () =y (5. )

Here,

¢5.() € {1, 2, 3, 4} is the UGV state:
5.(t,) = 1 is the accident state, 5.(7,) = 2 is
the initial state of the UGV at the entrance
to the DRN that is saved when driving on the
road linear section, §; (#,) = 3 is the state of the
UGV movement in the roundabout area of
the DRN at moment 7, (#, € T), 5.(t,)= 4 — the
state of the UGV exit from the DRN using a
straight section of the road;

e c(t) € {1, 2, 3, 4} is the UGV type:
¢; (f,) = 1is the movement from left-to-right,
¢: (t,) = 2 is the movement from right-to-left,
¢ (f,) = 3 is the movement from bottom-to-
top, ¢ (¢,) = 4 is the movement from top-to-
bottom given at the initial moment (¢, € 7).

Then, the direction of movement ofthe UGV
inthe DRN at the moment of time ¢, (¢,_ T)
can be calculated like this:

L if ¢.(1) €{l,3} and §5.(,_) #1,
=1 if ¢(1)) €{2,4}and s:(7,_) #1, (10)
0, if §.(z,_) =0.

w,f (tk—l) =

In view of the foregoing, for the considered
radial-ring scheme of the digital road net-
work, the space dynamics of the i”-agent-UGV
(i e I ) at moment ¢, (¢, € T') is given by the fol-
lowing system of the finite difference equations
with the variable structure:

Xt )+ w:(t,_ )M (7)), if Lis true

%, (1) + 78, cos (£, (7)) +

¢
cosy (t ), if 1 is true,
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c b
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an
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if VI is true,

X (t,_,), if VI is true,
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smy (tk 1), if I1 is true,
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ifIIIistrue,
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X (tk1)+sin[ ) )J+
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if Vis true, (12)
x !
(f )+ d,;bu Ssin, )
if V1 is true,
P )+ W (1 AT (1),
if VII is true,



iel be B,jed,
where

L s (t_) € {2, 4 and ¢(1)€e{l, 2} and
d,jb (t0) > ;:;(tk—l)-i-rjb () for all (jb € Jb)’
that corresponds to the conditions for the
UGY movement of the in the linear section
ofthe DRN in the direction of left-to-right
or right-to-left (when entering or leaving
the DRN) and absence of obstacles, i.e.
when the distance between this UGV and
other agents exceeds the sum of the lengths
of the radiuses of their personal spaces;

IL. 5,(¢_)€{2,4}and d, AUSIEAUSIEZ/AUSY
for the nearest (j, € J ,) and y (tk )= 0 that
corresponds to the COIldlthl’lS of the UGV
movement in the linear section of the DRN
(in any direction) and presence (appear-
ance) of an obstacle located ahead of the
given UGV (i.e., occupying the same lane
at a critically close distance), which causes
manoeuvering in the form of overtaking or
bypassing this obstacle;

HLs (z,_)e{2,4} andd (. 1)<r(tk D+ ()
for the nearest (j, € J) and y (tk > 0 that
corresponds to the condltlons for the vehic-
ular movement on the linear section of the
CPC (in any direction) and presence of
an obstacle that is not ahead of this vehi-
cle (i.e., located behind or on the side at
a critically close distance), which causes
manoeuvering in the form of increasing the
distance relative to this obstacle ( i.e. accel-
erating, braking or avoiding a collision);

IV.s(1,_)=3andd, (t, ) <F(t,_)+7, (1) for
all (j, € J,), that corresponds to the condi-
tions for the UGV movement in the circu-
lar motion area of the DRN and absence of
obstacles;

Vs (1) =3 and d, (1, ) <E(t )47, (0, )
for the nearest (j, € J) and y (tk D> 0 that
corresponds to the condltlons for the vehi-
cle movement in the circular motion area
of the DRN and presence (appearance) of
an obstacle located in front of this vehicle,
which causes manoeuvering in the form of
overtaking or bypassing this obstacle;

s,(t_)=3 andd (tk 1)<r(tk D+ (. ;) for
the nearest (j, eJ ) andy (tk )>0, that cor-
responds to the condltlons for the vehicu-
lar movement in the circular motion area of
the DRN and presence of an obstacle that is
not in front of this vehicle, which necessi-
tates manoeuvering in the form of increas-
ing the distance relative to this obstacle;

VILs (¢, )e{2,4}andc; (7)) €{3,4} and d;jb ) >
>E(t, )+ 1, (1) forall (j, € J))itions for the
UGV movement in the linear section of the
DRN in the direction of bottom-up or top-
down (when entering or leaving the DRN)
and no obstacles.

Next, the software implementation of the
proposed model (11)—(12) using FLAME
GPU will be presented.

2. Software implementation

The software implementation of the traf-
fic model of interacting UGVs with other road
users allows us to study the rate of road acci-
dents under various configurations of the digi-
tal road network (DRN) (Fig. 4).

The choice of the best street road network
configuration should be based on a combi-
nation of computational and expert deci-
sion-making methods. The use of the simula-
tion model we developed makes it possible to
form a set of trade-offs for the implementation
of the intelligent transportation system of the
‘smart city’ and its modes of operation. At the
same time, genetic optimization algorithms [2,
3], scenario analysis methods [4, 5], etc., can
be used to improve the values of the objective
functions of the system: the total output traf-
fic and the number of potential accidents. Fur-
ther, based on the methods of expert assess-
ment [26, 27], practical reccommendations can
be obtained on the transformation of the con-
figuration of the DRN and using UGVs with
characteristics that provide the required safety
level of the ‘smart city.’
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Fig. 4. DRN configurations: a) simple radial-annular, b) extended radial-circular,
¢) rectangular, d) rectangular-diagonal, e) rectangular-circular, f) rectangular-diagonal-circular.

The software implementation of such a
model was made using the FLAME GPU
framework (https://flamegpu.com/) that pro-
vides efficient parallelization of the behavior
logic of interacting agents and their individual
decision-making systems.

Table I provides a description of the func-
tions developed in C++ using the FLAME
GPU.

Table 1 contains mainly two types of func-
tions: FLAMEGPU_STEP_FUNCTION
and FLAMEGPU AGENT_FUNCTION.
Functions of the first type are executed at
each moment of simulation time at the level of
the central processing unit (CPU), and func-
tions of the second type are executed in par-
allel computing mode using graphics process-
ing units (GPUs). Thus, the logic of each agent

behavior is parallelized (including control if the
velocity, manoeuvering, etc.). As a result, the
simulation model we developed makes it pos-
sible to investigate the behavior of an ensemble
of UGVs, MGVs, and other agents in the scale
of the ‘smart city’ (i.e., to simulate traffic that
includes tens and hundreds of thousands of
interacting road users). The visualization of the
spacial dynamics of agents is carried out using
the OpenGL that is a special application pro-
gramming interface (API) providing the ability
to draw multiple objects, both stationary and
mobile (Fig. 5).

As a result, it is possible to visualize the spa-
cial distribution of agents in the DRN and
assess the composition and state of road users
(UGVs, MGVs, vehicles in the accident state,
etc.), which significantly simplifies the valida-
tion process for the model developed.



Basic computational procedures and functions

Function name

FLAMEGPU_INIT_FUNCTION

of the traffic simulation model

Appointment

Model initialization. Formation of the configuration
of the DRN in accordance with the specified value

Input

messages
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Table 1.

Output
messages

(init_function) of the control parameter of the model. Generation No No
of the initial population of agents (UGVs and MGVs).
Generation of new agents (UGVs and MGVs) and
FLAMEGPU_STEP_FUNCTION their arriving to the DRN with a given intensity.
. : No No
(basic output) Formation of agents-obstacles (for example,
pedestrians) in the road sections of the DRN.
Implementation of the hierarchical clustering algo—
rithm to identify problem areas of the DRN to UGVs
(FaLAe'\rftiGg;gSJEga—t;U')\lCﬂON can bypass the emerging traffic jams. Saving data on No No
gents_data_upaating the spacial location of agents and their characteristics
for the further visualization using the OpenGL.
Assessment of the traffic density around the
agent-vehicle, changing the radius of the agent’s
FLAMEGPU_AGENT_FUNCTION personal space and its speed when.mteractmg wm)
) - other agents (e.g., reducing the radius of the agent's
(density_estimation, A . . . : Agent
i . personal space in high-density traffic and increasing No
flamegpu::MessageSpatial2D, . . o Data
flamegpu-MessageNone) it when therg are obstacles). Computing the direction
" angle and distance to the nearest agent for the purpose
of the further manoeuvering (overtaking or braking).
Monitoring emergency situations (accidents).
FLAMEGPU_AGENT_FUNCTION | Calculation of the resulting characteristics of the
(update_agent_state, model (e.g., the total number of accidents, output No Agent
flamegpu::MessageNone, traffic). Transfer of data about the agent-vehicle Data
flamegpu::MessageSpatial2D) to other road users.
FLAMEGPU_AGENT_FUNCTION Spacial movement of t'he agentin the DRN in
accordance with the given rules of individual
(agent_move, decisi i o N N
flamegpu::MessageNone ecision-making, .. entry (olr lEXIt) into 0 0
N . (or outside) the DRN at the rectilinear movement,
flamegpu::MessageNone) )
roundabout, manogeuvering, etc.
Visualization of the DRN and spacial dynamics
void display() of agents using the OpenGL at each moment No No

of simulation time.
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Unmanned vehicle

Manned vehicle

Personal spaceof
an agent-vehicle

Fig. 5. Spacial dynamics of agents in a simple radial-annular DRN:
a) low-intensity traffic, b) medium-intensive traffic, ¢) high-intensity traffic.

3. Results
of numerical experiments

Table 2 presents the resulting characteristics
of the simulation model: the total output traf-
fic (TOT) and number of vehicles in the acci-
dent state (VAS), calculated for the final time
point (60 min.) under various scenarios and
in absence of extreme situations, i.e. in con-
ditions of sufficient visibility, with a dry road
surface, absence of unexpected obstacles in the
form of pedestrians, etc.:

¢ Scenario 1. Low-intensity and low-speed
movement of UGVs. The vase velocity of
UGVsand MGVs equals to 45—65 km/h, the
intensity of vehicles arrival to the DRN is 1
vehicle every 10 sec.

¢ Scenario 2. Medium-intensive and medium-
speed movement of UGVs. The vase velocity of
UGVsand MGVs equals to 65—90 km/h, the
intensity of vehicles arrival in the DRN is 5
vehicles every 10 sec.

Table 2.

Outbound traffic and number of potential accidents in absence of emergencies

Scenario 1

Scenario 2 Scenario 3

DRN configurations TOT VAS TOT VAS TOT VAS
(traffic) | (accidents) | (traffic) | (accidents) | (traffic) | (accidents)

Simple radial-annular 706 0 905 2 2810 6
Expanded radial-annular 851 0 1321 2 3100 6
Rectangular 1010 0 1532 2 3520 8
Rectangular-diagonal 1205 0 1720 2 3610 8
Rectangular-ring 1305 0 1850 2 3750 10
Rectangular-diagonal-ring 1530 0 2120 2 111 12
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¢ Scenario 3. High-intensity and high-speed
movement of UGVs. The base speed of UGVs
and MGVs: 100—120 km/h, intensity of
vehicle arrival to the DRN is 10 vehicles
every 10 sec.

Table 3 presents the resulting characteris-
tics of the simulation model in the presence
of extreme conditions (i.e., in conditions of
insufficient visibility, wet road surface, unex-
pected appearance of pedestrians, cyclists and
other obstacles on the roadway, etc.).

Figure 6 shows the rate of traffic accidents
(cumulatively) for the Scenario 3 (Table 3), i.e.
in high-intensity and high-speed movement of
UG Vs in extreme situations. At the same time,
Fig. 6 shows the quantitative characteristics of
traffic congestion caused by the effects of the
‘turbulence’ and ‘crash’ that described in [6,
17], earlier.

As shown in Fig. 6, the rate of road acci-
dents (i.e. the number of vehicles in the acci-
dent state) is associated with an increase in the
number and average density of traffic conges-
tion. Thus, the growth in the total number and
scale of traffic jams in the DRN under condi-
tions of high-intensity and high-speed traffic is

the most important factor causing accidents,
including those involving the UGV, which
periodically have collisions with unexpected
obstacles. A similar phenomenon is explained
by attempts to manoeuvre (e.g., extreme brak-
ing, overtaking, etc.) from the side of vehi-
cles, which, in conditions of traffic congestion,
often leads to accidents. However, as follows
from 7able 3, a reduction in the velocity limit
(up to 45—65 km/h) and the density of vehicles
arriving at the DRN (up to 0.1 vehicles per sec-
ond) ensures the high level of road safety even
in extreme situations.

Conclusion

The article presents an approach to simu-
lation of the road traffic accident rates with
the participation of unmanned ground vehi-
cles within a multi-agent intelligent transpor-
tation system of the ‘smart city’ (Fig. 1). We
suggest a model of the UG Vs ensemble move-
ment in the digital road network (DRN) with
the implementation on the example of a sim-
ple radial-ring scheme of the street road net-
work (Fig. 3). Such a model, using a system of
finite-difference equations with variable struc-
ture (11)—(12), makes it possible to study the

Table 3.

Outbound traffic and number of potential accidents in extreme situations

Scenario 1

Scenario 2 Scenario 3

VLRI R TOT VAS TOT VAS TOT VAS
(traffic) | (accidents) | (traffic) | (accidents) | (traffic) (accidents)

Simple radial-annular 655 2 870 2 2800 12
Expanded radial-annular 760 2 1210 4 3100 14
Rectangular 980 0 1310 6 3462 14
Rectangular-diagonal 1110 0 1622 8 3423 16
Rectangular-ring 1210 2 1780 8 3554 18
Rectangular-diagonal-ring 1400 2 2100 10 3780 20
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Fig. 6. Dynamics of accidents and characteristics of traffic congestions under different configurations
of the digital road network (DRN): the occurrence of new accidents is interconnected
with the appearance of traffic jams and an increase in their average density and depends on the DRN’s geometry.



spacial dynamics of agent-UGVs interaction
with various obstacles as MGVs, unexpectedly
emerging pedestrians, etc. for various configu-
rations of the DRN (Fig. 4). At the same time,
each agent-UGYV has an individual decision-
making system for manoeuvering aimed at pre-
venting emergency situations, in particular, by
changing the radius of the personal space of the
agent-UGYV, reducing speed, bypassing unex-
pected obstacles, etc. (Fig. 2). The proposed
simulation model was implemented using the
large-scale agent-based simulation framework
FLAME GPU, which made it possible to study
the behavior of the UG Vs ensemble interaction
with other agents, including under high traffic

conditions (Fig. 5). The numerical results (Fig.
6, Tables 2—3) so obtained confirm the pos-
sibility of achieving the required level of road
safety even in extreme situations.

Further research will be aimed at solving the
problems of optimal routing of UGVs within
the DRN to minimize the impact of traffic
congestion and forced manoeuvering on the
accident rates. m
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