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Stochastic models of moving particles, describing the various practical systems are construc-
ted and investigated. Random errors, appearing in these systems (in transportation system chan-
ging of a speed, in communication systems delay of communication) transfer it into stochastic struc-
ture. In the paper, possible states appearing in such systems are described, an efficiency index for
comparison these states is introduced. An optimal state has found and in comparison with determe-
nistic models these state has quite different structure.
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Introduction

Mathematical models of moving partic-
les are used in the different applications
(transportation, communication systems, net-
work of computers and others). In [1-6] the
various deterministic models of moving par-
ticles are introduced. These models have deter-
menistic structure and a motion of the particles
depends on a distance between them.

Although these models have determenis-
tic structure it was succeded to observe some
unexpected events, for instance, an appearance
of a traffic jam [7,8]. However, the models,
which can more adequatly describe a behavior
of practical systems, have stochastic structure.
In such models in random instants some chan-
ges are occured, which transfer the system from
determenistic into stochastic. For instance, in
transportation systems in some random instants
transport unit can change a speed, which leads
to changing of a state of system motion. Hence,
system transfers from determenistic into stoc-
hastic systems. Such models attract attention of
the various researchers and scholars. Unfortu-
nately, these processes have complicated struc-
ture and usage of well known methods, for ins-
tance theory of Markov processes [9] is faced
with difficulties and more over sometimes their
structure is not Markovian. Hence, it is neces-
sary to develope the new methods and approac-
hes for investigation of such systems. Some
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approaches for investigation of the systems
with cyclic services, which can be used for the-
se models are given in [10,11].
Construction of stochastic models
Consider on a curve of the length one unit

k particles (k >1), which are moving in one di-
rection. For construction of mathematical mo-
dels according to [1,10] the following notations
are introduced:

Eit— is coordinate of i-th particle at the

instant t; each particle (depending on a
distance to the next) moves either with the
speed V, or V, ;

Vit — is the speed of i-th particles at the
instant t;
P =&y — & — distance between i -th

and (i+1)-th particles at the instant t, for
which we have

Pir =Sy —Sio I Sia > &

P =N—(& =) I & <&
i=12,...k-1

Pry = S1e — ke 1 &1 > &y

P =N—=(& = &) if & <&y

It is supposed also that there exist
minimal admittable distance between particles,
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which does not allow for particles to overtake
each other. For defining a speed of particle we
introduce the quantities Q, and Q, and assume
that (0<Q,<Q,<1). If p,=Q, and p,, is
increasing (it can be happened if i-th particle
has the speed V, and (i +1)-th particle has the
speed V, ), then if there exists some t", for
which p . =Q,, then at the instant t, i-th

particle changes a speed from V, to V,. If
P =Q, and p, is decreasing (it can be
occured if i-th particle has the speed V, and
(i+1) -th particle has the speed V,), if there
exists some t~, for which P, =Q then at the

instant t™, i-th particle changes speed from V,
to V,. Thus, particles change speeds at the end
points of the interval [Q,,Q,]. Similarly, as it
was introduced in [12] we remind the following
definitions.

Definition 1. If for any t all distances
between (k—1) particles equal Q,, then this
state is called zero state.

Definition 2. If for some t we have
V. =V,i=12,..k; then this state is called
stable regime 1 and is denoted (sr1).

Definition 3. If for some ' we have
Vi =V,,i=12,..,k; then this state is called
stable regime 2 and is denoted (sr2).

Definition 4. If for some ' we have
Vi =V,i=12,..k and
Vi =V, =k +1Lk +2,....k (k, =k —k;)
then this state is called mixed statble regime

and is denoted (msr).
Definition 5. If for some t we have

i =Q +&, Vi =V,,i=12,..,k and
Q<g+e,+..+5 <Q, this state is called

saturated stable regime and is denoted (ssr).
Definition 6. If at the random instants

t,t,,...,t, some particles change speed from

V, to V,, then we are saying that delays are
occured in the system.
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Definition 7. If after occuring of delays,
a system can come back to the state, where it
was before delays, then such delays are called
nonessential and regime of motion is called
invariant regime (ir). It is clear that delays can
be introduced only for systems, where at least
one particle has the speed V,, hence for (ssrl)
it is not necessary to introduce it.

Example 1. Assume, that system operates
in (tsr2) rejime, p,, =2Q, and at the instant t
it is occured one delay with long a
(Q,—-Q)/(V,-V,), ie. a speed of the second
particle is changed to V, and during the time
t (1" < (Q,—-Q)/(V,-V,)) the speed of second
particle equals V;.

According to construction of the model
we have

Pl = 2Q2 _(\/2 _V1)(Q2 _Ql)/(VZ _V) =

:2Q2 _Qz +Q1 :Qz +Q1 >Q2
Pt =Q,+Q,-Q, >Q,,

P =Qui=34,..k

Thus, system still operates in the (sr2). It
means that this delay was nonessential and
(tsr2) is invariant state relatively to this delay.

Example 2. Consider two regimes of
motion (sr2) and (msr) and for both regimes we
will introduce the delays. We also assume that

max(&;) <t < (Q, —Q) NV, =V,),

I.e. & >0 (takes small values) as it was introdu-
ced for saturated regime (ssr) in [12]. If in a sa-

turated regime at least one delay with long t”is
occured, then system changes its regime of mo-
tion from (ssr) to (srl). This delay is essential
for saturated regime and is nonessential for
(sr2), because for we have

Pt >Q1'p2,t >Q1""’pk,t >Q,

which means that all particles will have speed V-.
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Suppose, that in the system only one
delay is occured, i.e. in some random instant

the speed of one particle is changed from V, to
V, . Then the following theorem is true.

Theorem 1. If in the system only one
delay is occured, then

The regimes (sr2) and (msr) are invariant

If

Q <<g+&+..+5 <Q,, (1)

then (ssr) passes to (srl) and stay there all time
If

g+e&+..+g >Q,, (2

then (ssr) regime passes to (msr) and stay there
all time.

Proof. If only one delay is occured in the
system, then after delay system becomes deter-
menistic.

According to [12], for determenistic
systems, for operating in (sr2) it is necessary
and sufficient to have the following conditions

(k-DQ, +Q <1. (3)

If a system is operating in the (sr2) regi-
me, then the condition (3) is held and after de-
lay the system is still determenistic. Then after
some time it will come again to the regime
(sr2). According to [12], for determenistic
systems, for operating in (msr) it necessary and
sufficient to have the following condition

(kl _1)Q1 + (kz +1)Q2 <1. (4)
If system is operating in the (msr) regime,
then system is still determenistik and the

condition (4) is held, then after some time it
will come again to the regime (msr).

If
Q<g+e +..+5 <Q,,

MBRUZOLOR —<«p—

then after finishing a delay, system again
becomes determenistic and passes to the regime
(ssrl), because all conditions for operating in
this regime are held.

If

g+é&,+.+¢6 <Q,,

then after occuring of delay, system passes to
zero state and from this state after some time it
comes to (msr) regime, because according to
the condition (4) a distance between at least
two particles equals or greater than Q, and

hence at least one particle has the speed V,, i.e.
we have

P =Q +(V, V) > Q.V, - =Va,
pi—l,t* = Qz +t*[(Q2 _Ql) /(Vz _V1)](V2 -
V) >QuV, =V,

Thus, Ve =V, and system is operating
in the regime (sr2).

If t" > (Q, —Q,)/(V, —V,),then after time
t* we have

Piy = Q, "‘t*(vz -V;) > QZ’Vi,t* =V,,

Piar = Q, +t*[(Qz — Q) IV, =V)IV, -
_Vl) > Ql’ Vi—l,t* =V1.

If a long of delay equals or greater than
(k-1D)(Q,-Q)/(V,-V,), tin a system hence
system passes to zero state and from zero state
passes into (sr2). Cases (b) and (c) have a
similar proof. (ii)—part. Assume that system is

operating in (ssr) and !-th particle changes the
speed from V, to V,. This (i-th) particle never

change speed to V, because for any t we have
Pir <Q, and after time & /(V, =V;) (i-1) -th
particle change speed to V, and this process
will be continued until an instant when all
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particles will have the speed V,. Thus, system
will come to the regime (srl), because after the
time (g +¢,+..+&)/(V,—V,) the sistem is
operating in the regime (sr2), i.e. V., =V, and
system is operating in the regime (sr2). Thus, if
in (ssr) only once some particle changes speed
from V, to V, the it will keep this speed all
time. It is necessary to note, that if in (ssr) will
occued any delay then system passes to (srl)
and never back again. It means that for some
cases saturated regime is not recommended for
practice. Hence, if it is expecting delays in the
system, then (ssr) is not optimal and preferable
to have (sr2). Let us introduce additional
conditions. At the instant t some delays can be
happened in the system, i.e. some particle
having speed V, will change it to V,.

Theorem 2. If the condition (i) is held
then the following inequality is true

hgmser - hgmM(k ckso) — hgmmsr = hgmssrl

Proof. Assume that in (ssr) at the instant
t* i-th particle will change speed from V, to
Viie p . =Q+¢&,Vy, =V,,
¢ =Q &,V =V,
Py = Q +‘9i71’vi_1,t* =V,,
P =Qu+é&.V, - =V, >0

Piar = Q + &0,V = Vo,

P =Q+é&,V, - =V, then after time

glV,-V,), ie. at the instant
t =t +&,/(V,-V,) we have p_ ..=Q and

hence V, , =V,. Step by step distances between

(k —1) particles will be equal Q,, but only one
distance according to the condition (1) will be
equal or greater than Q,, but less than Q,,hence
the system will operating in the (ssrl). If in
(tsr2) regime at the instant t” delay is occured,
i.e. i-th particle changes speed from V, to V,
then we have
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QZ! 1t 21,02 QZ’ 2t 21
Py Qz: 1t —Vz,pir =Q,.V » =V,
pi+1,t* :QZ’Vi+1,t* :Vz;---;pk,t* :Q21Vk,t* :Vz.

Long delay forces system to pass into the
zero state and for any t” we have

Ql’ 1" 1’:02 Ql’VZ,t* :Vl;""
S lt Ql' 1t =Vl’pS,t* ZQZ’VS,( =V2

As system is operating in the regime
(ssr2) then the following  condition
(1-Q,-Q)/Q <k<1/Q, is true. Let us use
Theorem 2. As all conditions are held it follows
that system is operating in (sr2).

Author express her thanks to academician
A.Hajiyev for statement of the mathematical
problem and help.
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HOROKOTDO OLAN HiSSOCIKLORIN STOXASTIK MODELLORi VO ONLARIN TOTBIiQi
N.A.Abdullayeva

Horakatds olan hissaciklorin stoxastik modellori qurulur vo arasdirilir. Belo modellords yaranan tosadiifi maneo-
lor (nagliyyat masalalorindos siiratin azalmasi, rabito sistemlorindo olagolarin gecikdirilmasi vo s.) sistemloro stoxastik
xarakter gatirir vo onlarin aragdirilmasi ligiin yeni yanagsmalarin va tisullarm yaradilmasini tolob edir. Magalods toklif
olunan yeni yanagmalar qurulan modellords yarana bilon vaziyyatlori tapmaga imkan verir vo sistemlori miiqayiso et-
mok ticiin effektivlik gostoricisi (tosadiifi se¢ilmis ndqtods hissaciyin orta gézlomo miiddsti) daxil edilir. Optimal hars-
kot rejimlori tapilir vo gostorilir ki, determinik sistemlordan forgli olarag bu rejimlor tam forgli xarakter dasiyur.

Agar sozlor: stoxastik modellor, tasadiifi gecikdirma funksiyasi, harakat rejimlori, doymus va garisiq rejimior,
optimal rejim

CTOXACTUYECKUE MOJEJIU IBUKYIHIUXCSI YACTUIL U UX TIPUMEHEHUE
H.A.A0ayanaeBa

IMocTpoeHs! 1 Uccaen0BaHbl CTOXaCTHYECKHE MOJAEIH IBHKYIIHMXCS 4acTHL. BO3HMKArOIME B TaKUX MOJEIAX
CiTyJaiiHbIe TTOMEXH (Ha TPaHCHOPTE PE3KOEe M3MEHEHHE CKOPOCTH, B CHCTEMaX CBSI3H 3aJlep)KKa CBSA3U U Ap.) MPUAAIOT
CTOXaCTUYECKUH XapaKTep 3THM CHCTEMaM, U TpeOyIoTCs pa3paO0TKN HOBBIX METOJIOB M TOAXO/IO0B JUIA HX MCCIIEIOBA-
Hus. [IpennoxkeH HOBBIM MOAXOA AN UCCIEAOBAHMS TAKHX CHUCTEM, MO3BOJSIOMIMN ONMCATh KIACC BOSHHUKAIOUIUX pe-
KMMOB JIBW)KEHHS, U JUI CPABHEHHsI TAKUX PEKUMOB BBEJCH IT0Ka3aTellb 3(PPEKTUBHOCTH (CpeiHee BpeMsl OXKHIaHUs
YacTHUIIBl B CIy4aiiHO BBIOpaHHON Touke. Hali/leHbI onTHMaIbHbIE PEKUMBI IBHKEHUS M MOKAa3aHO, YTO B OTIMYUE OT
JIeTEpPMUHHUPOBAHHBIX CUCTEM OHU UMEIOT IPUHLIUIIHAIBHO Pa3HYIO CTPYKTYpY.

Knrouegwie cnosa: npoyecc soccmanoenenus, QyHKyus 60CCMAHOGIEHUA, NPOYECC BOCCMAHOBICHUA-BO3HASDAIC-
Oenus, mamemamuueckoe odxcudanue, yciogue Kpamepa
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