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Aemompancnopmnuii KOMNIEKc QOPMYEMvCs MHONCUHOIO
asmMompaHcnOpmHuUx NOMoKi6 ma aemoooPoOXHCHLOI Mepeicero.
Ilepexio na noeuil pisenv Qynxuionysanns asmompancnopm-
H020 KOMNJIEKCY 6UMA2A€ po3po0Ku HOBUx memodis opmani-
3auii KoneKxmueHoi 63aemo0ii 6Cix YHACHUKIE 00POINCHLOZ0 PYXY.
Ile nos’azano 3i 30iNbUWEHHAM UACMKU ABMOHOMHUX AEMOMPAH-
cnopmuux 3aco6ieé y cymichomy mpagixy. Becmanosneno, wo
MPAHCNOPMHO-MEXHOI02IUHA CAMOOP2AHI3AUIL ABMOMPAH-
CROPMHUX NOMOKIG € Mynvmudpaxmanvroro cmpyxmypoto. Taxa
cmpyxkmypa 0ocmamuvbo 00CMOGIPHO ONUCYEMBCSL PeYNAPHUMU
iepapxiunumu o-muoxcunamu Kanmopa cmocosno napamempa
QUHAMIMHO020 2a0apUMY KOIHCHOZO OKPEMO20 ASGMOMPAHCNOPM-
Ho20 3aco0y. /loeedeno, wjo 0CHOBHUMU MYTLMUDPPAKMATLHUMU
03HAKaAMU asmompancnopmuHux nomokie € ix napamemp Qpa-
emenmauii ma gpaxmanvna posmipuicme. Haeedeni osnaxu
QynKuioHarbHO BU3HAUAIOMBCS THMEHCUBHICMIO, WEUOKICMIO,
witoHicmio mpagixa ma inmepeanom pyxy aemompancnopm-
Hux 3aco6ie. Bionoeiono, supizneno mpu ocnoeni pescumu pyxy
asmompancnopmuux 3acoois. Biocymuicmo 63aemuux nepeuxoo
MINHC ABMOMPAHCROPMHUMU 3ACO0AMU, HE3HAUHA WEUOKICHD
ma mana iHmencusHicmo mpaiKy xapaxmepusye i1bHUU pyx.
Ieii pyx susnauae medxncy KonexKmueHoz0 ma CUHXPOHI308AH020
nomoxie. Konexmuenomy pyxy npumamanna euwia wjiioHicmo
asmompancnopmmnoz0 nOMOKY, a WEUOKICMb 00MeNHCYEmMbCs
Mocausocmamu asmoodopozu. kw0 6UHAUANLHO20 3HAUEH-
HA HAOY6AIOMb NOKAZHUKU MEXHIMH020 MA eKCNIYAMmAauiiiozo
cmany asmomodiLHOi 00p 02U OMmpuMyEMo HacueHul (CUHXPOHI-
306anuii) nomix. AnanrimuuHumu 00CAIONCEHHAMU BCMAN0BIE-
HO J102aPUPMIUHO-NOKAZHUKOBY (DYHKUIOHATLHY 3AIEHCHICHDb
Midc napamempom Qpasmenmauii aemompancnopmnozo nomo-
Ky ma paxmanvnoro posmipuicmio. 3’aco6amno, w0 cyxyn-
HICMb 0eKiIbKOX A6MOMPAHCROPMHUX NOMOKIE npU Gazamocmy-
20611l opeanizauii mpagixie eusnauae OuHaAMiKy 3MiHU 0CHOBHUX
MYALMUDPPAKMATOHUX 03HAK MHONCUHU AGMOMPAHCROPMHUX
3acobis. Ilpu yvbomy, 30invueHHs KiTbKOCMI CMY2 pYXy aemo-
MOOiBHOI dopoeu npu3eodums 00 3pocmanns napamempa gpa-
emenmauyii ma 3menuwenns @paxmanvuoi poamipHocmi cyxkyn-
Hocmi agmompancnopmuux nomoxis. Pozenanyma moscaugicmo
cmeopenns 6i0n06iOHUX HABI2AUIUHUX ANZOPUMMIE 6aPiaMUEHOT
onmumizauii Myasmupakxmanviux 03Hax asmompancnoOpmHux
nomoxie. B maxomy eunaoxy sabesneuyromocs 0e3neuni mpan-
CROPMHO-MEXHON02IUHI pescumMu QYHKUIOHY8aHHs asmompan-
cnopmnozo xomnaexcy. Lle s cmocyemovcsa i ymoeu 3pocmanns
4ACMKU A6MOHOMHUX POOOMUI0BAHUX DE3NIIOMHUX ABMOMPaH-
cnopmuux 3aco6ie 6 cKkadi asmompaHcROPmMHUX ROMOKIE

Kniouosi caoea: asmompancnopmuuit nomix, oe3niiomuuil
asmompancnopmuuil 3acié, o-muoxcuna Kanmopa, mynvmudg-
paxmanvhicme, napamemp Qpasmenmauii
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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




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 (C; and C,). 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 xg;

— there is a limit lim,_,,, f(x);

= lim,, f(2)=/(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 - O)f(x);élimxa(aJrO)f(x) f(x)v

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 g~p~f(q, p). Therefore, it is necessary
to establish the minimum values of ¢ and p, for which the
function f(q, p) 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 a- 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



(along the axis x-x). In this case, subsets C; and Cy move
in opposite directions. We assume that the contribution of
subsets Cy and C, is equal to the number of their shares in
length, which fall on the section A,—B, of the motor road. If
this quantity is denoted by R(Z, X4_p), then R(t, X4_p) is con-
tinuously smooth with respect to ¢, and therefore has piece-
wise continuous derivatives of the first and second order [8].
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<=
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—_—

B, e

G DG

Fig. 1. A fragment of the motor transport flow of subset
(C1 and ;) moving along x-x

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

%—I;(t’x) = %—f(tyx)-f [p(e2)], (1)

where yx is the scale (step) of measurement of the A,—B,
section of the highway, which is a priori selected to be less
than the length of the dynamic gauge (DG) of the vehicle
[5]; p(t,%) is the vehicle traffic density, which is determined
by the number of motor vehicles in the A,—B, section of the
highway during the period ¢ of overcoming A,—B, by a single
vehicle; f [p(t,x)] 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 V.. Insignificant density of ve-
hicles causes a weak correlation between V. and p;

— collective movement (collective flow) is determined by
increasing density p of the motor transport, the collective
velocity Vy of motor vehicles is determined by the design
capacity of the highway. Correlation bond V; and p are suffi-
ciently dense;

— saturated (synchronized) flow — characterized by sig-
nificant interference of individual vehicles, the speed of the
vehicle traffic V; is closely correlated with the intensity g
and density p. 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 ¢ and p (Fig. 2) in the direction of the inverse growth
of the coordinate K clearly defines the coordinates of the

characteristic plane @. Plane @ 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 ¢ and p [8]:

{q =0,035,

2
p=0,0021. @

q, /s D

0.2

0.1

B

p,1/m

lalb 2 3 4 3 X
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 (p); the intensity of the motor traffic flow (q)

The values of g (s~!) and densities p (m~!) 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:

v=9-2"2_q75 (3)
P

Thus, [12] the minimum values of V, ¢ and p 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 p, intensity q and velocity V, in
which the motor transport acquires characteristic features [8]

Parameter characterizing the collective | Minimum parameter
movement of vehicles 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
q; 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 D;=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 ¢, density p 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 a-sets.



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
7000 7000 2000 1000 500 200
; ; = = == =2 =133 —_— =71 =44
intensity, g, [1/m] 50 %0 20 o0 g~ 20 75 77 4,5
Estimated dimensionless complex, D 0.700 0.714 0.532 0.534 0.620
The average value of a ilimensionless 0.620
complex, D
Fractal dimensionality, Dy 0.631
Model coefficient of traf- 504 318 200 126 79 50
fic intensity, ¢, [1/m]
. . . log2
3. Results of research into multifractal attributes of D, = Toca )
ogo.

a motor transport flow

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

1
A
)}

aZ

A

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

For a single segment, to measure its length Ly-1, it is suf-
ficient to single scale %9=1 to apply once Ny=1. So, for a zero
measurement we have [5]:

L,=1,
Xo=1, 4)
N,=1.

We leave at both ends of the segment two parts in
length 1/a, where, by definition a>2 and the remainder (in
the middle of the unit segment) is removed. In this case, the
value of a can be considered a parameter of fragmentation.
We select a scale equal to 1/0 and, by applying it twice, we
measure the length of the resulting segments, more precisely,
we have for the first measurement:

2
L1=a,
1 5
Xi=— ©)
o
N, =2.

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

The real graphical model of a hierarchical Cantorian
a-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
D, =14+1%8% (6)
logo

or considering the properties of the logarithm:

In this case, if 0>2, then D{<1.

Now, by specifying the fragmentation parameter a 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 o4 and asAs a result, we have
different fractal dimensions Dy and D». That is, the so-called
multifractality [5] with a new fractal dimension D,. As was not-
ed above, the scale of measurement y is convenient to choose:

x=7 ®)

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

nL=C-(m-)" P, 9

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

1 1 1-D
—.IL=C|n—=| .
vt (v

(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~RP. (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 Dy, Dy, D3 and so on.

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

{L1 =R",

12
L,=R". 2



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

Ls=Li+L, (13)
then
R” +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 a; and
o we obtain:

R™ + R =(2.R)". (15)
Apply logarithm to the right and left sides (15):
1og[Rﬁ + R*] =D, -log2R. (16)
Hence:
log|:Rﬁ +Rﬁ]
D=—+=— = 17
* log2R an
or
log[Rﬁ +R*]
- L ] (18)

log2+logR

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 a4 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 D, traffic as:

log2

(m-R)ise =(m-R)™ ; (m#0). 19)

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

Di=¢(a). (20)
Divide (19) by m-RPx, we obtain:
log2
m-R"8*  mP . R>
= 21
m- R m- R 2
or
log2 D
Rl()ga1 * :me—1. (22)
Appy logarithm (22):
log2
—%8Z _p|logR=(D, ~1)-logm. (23)
loga, ’

Divide (23) by (-1)-logR, herewith: D,#1, R#1:

log2—-D, -loga, logm
(D, -1)-logo,,  logR’

(24)

By denoting

logm _
logR

)

we obtain:

log2-D, -logo,

(D.~1)-loga, 25)

Hence, after the corresponding transformations, we find:

log2—D,logay=K-D,-logas—Klogay, (26)
—loga—K-Dlogai=—K-loga;—log2, 27)
D, [logas+Klogos |=Klogas+log2, (28)

_ K-logo, +log?2 _

(K +1)-loga,

- (Kﬁki:W " (K +1;))$120g o, (29
We finally receive:

_ log2 K (30)

*(K+1)-loga, KAt

According to the results of the fractal dimensionality D
and the fragmentation parameter a 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 a-sets
leads to a decrease in the “total” multifractal dimensionality
Ds of both traffic aggregate (17). This is true in cases of
traffic flows along several lanes of the highway.

D
1.0

0.8
0.6
0.4
0.2

2.1 40 6.0 80 10.0 12.0 140 «

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

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

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

RRORSE

31



n-Dy

or o+ =(2-)", or 2~(3”’°’631)=6"'D2,

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

1
%_
!0-\0 o O
G DG
1 1
a, oy

Fig. 5. The set of two oppositely directed traffic flows,

73N

(o]

2

which is defined by the third step of the hierarchical construction of

the Cantorian a-set

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

Dy, =0,583,
D, =0,516,
D, =0,485, (32)
D, =0,464,

Therefore, the “total” fragmentation parameter ay for
a given case is ax>3. Moreover, the “total” fragmentation
parameter oy increases with each subsequent step of the hi-
erarchical construction of the Cantorian a-set:

D, =3,281,
D, =3831,
D, =4179, (33)
D, =4,557,

DG DG

sam\

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

a=o(q,p, V; ). (34)

Similar results can be obtained for case (30)

of multiband (m-band) organization of traffic on

7 3N

o .0
> highways (Fig. 6).
D, D,
0.34_]
0.317]
o

1 T
7.7 9.4

Fig. 6. Results of numerical simulation of
two traffic on adjacent lanes of the highway
interaction, as hierarchical Cantor a-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 oy for the totality of traffic and
their multifractal dimensionality must be observed Ds:

{osZ > 9,4,

D, «0,31. (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.

DG

, (DG)

Fig. 7. Variant of the motor transport structural organization model along
the four-lane highway section



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 ¢ and density p of vehicle traffic,
their gauge (G), dynamic gauge (DG) and traffic interval (I).
On the basis of the specific intensity analysis of traffic ¢;
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 D;=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
a-sets (Fig. 3) with a>2. Thus, a dynamic multifractality of
traffic with a variable fractal dimension D, is formed. The
parameter of the motor transport fragmentation a and the
fractal dimension D, are related by the logarithmic index
functional dependence (6), (7).

Analytical modeling of traffic dynamics using the frag-
mentation parameter o 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 p, intensity ¢ 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 ¢ and density p 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
a 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 o, 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 a-set, the “total”
parameter of the fragmentation as 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
g and density p 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 0.035s!, den-
sity 0.0021 m~! 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 a-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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