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1. Introduction

The acceleration of the rapid evolutionary development of 
the motor transport complex in the late XX ‒ early XXI cen-
tury is predetermined by many factors. This is associated with 
the transition of mankind from the industrial society to the 
information and communication system of its organization. In 
this case, one of the defining means of communication is the 
motor transport complex. The motor transport complex com-
bines both a variety of motor vehicles and a set of motorway 
network infrastructure. From a topographical point of view ‒ 
it is a zone of reserve technology lanes along highways within 
a specific natural and anthropogenic geo-ecosystem [1].

Here the definition of “evolutionary development” con-
cerning the characteristics of the motor transport develop-
ment complex is deliberately used. With the improvement of 
motor vehicles and the improvement of the highway network 
infrastructure, up to now the principle of gradual improve-
ment of some of its components properties has been used. 
This was manifested by increasing engine capacity, adjusting 
the chemical composition of fuel, improving the comfort of 
the car interior, using more modern materials for the con-
struction of road pavements, etc.

However, not a single qualitative “leap”, the transition to 
a fundamentally new level of functioning of the motor trans-
port complex occurred. Indeed, according to the principle of 
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Автотранспортний комплекс формується множиною 
автотранспортних потокiв та автодорожньою мережею. 
Перехiд на новий рiвень функцiонування автотранспорт-
ного комплексу вимагає розробки нових методiв формалi-
зацiї колективної взаємодiї всiх учасникiв дорожнього руху. 
Це пов’язано зi збiльшенням частки автономних автотран-
спортних засобiв у сумiсному трафiку. Встановлено, що 
транспортно-технологiчна самоорганiзацiя автотран-
спортних потокiв є мультифрактальною структурою. Така 
структура достатньо достовiрно описується регулярними 
iєрархiчними a-множинами Кантора стосовно параметра 
динамiчного габариту кожного окремого автотранспорт-
ного засобу. Доведено, що основними мультифрактальними 
ознаками автотранспортних потокiв є їх параметр фра-
гментацiї та фрактальна розмiрнiсть. Наведенi ознаки 
функцiонально визначаються iнтенсивнiстю, швидкiстю, 
щiльнiстю трафiка та iнтервалом руху автотранспорт-
них засобiв. Вiдповiдно, вирiзнено три основнi режими руху 
автотранспортних засобiв. Вiдсутнiсть взаємних перешкод 
мiж автотранспортними засобами, незначна швидкiсть 
та мала iнтенсивнiсть трафiку характеризує вiльний рух. 
Цей рух визначає межу колективного та синхронiзованого 
потокiв. Колективному руху притаманна вища щiльнiсть 
автотранспортного потоку, а швидкiсть обмежується 
можливостями автодороги. Якщо визначального значен-
ня набувають показники технiчного та експлуатацiйного 
стану автомобiльної дороги отримуємо насичений (синхронi-
зований) потiк. Аналiтичними дослiдженнями встановле-
но логарифмiчно-показникову функцiональну залежнiсть 
мiж параметром фрагментацiї автотранспортного пото-
ку та фрактальною розмiрнiстю. З’ясовано, що сукуп-
нiсть декiлькох автотранспортних потокiв при багатосму-
говiй органiзацiї трафiкiв визначає динамiку змiни основних 
мультифрактальних ознак множини автотранспортних 
засобiв. При цьому, збiльшення кiлькостi смуг руху авто-
мобiльної дороги призводить до зростання параметра фра-
гментацiї та зменшення фрактальної розмiрностi сукуп-
ностi автотранспортних потокiв. Розглянута можливiсть 
створення вiдповiдних навiгацiйних алгоритмiв варiативної 
оптимiзацiї мультифрактальних ознак автотранспортних 
потокiв. В такому випадку забезпечуються безпечнi тран-
спортно-технологiчнi режими функцiонування автотран-
спортного комплексу. Це ж стосується й умови зростання 
частки автономних роботизованих безпiлотних автотран-
спортних засобiв в складi автотранспортних потокiв

Ключовi слова: автотранспортний потiк, безпiлотний 
автотранспортний засiб, α-множина Кантора, мультиф-
рактальнiсть, параметр фрагментацiї
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work, and the nature of the functions performed, the modern 
car practically does not differ from the car of the beginning 
of the twentieth century. The road, in most cases, has only 
become wider and tougher as compared with the time when 
it was used for horse carriages.

Only at present the idea of creating completely auton-
omous robotic vehicles is being developed. That is why the 
transition to a qualitatively new level of the entire motor 
transport functioning complex should take place [2]. In the 
long run, the massive use of unmanned vehicles is inevitable. 
In this case, their functioning is expected in streams that are 
saturated and are possibly completely composed of a set of 
autonomous objects [3]. Therefore, there is a need to develop 
forms and methods that are fundamentally different from 
those existing in order to organize their collective interac-
tion in the composition of motor transport flows.

There is an issue on the development of new methods for 
formalizing the collective interaction of all road users with-
out exception. First of all, it concerns a specific autonomous 
vehicle. It should be considered in interaction with similar 
autonomous objects, as well as with a set of various objects 
of the road network infrastructure [4].

2. Literature review and problem statement

As noted at [5], in the general sense the motor traffic is the 
motion of motor vehicles organized by the road network. The 
characteristic features of the motor transport flow, which are 
presented in [6], are its intensity, velocity, and density, as well 
as certain specific parameters that are presented in [7]. As 
established in [8], specific parameters determine the specific 
characteristics of streams of vehicles, their mutual influence 
and redistribution in space and time. However, the above 
characteristics of the motor transport are purely empirical 
and do not make it possible to analytically formalize the flow 
parameters to study their dynamic properties

In [9], authors made an attempt of topological formal-
ization of the motor transport flow as a set (C) of vehicles, 
consisting of oppositely directed subsets (С1 and С2). The 
combined movement along some section of the highway is 
characterized by such physical features as dimension (G), 
dynamic gauge (DG), interval of movement (I) of vehicles. 
In this case, as noted in paper [10], the movement of a vehicle 
in the composition of motor traffic is significantly different 
from the movement of an isolated vehicle. This causes a 
change in the load-speed modes of engines, fuel consumption 
and emissions of harmful substances, as proved in work [11]. 
The main factors influencing the transport flows to the envi-
ronment, as defined in [7], are: composition and flow struc-
ture, speed, loading mode, intensity and density of motion, 
technical condition and operational properties of individual 
physical units of flow, chemical composition of fuel, etc.

In [11], authors determined that in addition to purely 
technical factors of the motor transport, the characteristics 
of the motor transport network are the determining factor. 
These characteristics include the indicator of the motor 
capacity of the natural and man-made geo-ecosystem ter-
ritory. The landscape features of the trace, the structural 
parameters of the highway and the damage to the road 
surface (technical condition) are also significant. In terms 
of performance indicators, determining the correspondence 
of the traffic intensity level and the specific load on road 
surfaces is decisive. The availability of gas and dust pro-

tection infrastructure within the reserve technology strip 
is important. In addition, as stated in [8], it is necessary to 
take into account the local variation of the established func-
tional state of the motor transport in sections of the highway 
with special movement conditions. These are crossroads and 
nodes of the motor network, downhill-climbs, serpentines, 
tunnels, bridge transitions, eco-design, etc.

However, from the point of view of the above definition, 
the motor transport flow can be considered only a set of 
vehicles [12]. The specified set for a definite meaningful 
argument (arguments) is a continuous function of a certain 
trajectory, which is outlined by the road of the highway [13]. 
In the general case, the continuity of the function f(x) is 
determined by three following conditions [8]:

– function f(x) must be necessarily defined at the 
point х0;

– there is a limit limx→x0 
f(x); 

– limx→x0 
f(x)=f(x0).

If at least one of the three conditions above is violated at 
any point, then the function f(x) has a gap at that point. At 
the same time, the gap of function f(x) can be both removable 
(due to the operation for definition of the function to the 
continuous one) and non-removable gap. This is the so-called 
break point (leap) that arises for f(x) if 

limx→(a – 0) 
f(x)≠limx→(a+0) 

f(x) f(x), 

as defined in [8]. 
Thus, there is a need to formalize the intensity of 

motor transport flows influence on the equilibrium of a 
natural-technogenic geo-ecosystem. In this case, the lower 
boundary, which determines the collective movement of 
motor vehicles as an automobile flow, must be some plane in 
the coordinate system q~ρ~f(q, ρ). Therefore, it is necessary 
to establish the minimum values of q and ρ, for which the 
function f(q, ρ) acquires the signs of continuity.

3. The aim and objectives of the study

The aim of this study is to synchronize the modes of 
traffic flow of motor transport and to ensure the coherence 
of robotic unmanned vehicles by optimizing their fractally 
invariant features.

To achieve the goal, the following tasks were set:
– to establish the influence of the motor transport com-

plex on the ordering of traffic on the characteristic attributes 
of vehicles movement;

– to determine the dynamics of multifractal attributes 
of motor traffic with multi-band traffic change organization;

– to substantiate navigational algorithms parameters 
of safe transport-technological modes of motor transport 
functioning complex provided there are autonomous robot-
ized objects.

4. Materials and methods to study motor transport flows

The research was carried out based on classical methods 
of fractal calculus and the Cantor method for determining 
fractal dimensionalities. At the same time, the hierarchy of 
the Cantorian α- sets was taken into account.

Consider a fragment of the motor transport flow (Fig. 1), 
as a directed totality (a set) of motor vehicles on the road 
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(along the axis х-х). In this case, subsets С1 and С2 move 
in opposite directions. We assume that the contribution of 
subsets С1 and С2 is equal to the number of their shares in 
length, which fall on the section Ах–Вх of the motor road. If 
this quantity is denoted by R(t, χA–B), then R(t, χA–B) is con-
tinuously smooth with respect to t, and therefore has piece-
wise continuous derivatives of the first and second order [8].

Fig.	1.	A	fragment	of	the	motor	transport	flow	of	subset		
(С1 and С2)	moving	along	х-х

If velocity V of the motor traffic is a known function with 
its density ρ, we obtain the function of the motor transport 
flow state in the form [8]:

( ) ( ) ( ), , , ,
R R

t t f t
t t

∂ ∂  χ = χ ⋅ ρ χ ∂ ∂
   (1)

where χ  is the scale (step) of measurement of the Ах–Вх 
section of the highway, which is a priori selected to be less 
than the length of the dynamic gauge (DG) of the vehicle 
[5]; ( ),tρ χ

 
is the vehicle traffic density, which is determined 

by the number of motor vehicles in the Ах–Вх section of the 
highway during the period t of overcoming Ах–Вх by a single 
vehicle; ( ),f t ρ χ   is the function that determines the con-
tinuity of traffic vehicles and must satisfy the conditions of 
traffic density vehicles.

According to (1), it is necessary to distinguish between 
three main modes of motor vehicles movement [7]:

– free movement ‒ is characterized by small intensities, 
the absence of mutual obstacles between individual vehicles 
and the corresponding speed Vc. Insignificant density of ve-
hicles causes a weak correlation between Vc and ρ;

– collective movement (collective flow) is determined by 
increasing density ρ of the motor transport, the collective 
velocity VV of motor vehicles is determined by the design 
capacity of the highway. Correlation bond Vc and ρ are suffi-
ciently dense;

– saturated (synchronized) flow ‒ characterized by sig-
nificant interference of individual vehicles, the speed of the 
vehicle traffic Vt is closely correlated with the intensity q 
and density ρ. A characteristic feature of the synchronized 
motor transport flow is a significant variation in the value 
of the average flow velocity. The technical and operational 
condition of the highway becomes determinative.

The categories of the road are determined by some point-
based index K, which acquires values K=1a; 1b; 2; 3; 4; 5 (DBN 
of Ukraine, V.2.3-4: 2007, “Transportation Facilities. Roads”, 
“AASHTO. A Policy on the Geometric Design of Highways 
and Streets. – Washington D.C.: American Association of 
State Highway and Transportation Officials”, “FHWA. 
Flexibility in Highway Design. – Washington, D.C.: Federal 
Highway Administration” etc.). The results of analysis of 
function (1), taking into account its piecewise-linear nature, 
are presented in Fig. 2 [8].

Graphical analysis of the ascending left-side trend of the 
values q and ρ (Fig. 2) in the direction of the inverse growth 
of the coordinate K clearly defines the coordinates of the 

characteristic plane Ф. Plane Ф separates the mode of free 
movement of motor vehicles from collective and synchro-
nized motor traffic flows. The coordinates of this plane are 
given by the values q and ρ [8]:

0,035,

0,0021.

q =
ρ =

     (2) 

Fig.	2.	The	surface	of	the	functional	attributes	of	the	state	of	
motor	traffic	in	coordinates:	the	category	of	the	road	(K);	motor	

traffic	density	(ρ);	the	intensity	of	the	motor	traffic	flow	(q)

The values of q (s–1) and densities ρ (m–1) of motor trans-
port given in (2) determine the minimum speed V f motor 
vehicles. At such speed, there is a transition from free move-
ment to collective and synchronized flows, m/s:

0,035
17,5.

0,002
q

V = = =
ρ

    (3)

Thus, [12] the minimum values of V, q and ρ are estab-
lished, in which the character of the motor vehicle acquires 
the attributes of collective movement followed by the syn-
chronization of the motor transport flow (Table 1).

Table	1

Minimum	values	of	density	ρ,	intensity	q	and	velocity	V,	in	
which	the	motor	transport	acquires	characteristic	features	[8]

Parameter characterizing the collective 
movement of vehicles

Minimum parameter 
value

Intensity of motor transport flow, car/day 3.024

Density of motor transport flow, car/km 2.1

Speed of motor transport flow, km/h 63.0

According to the results of specific intensity calculations 
qi According to the results of specific intensity calculations 
qi of the motor transport, [14] the fractal nature of the motor 
flows structural organization with Hausdorff-Besikovich 
dimension D=0.620 was established. With some approxima-
tion, this corresponds to the fractal dimension of the “clas-
sical” empty undifferentiated Cantorian set with a fractal 
dimensionality Dk=0.631 (Table 2 [14]).

The establishment of fractal features of motor transport 
streams organization [14] allows us determine the basic 
principles of their synchronization in terms of coherence 
[8]. This also applies to the conditions of saturation of these 
streams by autonomous robotic vehicles. At the same time, it 
is necessary to mention the wide limits of the variation of the 
intensity indices q, density ρ and velocity V of motor trans-
port flows. This also determines the significant limits of the 
variation of their fractal dimensions D. In this connection, 
it is envisaged to study their fractal-invariant traits for the 
entire hierarchical range of α-sets.
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5. Results of research into multifractal attributes of  
a motor transport flow

Let us consider the order of the graph-analytic construc-
tion of a hierarchical graphic model α-set (Fig. 3). 

Fig.	3.	The	first	three	steps	of	the	hierarchical	construction	
of	Cantor α-set

For a single segment, to measure its length L0=1, it is suf-
ficient to single scale χ0=1 to apply once N0=1. So, for a zero 
measurement we have [5]:

0

0

0

1,

1,

1.

L

N

=
χ =
 =

     (4)

We leave at both ends of the segment two parts in 
length 1/α, where, by definition α>2 and the remainder (in 
the middle of the unit segment) is removed. In this case, the 
value of α can be considered a parameter of fragmentation. 
We select a scale equal to 1/α and, by applying it twice, we 
measure the length of the resulting segments, more precisely, 
we have for the first measurement:

1

1

1

2
,

1
,

2.

L

N

 = a
χ = a
 =

     (5)

For each of the resulting segments, repeat the above pro-
cedure, as shown in Fig. 3.

The real graphical model of a hierarchical Cantorian 
α-set is formed after an infinite number of iterations. That is, 
the hierarchical construction of such a model assumes that 
N>>1. According to [5, 8, 14], we obtain:

2

1

log
1 ,

log
D a= +

a
     (6)

or considering the properties of the logarithm:

     (7)

In this case, if α>2, then D1<1.
Now, by specifying the fragmentation parameter α of 

the motor transport, you can always determine its fractal 
dimensionality.

The real nature of the transport operation on the certain 
road section is determined by the linear size R. The size R 
consists of at least two oppositely directed motorways with ar-
bitrary fragmentation parameters α1 and α2As a result, we have 
different fractal dimensions D1 and D2. That is, the so-called 
multifractality [5] with a new fractal dimension Dx. As was not-
ed above, the scale of measurement χ is convenient to choose:

1
.

R
χ =     (8)

Substituting expression (8) into Mandelbrot-Richard-
son’s formula [5, 14] in the form:

η·L=C·(η·χ)1–D,    (9)

where η is the scale factor [5], we obtain:

1
1 1

.
D

L C
R R

−
 ⋅ = ⋅ η⋅  

    (10)

Since the measurement scale is defined, the brackets in 
(10) can be uncovered. After the corresponding reductions 
we get a relation that connects the dimensions of the L frac-
tal object (in this case, the motor traffic flow) and the linear 
size of the R section of the highway:

L~RD.     (11)

The value of R for each case retains its meaning ‒ the 
linear size of the road section where the traffic flow is with 
the fractal organization of its structure. It is obvious that for 
each case, under fractal dimension it is necessary to under-
stand D1, D2, D3 and so on.

Let us consider two oppositely directed fractal motor 
flows with different dimensions, which are due to their frag-
mentation parameters α1 and α2. When measuring each frac-
tal object separately, according to (11) in section R, we have:

1

2

1

2

,

.

D

D

L R

L R

 =
 =

     (12)

Table	2

Results	of	determining	the	value	for	a	road	network	fractal	dimensionality	by	the	indicator	of	a	highway	category	[8]

Road category 1-a 1-b 2 3 4 5

Estimated rate of traffic 
intensity, qm, [1/m] =7000

500
30

=7000
350

20
=2000

250
8

=1000
133

7,5
=500

71
7

=200
44

4,5

Estimated dimensionless complex, D 0.700 0.714 0.532 0.534 0.620

The average value of a dimensionless 
complex, D

0.620

Fractal dimensionality, Dk 0.631

Model coefficient of traf-
fic intensity, qm, [1/m]

504 318 200 126 79 50

 

1

log 2
.

log
D =

a
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Since the total length of fractal objects (motorways) can 
be written as:

LΣ=L1+L2,     (13)

then

1 2 .xDD DR R R+ =     (14)

At the same time, we assume that the uncertain scale 
multiplier N (1) for each term in (14) is the same.

Thus, for the case of two oppositely directed motor 
transport with arbitrary fragmentation parameters α1 and 
α2 we obtain:

( )
log 2 log 2

log log1 2 2 .xD
R R Ra a+ = ⋅     (15)

Apply logarithm to the right and left sides (15):

log 2 log 2
log log1 2log log 2 .xR R D Ra a + = ⋅  

   (16)

Hence:
log 2 log 2

log log1 2log

log 2x

R R
D

R

a a +  =     (17)

or

log 2 log 2
log log1 2log

.
log 2 logx

R R
D

R

a a +  =
+

    (18)

A more complex case for determining the fractal charac-
teristics of motor traffic flows is the case of multi-band traf-
fic organization on motor roads. The number of m lanes in 
this case, as a rule, can acquire the values of 2, 3 (on separate 
sections of highways), 4, 6, 8.

Consider the case of m-rank traffic. We will assume that 
the fragmentation parameter α1 is the same for each streams 
of vehicles moving on separate lanes of the highway. Accord-
ing to (14) we can determine the total fractal dimensionality 
of Dx traffic as:

( ) ( )1

log2
log ;xD

m R m Ra⋅ = ⋅  (т≠0).   (19)

As in the previous case, let us establish the dependence:

Dx=φ(α1).     (20)

Divide (19) by m·RDx, we obtain:

a⋅ ⋅
=

⋅ ⋅

1

log2
log x x

x x

D D

D D

m R m R
m R m R

    (21)

or

1

log2
1log .

x
x

D
DR m

−
−a =     (22)

Appy logarithm (22):

( )
1

log 2
log 1 log .

log xD R D m
 

− ⋅ = − ⋅ a 
  (23)

Divide (23) by (–1)·logR, herewith: Dx≠1, R≠1:

( )
1

1

log 2 log log
.

1 log log
x

x

D m
D R

− ⋅ a
=

− ⋅ a
   (24)

By denoting 

log
,

log
m

K
R

=  

we obtain:

( )
1

1

log 2 log
.

1 log
x

x

D
K

D
− ⋅ a

=
− ⋅ a

    (25)

Hence, after the corresponding transformations, we find:

log2–Dx·logα1=K·Dx·logα1–K·logα1,  (26)

–logα1–K·Dx·logα1=–K·logα1–log2,  (27)

Dx·[logα1+K·logα1]=K·logα1+log2,  (28)

( )

( ) ( )

1

1

1

1 1

log log 2
1 log

log log 2
.

1 log 1 log

x

K
D

K

K
K K

⋅ a +
= =

+ ⋅ a
⋅ a

= +
+ ⋅ a + ⋅ a

 (29)

We finally receive:

( ) 1

log 2
.

1 log 1x

K
D

K K
= +

+ ⋅ a +
   (30)

According to the results of the fractal dimensionality D 
and the fragmentation parameter α of the motor transport 
flow interaction analysis (7), the logarithmic-index char-
acter of their functional dependence is established (Fig. 4). 
Moreover, the simple summation of several Cantorian α-sets 
leads to a decrease in the “total” multifractal dimensionality 
DΣ of both traffic aggregate (17). This is true in cases of 
traffic flows along several lanes of the highway.

Fig.	4.	Dependence	of	fractal	dimensionality	D		on		
the	fragmentation	parameter	α of	the	motor	flow

Fig. 5 shows the simplest case of “summing up” two Can-
torian α-sets for oppositely directed traffic. 

Given the presence of identical fragmentation parame-
ters α=3 (Fig. 5), according to equation (14) we obtain:

1 11 1 1
2 ,

n D n D DΣ⋅ ⋅
     

+ = ⋅     χ χ χ     
   (31)
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or ( )1 1 2 ,
n Dn D n D Σ⋅⋅ ⋅a + a = ⋅a  or ( )0,6312 3 6 ,n Dn Σ⋅⋅⋅ =

where DΣ is the multifractal dimensionality of a set of two 
oppositely directed traffic flows.

Numerical solution (31) allows us to set the value of the 
multifractal dimensionality DΣ of two oppositely directed 
traffic set. The multifractal dimensionality DΣ is always 
lower than the fractal dimensionality D1 of each separately 
considered motor transport stream. In addition, DΣ decreas-
es for each next step of the hierarchical construction of the 
Cantorian α-set:

1

2

3

4

0,583,

0,516,

0,485,

0,464,

.........

D

D

D

D

Σ

Σ

Σ

Σ

=


=
 =
 =


     (32)

Therefore, the “total” fragmentation parameter αΣ for 
a given case is αΣ>3. Moreover, the “total” fragmentation 
parameter αΣ increases with each subsequent step of the hi-
erarchical construction of the Cantorian α-set:
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     (33)

When modeling the structure of motor flows using Can-
torian α-sets, the fragmentation parameter α is a function of 
intensity q, velocity V, density ρ of traffic and traffic interval 
I of motor vehicles:

α=φ(q, p, V, I).   (34)

Similar results can be obtained for case (30) 
of multiband (m-band) organization of traffic on 
highways (Fig. 6). 

Fig.	6.	Results	of	numerical	simulation	of	
two	traffic	on	adjacent	lanes	of	the	highway	

interaction,	as	hierarchical	Cantor	α-sets

The stabilization of two adjacent traffic coherence flows 
takes into account the gradients of their movement direction 
and the conditional time for the adoption of operational naviga-
tional solutions. This is the time of the “speed” of the navigation 
and computing complex and the control mechanisms of the 
vehicle. The above applies to the case of saturation of traffic by 
autonomous robotic vehicles. Therefore, the following values of 
the fragmentation parameter αΣ for the totality of traffic and 
their multifractal dimensionality must be observed DΣ:

9,4,

0,31.D
Σ

Σ

a



�

�
     (35)

An option of visualizing the simulation results for a four-
lane section of the highway with number m=2 flows in each 
direction is shown at Fig. 7.

The analytical dependences of structural multifractal or-
ganization properties of motor vehicles traffic are obtained. 
These dependences are a sound basis for the further devel-
opment of specific algorithms for implementing safe modes 
of the motor transport operation complex. This is relevant 
in the context of increasing the share of autonomous robotic 
vehicles in the composition of motor transport flows.

 

 

Fig.	5.	The	set	of	two	oppositely	directed	traffic	flows,		
which	is	defined	by	the	third	step	of	the	hierarchical	construction	of		

the	Cantorian	α-set

 

Fig.	7.	Variant	of	the	motor	transport	structural	organization	model	along		
the	four-lane	highway	section
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6. Discussion of results of studying the parameters for 
safe traffic of motor vehicles

According to the research objectives stated above, the 
motor traffic is a plurality of (C) vehicles that form a cer-
tain shared traffic. The dynamics of traffic is functionally 
determined by a set of physical and topological features, 
namely: speed V, intensity q and density ρ of vehicle traffic, 
their gauge (G), dynamic gauge (DG) and traffic interval (I). 
On the basis of the specific intensity analysis of traffic qi 
the fractal nature of the structural organization of motor 
flows with the Hausdorff-Besikovich dimension D=0.620, 
is established, which is dimensionally proportional to the 
fractal dimensionality Dk=0.631 of the “classical” Cantor 
set (Table 2). However, the wide limits of the variation 
of the intensity, density, and velocity of motor flows de-
termine the significant limits of the variation of fractal 
dimensionalities, which leads to the need to study fractally 
invariant traits for the entire hierarchical range of Cantor 
α-sets (Fig. 3) with α>2. Thus, a dynamic multifractality of 
traffic with a variable fractal dimension Dx is formed. The 
parameter of the motor transport fragmentation α and the 
fractal dimension Dx are related by the logarithmic index 
functional dependence (6), (7).

Analytical modeling of traffic dynamics using the frag-
mentation parameter α allows us to investigate the traffic 
structure not only for the specific three modes (phases) of 
the motor transport ‒ free movement, collective movement, 
synchronized flow, but also transitional structures in the 
transition of traffic from one phase to another. 

Minimum values of density ρ, intensity q and velocity 
V of free traffic determine the boundary of the modes start 
of collective and synchronized flows. At the same time, the 
highest level of motor vehicles mutual influence at speed V, 
intensity q and density ρ is inherent in the saturated (syn-
chronized) flow.

An analysis of motor transport flows structural or-
ganization graphical models (Fig. 6, 7) determines the 
necessity of further development of the transport and 
operational characteristics of the traffic structure study 
not only taking into account the fragmentation parameter 
α of the Cantor’s Discontinuum, but on such features as 
the number of “filled” segments in this discontinuity and 
“Stage” (step) hierarchical construction of a fractal set of 
vehicles.

Any motorway consists of at least two opposing traffic 
streams. Each stream is endowed with arbitrary fragmen-
tation parameters α, and therefore has different fractal 
dimensionalities D. In this connection, multifractality is 
also formed with its fractal dimensionality Dx. Thus, in the 
case of motor traffic flows on several lanes of the motorway, 
the “total” multifractal dimensionality Dx decreases for the 
aggregate of both traffic. For each subsequent step of the 

hierarchical construction of the Cantorian α-set, the “total” 
parameter of the fragmentation αΣ increases. The obtained 
results of the multifractal multiband organization of traffic 
structure study allow us to formalize modes of movement of 
motor transport with different values of velocity V, intensity 
q and density ρ of vehicles.

Observance of a traffic set fragmentation and their 
multifractal dimensionalities rational parameters ensures 
the stabilization of the coherence of several adjacent 
motor transport streams (including multiple-directional 
ones). The obtained analytical dependencies determine 
the properties of the structural multifractal organization 
of traffic vehicles. In the applied aspect, the research 
results can be used to develop specific algorithms for 
safe modes of operation of the motor transport complex. 
This is especially important when increasing the share of 
autonomous robotic vehicles in the composition of motor 
transport flows.

7. Conclusions

1. We established that the multifractal structure of mo-
tor transport streams is reliably described by the regular 
hierarchical Cantor sets in relation to the parameter of the 
dynamic size of each individual motor vehicle. We proved 
that the main multifractal attributes of motor transport are 
the fragmentation parameter and fractal dimension, which 
are functionally determined by the intensity, speed and 
density of vehicle traffic. The upper boundary of the free 
movement of vehicles with an intensity of 0.035 s–1, den-
sity 0.0021 m–1 and a flow rate of 17,5 m/s is established. 
Higher values of indicators characterize the collective and 
synchronized flow.

2. We proved that the combination of several motor 
flows, including those directed oppositely, with multi-band 
traffic influences the dynamics of the main multifractal 
attributes’ variation of vehicles set. So, with an increase in 
the number of the motorway lanes, the parameter of traffic 
fragmentation increases, and the fractal dimension of traffic 
flows aggregate decreases. The value of the fragmentation 
parameter at the level of 9.4 and the multifractal dimen-
sionality ‒ 0.31 as the necessary and sufficient condition for 
achievement of the coherence of two adjacent motor trans-
port streams is substantiated.

3. The obtained analytical dependences and the results 
of numerical simulation of the interaction of a several traffic 
combination on adjacent lanes of the highway as a hierar-
chical cantor α-sets are the basis for the development of the 
basic parameters of navigation algorithms that would ensure 
safe transport and technological modes of the motor trans-
port operation complex provided that traffic is saturated 
autonomous robotic objects.
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