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In this article, we consider a non-classical queuing system with waiting, in which m con�icting
�ows are managed in a class of cyclic algorithms. Con�icting threads mean that they cannot be
summed up and this does not allow you to reduce the problem to a simpler case with a single thread.
Requirements from di�erent con�icting threads are served at non-overlapping intervals. In addition,
there are additional time intervals � readjustments, due to which the problem of con�icting threads
is resolved. Such systems are adequate models of real-world systems for processing and transmitting
information, technological systems, transport systems, etc.

Unlike most well-known works, the so-called non-local description of the requirements �ow proposed
in [1�6] is used to construct a mathematical model of output �ows. The description of output
streams includes the state of the service device and the values of queues for con�icting streams. Note
that the functioning of the system under consideration for servicing heterogeneous requirements and
managing con�ict �ows in continuous time is a complex non-Markov process. Therefore, studying the
characteristics of the system and the properties of the output streams in continuous time is a di�cult
task. Using the theoretical results of works [7�12], this article substantiates the method of numerical
investigation of the system by simulation methods using computer and information technologies. The
results of studies of the dynamics of output processes for servicing requirements on a simulation model
are interpreted on the problem of managing con�ict heterogeneous tra�c �ows at isolated intersections.

The problem of cyclic management of m con�icting �ows Π1,Π2, . . . ,Πm heterogeneous
requirements during their maintenance by the system is considered. Input streams Πj , j ∈ {1, 2, . . . ,m}
are considered con�icting and independent. Con�icting input streams means that the maintenance
of the streams must occur at non-overlapping intervals. Moreover, the speci�ed intervals should be
separated by time intervals during which the service of any requirements is prohibited. The j stream
requests only go to the Oj drive with an unlimited number of waiting places. In the system without
loss of requests, it is possible to record the outgoing �ow Nj with an unlimited supply of pending
requirements in the Oj storage and with maximum use of the resources of the service device for each
j ∈ {1, 2, . . . ,m}. Flows Π1,Π2, . . . ,Πm are called saturation �ows. The need to introduce saturation
�ows arises primarily in those real queuing systems in which it is clear in advance that the service
durations of di�erent requirements can be determined by the state of the service system and, as a result,
be dependent and have di�erent distribution laws. As an example, the process of crossing the stop line
by vehicles with a green tra�c light allowing it can be cited. If there is a queue, the �rst cars only start
moving and move more slowly than those who arrive at the intersection at the green light interval and
continue driving at maximum speed. The service device has 2m states Γ(1),Γ(2), . . . ,Γ(2m). For a �xed
n ∈ {1, 2, . . . , 2m}, the duration of stay in the state Γ(n) is equal to Tn. For all j ∈ {1, 2, . . . ,m} in
state Γ(2j−1), only the requirements of �ow Πj are served. The maximum possible number of serviced
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requirements of the �ow Πj in the state Γ(2j−1) is determined by the saturation �ow Πj and is equal to lj .
For all j ∈ {1, 2, . . . ,m} in state Γ(2j), the requirements of each of the threads are not served. The service
device changes states cyclically in the following sequence: Γ(1) → Γ(2) → · · · → Γ(2m) → Γ(1), . . . . So,
the service of con�icting threads occurs in non-overlapping time intervals, which are separated by
changeover intervals. An adequate mathematical model of this kind of real problems is the control
systems of service with a variable structure [1].

We consider input streams Π1,Π2, . . . ,Πm to be nonordinary Poisson random processes Gnedenko-
Kovalenko [1]. Then the sequence of calling moments at which the requirements arrive in the system
for each thread Πj is a Poisson process with the parameter λj . Moreover, let's assume that at each of
these moments, one or two applications appear, respectively, with probabilities pj or qj = 1− pj . Let
the random variable ηj(t) for each j ∈ {1, 2, . . . ,m} determine the number of received requests to the
storage Oj along the stream Πj for the time interval [0, t). An important characteristic of the process
of cyclic management of con�icting �ows of requirements is the loading of the service system for each
�ow and its overall loading for all or only some pre-�xed �ows. Unfortunately, determining the load of
managed unconventional queuing systems is always a di�cult task. In classical single-channel systems
with an unlimited queue, Poisson input �ow, and demand service, according to the exponential law,
the probability that there will be at least one demand in the system in stationary mode λµ−1 < 1.
Here, the parameters λ and µ are the intensities of receipt and, respectively, demand service. Let θ(t)
is the total length of those time intervals between zero and the moment t, during which there will be
at least one requirement in the system.

Monitor various real experiments show that with increasing system load typically increases during
Tper the transition process for its entry into the quasi-stationary mode and time computer modeling
to calculate its probability and the numerical characteristics with speci�ed degree of accuracy and
reliability. Because of this, when the choice of algorithm parameters to determine when Tper the end
of the transition process, and the job accuracy and reliability of calculations of probability and its
numerical characteristics substantially overlook the importance of load estimation system. For the
stationary mode of the system at lj 6= 1, it is analytically impossible to obtain observable formulas for
the laws of distribution of queue lengths, service waiting time, and, �nally, for the laws of distribution
of output streams. To obtain estimates of these distributions, some numerical characteristics for the
solution of the optimization problem to the minimum weighted average waiting time and service
requirements in the arbitrary �ow developed a computer simulation videomodel the cyclic control
m �ows.

Key words: con�ict �ow, homogeneous Markov sequence, conditional distribution, Markov
process.
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Â äàííîé ñòàòüå ðàññìàòðèâàåòñÿ íåêëàññè÷åñêàÿ ñèñòåìà ìàññîâîãî îáñëóæèâàíèÿ ñ îæèäà-
íèåì, â êîòîðîé îñóùåñòâëÿåòñÿ óïðàâëåíèå m êîíôëèêòíûìè ïîòîêàìè â êëàññå öèêëè÷åñêèõ
àëãîðèòìîâ. Êîíôëèêòíîñòü ïîòîêîâ îçíà÷àåò, ÷òî èõ íåëüçÿ ñóììèðîâàòü, è ýòî íå ïîçâîëÿåò
ñâåñòè çàäà÷ó ê áîëåå ïðîñòîìó ñëó÷àþ ñ îäíèì ïîòîêîì. Îáñëóæèâàíèå òðåáîâàíèé èç ðàçëè÷-
íûõ êîíôëèêòíûõ ïîòîêîâ ïðîèñõîäèò â íåïåðåñåêàþùèåñÿ ïðîìåæóòêè âðåìåíè. Êðîìå òîãî,
åñòü åùå äîïîëíèòåëüíûå ïðîìåæóòêè âðåìåíè � ïåðåíàëàäêè, çà ñ÷åò êîòîðûõ ðàçðåøàåòñÿ
ïðîáëåìà êîíôëèêòíîñòè ïîòîêîâ. Òàêîãî ðîäà ñèñòåìû ÿâëÿþòñÿ àäåêâàòíûìè ìîäåëÿìè ðå-
àëüíî äåéñòâóþùèõ ñèñòåì ïî ïåðåðàáîòêå è ïåðåäà÷å èíôîðìàöèè, òåõíîëîãè÷åñêèõ ñèñòåì,
òðàíñïîðòíûõ ñèñòåì è ò. ä.
Â îòëè÷èå îò áîëüøèíñòâà èçâåñòíûõ òðóäîâ, äëÿ ïîñòðîåíèÿ ìàòåìàòè÷åñêîé ìîäåëè âûõîä-
íûõ ïîòîêîâ â ðàáîòå èñïîëüçóåòñÿ òàê íàçûâàåìîå íåëîêàëüíîå îïèñàíèå ïîòîêà òðåáîâàíèé. Â
îïèñàíèå âûõîäíûõ ïîòîêîâ âêëþ÷åíû ñîñòîÿíèå îáñëóæèâàþùåãî óñòðîéñòâà è âåëè÷èíû î÷å-
ðåäåé ïî êîíôëèêòíûì ïîòîêàì. Çàìåòèì, ÷òî ôóíêöèîíèðîâàíèå ðàññìàòðèâàåìîé ñèñòåìû
îáñëóæèâàíèÿ íåîäíîðîäíûõ òðåáîâàíèé è óïðàâëåíèÿ êîíôëèêòíûìè ïîòîêàìè â íåïðåðûâ-
íîì âðåìåíè ÿâëÿåòñÿ ñëîæíûì íåìàðêîâñêèì ïðîöåññîì. Ïîýòîìó èçó÷åíèå õàðàêòåðèñòèê
ñèñòåìû è ñâîéñòâ âûõîäíûõ ïîòîêîâ â íåïðåðûâíîì âðåìåíè ÿâëÿåòñÿ òðóäíîðàçðåøèìîé
çàäà÷åé. Â ýòîé ñòàòüå îáîñíîâûâàåòñÿ ìåòîäèêà ÷èñëåííîãî èññëåäîâàíèÿ ñèñòåìû ìåòîäàìè
èìèòàöèîííîãî ìîäåëèðîâàíèÿ ñ èñïîëüçîâàíèåì êîìïüþòåðíûõ è èíôîðìàöèîííûõ òåõíî-
ëîãèé. Ðåçóëüòàòû èññëåäîâàíèé äèíàìèêè âûõîäíûõ ïðîöåññîâ îáñëóæèâàíèÿ òðåáîâàíèé íà
èìèòàöèîííîé ìîäåëè ïðîèíòåðïðåòèðîâàíû íà çàäà÷å óïðàâëåíèÿ êîíôëèêòíûìè íåîäíîðîä-
íûìè òðàíñïîðòíûìè ïîòîêàìè íà èçîëèðîâàííûõ ïåðåêðåñòêàõ.

Êëþ÷åâûå ñëîâà: êîíôëèêòíûé ïîòîê, îäíîðîäíàÿ ìàðêîâñêàÿ ïîñëåäîâàòåëüíîñòü,
óñëîâíîå ðàñïðåäåëåíèå, ìàðêîâñêèé ïðîöåññ.

Ââåäåíèå. Â îòëè÷èå îò áîëüøèíñòâà èçâåñòíûõ òðóäîâ, äëÿ ïîñòðîåíèÿ ìàòåìàòè÷å-
ñêîé ìîäåëè âûõîäíûõ ïîòîêîâ â ðàáîòå èñïîëüçóåòñÿ òàê íàçûâàåìîå íåëîêàëüíîå îïèñà-
íèå ïîòîêà òðåáîâàíèé, ïðåäëîæåííîå â [1�6].

Â îïèñàíèå âûõîäíûõ ïîòîêîâ âêëþ÷åíû ñîñòîÿíèå îáñëóæèâàþùåãî óñòðîéñòâà è âå-
ëè÷èíû î÷åðåäåé ïî êîíôëèêòíûì ïîòîêàì. Çàìåòèì, ÷òî ôóíêöèîíèðîâàíèå ðàññìàòðè-
âàåìîé ñèñòåìû îáñëóæèâàíèÿ íåîäíîðîäíûõ òðåáîâàíèé è óïðàâëåíèÿ êîíôëèêòíûìè
ïîòîêàìè â íåïðåðûâíîì âðåìåíè ÿâëÿåòñÿ ñëîæíûì íåìàðêîâñêèì ïðîöåññîì. Ïîýòîìó
èçó÷åíèå õàðàêòåðèñòèê ñèñòåìû è ñâîéñòâ âûõîäíûõ ïîòîêîâ â íåïðåðûâíîì âðåìåíè
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ÿâëÿåòñÿ òðóäíîðàçðåøèìîé çàäà÷åé. Èñïîëüçóÿ òåîðåòè÷åñêèå ðåçóëüòàòû ðàáîò [7�12],
â ýòîé ñòàòüå îáîñíîâûâàåòñÿ ìåòîäèêà ÷èñëåííîãî èññëåäîâàíèÿ ñèñòåìû ìåòîäàìè èìè-
òàöèîííîãî ìîäåëèðîâàíèÿ ñ èñïîëüçîâàíèåì êîìïüþòåðíûõ è èíôîðìàöèîííûõ òåõíî-
ëîãèé. Ðåçóëüòàòû èññëåäîâàíèé äèíàìèêè âûõîäíûõ ïðîöåññîâ îáñëóæèâàíèÿ òðåáîâà-
íèé íà èìèòàöèîííîé ìîäåëè ïðîèíòåðïðåòèðîâàíû íà çàäà÷å óïðàâëåíèÿ êîíôëèêòíûìè
íåîäíîðîäíûìè òðàíñïîðòíûìè ïîòîêàìè íà èçîëèðîâàííûõ ïåðåêðåñòêàõ.

1. Ïîñòàíîâêà çàäà÷è íà ñîäåðæàòåëüíîì óðîâíå. Ðàññìàòðèâàåòñÿ çàäà÷à öèê-
ëè÷åñêîãî óïðàâëåíèÿ m êîíôëèêòíûìè ïîòîêàìè Π1, Π2, . . . , Πm íåîäíîðîäíûõ òðåáî-
âàíèé ïðè èõ îáñëóæèâàíèè ñèñòåìîé. Âõîäíûå ïîòîêè Πj, j ∈ {1, 2, . . . ,m} ñ÷èòàþòñÿ
êîíôëèêòíûìè è íåçàâèñèìûìè. Êîíôëèêòíîñòü âõîäíûõ ïîòîêîâ îçíà÷àåò, ÷òî îáñëó-
æèâàíèå ïîòîêîâ äîëæíî ïðîèñõîäèòü â íåïåðåñåêàþùèåñÿ ïðîìåæóòêè âðåìåíè. Áîëåå
òîãî, óêàçàííûå ïðîìåæóòêè äîëæíû áûòü ðàçäåëåíû ïðîìåæóòêàìè âðåìåíè, â êîòî-
ðûå çàïðåùàåòñÿ îáñëóæèâàíèå êàêèõ-ëèáî òðåáîâàíèé. Òðåáîâàíèÿ ïîòîêà Πj ïîñòóïàþò
òîëüêî â íàêîïèòåëü Oj c íåîãðàíè÷åííûì ÷èñëîì ìåñò äëÿ îæèäàíèÿ. Â ñèñòåìå áåç ïî-
òåðü çàÿâîê èìååòñÿ âîçìîæíîñòü ôèêñèðîâàòü âûõîäÿùèé ïîòîê Πj ïðè íåîãðàíè÷åííîì
çàïàñå îæèäàþùèõ òðåáîâàíèé â íàêîïèòåëå Oj è ïðè ìàêñèìàëüíîì èñïîëüçîâàíèè ðå-
ñóðñîâ îáñëóæèâàþùåãî óñòðîéñòâà ïðè êàæäîì j ∈ {1, 2, . . . ,m}. Ïîòîêè Π1, Π2, . . . ,
Πm íàçûâàþòñÿ ïîòîêàìè íàñûùåíèÿ. Íåîáõîäèìîñòü ââåäåíèÿ ïîòîêîâ íàñûùåíèÿ âîç-
íèêàåò â ïåðâóþ î÷åðåäü â òåõ ðåàëüíûõ ñèñòåìàõ ìàññîâîãî îáñëóæèâàíèÿ, â êîòîðûõ
çàðàíåå ïîíÿòíî, ÷òî äëèòåëüíîñòè îáñëóæèâàíèé ðàçëè÷íûõ òðåáîâàíèé ìîãóò îïðåäå-
ëÿòüñÿ ñîñòîÿíèåì ñèñòåìû îáñëóæèâàíèÿ è, êàê ñëåäñòâèå, áûòü çàâèñèìûìè è èìåòü ðàç-
íûå îòëè÷àþùèåñÿ çàêîíû ðàñïðåäåëåíèÿ. Â êà÷åñòâå ïðèìåðà ìîæíî ïðèâåñòè ïðîöåññ
ïåðåñå÷åíèÿ òðàíñïîðòíûìè ñðåäñòâàìè ñòîï-ëèíèè ïðè ðàçðåøàþùåì çåëåíîì ñèãíàëå
ñâåòîôîðà. Ïðè íàëè÷èè î÷åðåäè ïåðâûå ìàøèíû òîëüêî òðîãàþòñÿ ñ ìåñòà è ñîâåðøàþò
ïåðååçä ìåäëåííåå, ÷åì òå, êòî ïðèåçæàåò ê ïåðåêðåñòêó íà ïðîìåæóòêå çåëåíîãî ñâåòà è
ïðîäîëæàåò äâèæåíèå íà ìàêñèìàëüíîé ñêîðîñòè. Îáñëóæèâàþùåå óñòðîéñòâî èìååò 2m
ñîñòîÿíèé Γ(1), Γ(2), . . . , Γ(2m). Ïðè ôèêñèðîâàííîì n ∈ {1, 2, . . . , 2m} äëèòåëüíîñòü ïðå-
áûâàíèÿ â ñîñòîÿíèè Γ(n) ðàâíà Tn. Äëÿ âñåõ j ∈ {1, 2, . . . ,m} â ñîñòîÿíèè Γ(2j−1) îáñëó-
æèâàþòñÿ òîëüêî òðåáîâàíèÿ ïîòîêà Γ(2j−1). Ìàêñèìàëüíî âîçìîæíîå ÷èñëî îáñëóæåííûõ
òðåáîâàíèé ïîòîêà Πj â ñîñòîÿíèè Γ(2j−1) îïðåäåëÿåòñÿ ïîòîêîì íàñûùåíèÿ Πj è ðàâíî lj.
Äëÿ âñåõ j ∈ {1, 2, . . . ,m} â ñîñòîÿíèè Γ(2j) òðåáîâàíèÿ êàæäîãî èç ïîòîêîâ íå îáñëóæè-
âàþòñÿ. Îáñëóæèâàþùåå óñòðîéñòâî èçìåíÿåò ñîñòîÿíèÿ öèêëè÷åñêè â ñëåäóþùåé ïîñëå-
äîâàòåëüíîñòè: Γ(1) → Γ(2) → . . .→ Γ(2m) → Γ(1) → . . . Èòàê, îáñëóæèâàíèå êîíôëèêòíûõ
ïîòîêîâ ïðîèñõîäèò â íåïåðåñåêàþùèåñÿ ïðîìåæóòêè âðåìåíè, êîòîðûå ðàçäåëåíû èíòåð-
âàëàìè ïåðåíàëàäîê. Àäåêâàòíîé ìàòåìàòè÷åñêîé ìîäåëüþ òàêîãî ðîäà ðåàëüíûõ çàäà÷
ÿâëÿþòñÿ óïðàâëÿþùèå ñèñòåìû îáñëóæèâàíèÿ ñ ïåðåìåííîé ñòðóêòóðîé [1].

2. ×èñëåííîå èññëåäîâàíèå âûõîäíûõ ïðîöåññîâ. Âõîäíûå ïîòîêè Π1, Π2, . . . , Πm

ñ÷èòàåì íåîðäèíàðíûìè ïóàññîíîâñêèìè ñëó÷àéíûìè ïðîöåññàìè Ãíåäåíêî-Êîâàëåíêî [1].
Òîãäà ïîñëåäîâàòåëüíîñòü âûçûâàþùèõ ìîìåíòîâ, â êîòîðûå òðåáîâàíèÿ ïîñòóïàþò â ñè-
ñòåìó ïî êàæäîìó ïîòîêó Πj, ïðåäñòàâëÿåò ñîáîé ïóàññîíîâñêèé ïðîöåññ ñ ïàðàìåòðîì λj.
Áîëåå òîãî, äîïóñòèì, ÷òî â êàæäûé èç ýòèõ ìîìåíòîâ ïîÿâëÿþòñÿ îäíà èëè äâå çàÿâêè
ñîîòâåòñòâåííî ñ âåðîÿòíîñòÿìè pj èëè qj = 1˘pj. Ïóñòü ñëó÷àéíàÿ âåëè÷èíà ηj(t) ïðè
êàæäîì j ∈ {1, 2, . . . ,m} îïðåäåëÿåò ÷èñëî ïîñòóïèâøèõ òðåáîâàíèé â íàêîïèòåëü Oj ïî
ïîòîêó Πj çà ïðîìåæóòîê âðåìåíè [0, t). Âàæíîé õàðàêòåðèñòèêîé ïðîöåññà öèêëè÷åñêîãî
óïðàâëåíèÿ êîíôëèêòíûìè ïîòîêàìè òðåáîâàíèé ÿâëÿåòñÿ çàãðóçêà ñèñòåìû îáñëóæèâà-
íèÿ ïî êàæäîìó ïîòîêó è åå îáùàÿ çàãðóçêà ïî âñåì èëè òîëüêî ïî íåêîòîðûì çàðàíåå
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ôèêñèðîâàííûì ïîòîêàì. Ê ñîæàëåíèþ, îïðåäåëåíèå çàãðóçêè óïðàâëÿåìûõ íåòðàäèöèîí-
íûõ ñèñòåì ìàññîâîãî îáñëóæèâàíèÿ âñåãäà ïðåäñòàâëÿåò ñîáîé òðóäíóþ çàäà÷ó. Â êëàñ-
ñè÷åñêèõ îäíîêàíàëüíûõ ñèñòåìàõ ñ íåîãðàíè÷åííîé î÷åðåäüþ, ïóàññîíîâñêèì âõîäíûì
ïîòîêîì è îáñëóæèâàíèåì òðåáîâàíèé ïî ïîêàçàòåëüíîìó çàêîíó âåðîÿòíîñòü òîãî, ÷òî â
ñòàöèîíàðíîì ðåæèìå â ñèñòåìå áóäåò íå ìåíåå îäíîãî òðåáîâàíèÿ, ðàâíà λµ−1 < 1. Çäåñü
ïàðàìåòðû λ è µ ÿâëÿþòñÿ èíòåíñèâíîñòÿìè ïîñòóïëåíèÿ è, ñîîòâåòñòâåííî, îáñëóæèâà-
íèÿ òðåáîâàíèé. Ïóñòü θ(t) åñòü ñóììàðíàÿ äëèíà òåõ ïðîìåæóòêîâ âðåìåíè ìåæäó íóëåì
è ìîìåíòîì t, â òå÷åíèå êîòîðûõ â ñèñòåìå áóäåò íå ìåíåå îäíîãî òðåáîâàíèÿ. Õîðîøî
èçâåñòíî, ÷òî äëÿ ëþáîãî ε > 0 èìååò ìåñòî ïðåäåëüíîå ðàâåíñòâî

lim
t→∞

P(|t−1θ(t)− λµ−1| < ε) = 1.

Ñëó÷àéíàÿ âåëè÷èíà âèäà t−1θ(t) îïðåäåëÿåò ñðåäíåå îòíîñèòåëüíîå âðåìÿ çàíÿòîñòè
ñèñòåìû íà ïðîìåæóòêå [0, t) è ïðèáëèæåííî ïðè äîñòàòî÷íî áîëüøèõ çíà÷åíèÿõ t ñîâïà-
äàåò ñ âåëè÷èíîé λµ−1 â ñìûñëå ñõîäèìîñòè ïî âåðîÿòíîñòè. Ïîýòîìó ïîñòîÿííóþ λµ−1

åñòåñòâåííî íàçûâàþò çàãðóçêîé èëè ìåðîé çàíÿòîñòè ñèñòåìû.
Áóäåì òåïåðü äëÿ çàäà÷è îá óïðàâëåíèè êîíôëèêòíûìè ïîòîêàìè òðåáîâàíèé â êëàññå

öèêëè÷åñêèõ àëãîðèòìîâ ðàññóæäàòü àíàëîãè÷íûì ñïîñîáîì. Òîãäà âåðîÿòíîñòü ρj òîãî,
÷òî â ñòàöèîíàðíîì ðåæèìå â ñèñòåìå îáñëóæèâàíèÿ ïî ïîòîêó Πj áóäåò íå ìåíåå îäíîé
çàÿâêè, ìîæíî íàçâàòü çàãðóçêîé ñèñòåìû ïî ýòîìó ïîòîêó. Ïóñòü ìû õîòèì îïðåäåëèòü
îáùóþ çàãðóçêó ρ1,2 ñèñòåìû, íàïðèìåð, ïî äâóì ïîòîêàì Π1 è Π2. Òîãäà, â ñèëó íåçàâè-
ñèìîñòè âõîäíûõ ïîòîêîâ, ïîòîêîâ íàñûùåíèÿ è öèêëè÷åñêîãî ïåðåêëþ÷åíèÿ ñîñòîÿíèé
îáñëóæèâàþùåãî óñòðîéñòâà, óäàåòñÿ ïîëó÷èòü [3], ÷òî âåðîÿòíîñòü íàëè÷èÿ íå ìåíåå îä-
íîé ìàøèíû õîòÿ áû â îäíîì èç ïîòîêîâ Π1 è Π2 ðàâíà ρ1 + ρ2 − ρ1ρ2. Ïîýòîìó ìîæíî
ñ÷èòàòü, ÷òî ïî ïîòîêàì Π1 è Π2 îáùàÿ çàãðóçêà ρ1,2 = ρ1 + ρ2 − ρ1ρ2. Ê ñîæàëåíèþ,
äëÿ ïðîöåññà óïðàâëåíèÿ êîíôëèêòíûìè òðàíñïîðòíûìè ïîòîêàìè ïðè lj 6= 1 íå óäàåòñÿ
îïðåäåëèòü ïðîñòóþ ôîðìóëó äëÿ âåðîÿòíîñòè ρj. Òîëüêî ïðè lj = 1 â ðàáîòå [3] áûëî
ïîëó÷åíî, ÷òî äëÿ ñòàöèîíàðíîãî ðåæèìà âåðîÿòíîñòü íàëè÷èÿ íà ïåðåêðåñòêå ïî ïîòîêó
Πj íå ìåíåå îäíîãî òðåáîâàíèÿ ðàâíà

ρj = 1− eλjT

2m
(1 + e−λjT2j + e−λj(T2j+T2j+1) + . . .+ e−λj(T−T2j−1))(1− λj(1 + qj)),

ãäå T = T1 + T2 + . . . + T2m. Äàæå ýòà ôîðìóëà ÿâëÿåòñÿ ñëîæíîé äëÿ âû÷èñëåíèé áåç
êîìïüþòåðà. Ïîýòîìó âîçíèêàåò íåïðîñòàÿ çàäà÷à îïðåäåëåíèÿ îöåíêè ρ̃j äëÿ çàãðóçêè ρj
ïî ïîòîêó Πj ïðè lj 6= 1.

Åñëè íåîáõîäèìûå è äîñòàòî÷íûå óñëîâèÿ ñóùåñòâîâàíèÿ ñòàöèîíàðíîãî ðåæèìà â
óïðàâëÿåìîé ñèñòåìå ìàññîâîãî îáñëóæèâàíèÿ ñîâïàäàþò è ïðîñòûì îáðàçîì çàâèñÿò îò
èíòåíñèâíîñòåé ïîñòóïëåíèÿ è îáñëóæèâàíèÿ òðåáîâàíèé, òî ýòè óñëîâèÿ, êàê ïðàâèëî,
ÿâëÿþòñÿ îñíîâîé îïðåäåëåíèÿ çàãðóçêè èëè, â êðàéíåì ñëó÷àå, îöåíêè äëÿ çàãðóçêè.
Òàê íåîáõîäèìûå è äîñòàòî÷íûå óñëîâèÿ ñóùåñòâîâàíèÿ ñòàöèîíàðíîãî ðåæèìà â ñèñòåìå
ïî ïîòîêó j, ñîãëàñíî ðåçóëüòàòàì ðàáîòû [3], ìîæíî çàïèñàòü â âèäå λjT (1 + qj)/lj < 1
èëè â ýêâèâàëåíòíîì ôîðìå λjT (1 + qj)/[µjT2j−1] < 1. Çäåñü ïàðàìåòð µ−1

j îïðåäåëÿåò

ñðåäíåå âðåìÿ îáñëóæèâàíèÿ òðåáîâàíèÿ ïîòîêà Πj è lj = [µjT2j−1]. Îòñþäà ñëåäóåò,
÷òî â êà÷åñòâå îöåíêè ρ̃j ìîæíî ïðåäëîæèòü ôîðìóëó âèäà: ρ̃j = ρ̃j(λj,qj,µj,T,T2j−1) =
λjT (1 + qj)/[µjT2j−1]. Áóäåì ñ÷èòàòü âûáðàííóþ îöåíêó ρ̃j ïðèåìëåìîé èëè ïîäõîäÿùåé,
åñëè îíà óäîâëåòâîðÿåò ñëåäóþùèì åñòåñòâåííûì òðåáîâàíèÿì: 1) äëÿ îöåíêè ρ̃j âûïîë-
íÿåòñÿ íåðàâåíñòâî 0 < ρ̃j < 1; 2) ïðè çàäàííûõ ïàðàìåòðàõ T è T2j−1 çíà÷åíèå îöåíêè
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ρ̃j(λj, qj, µj, T, T2j−1) íå óáûâàåò ñ ðîñòîì êàæäîãî èç ïàðàìåòðîâ λj, qj è íå âîçðàñòàåò ñ
ðîñòîì êàæäîãî èç ïàðàìåòðîâ µj, T2j−1; 3) åñëè ïðè íåêîòîðûõ èçìåíåíèÿõ íàáîðà ïà-
ðàìåòðîâ λj, qj, µj, T è T2j−1 çíà÷åíèå λjT (1 + qj) − [µjT2j−1] ïðèáëèæàåòñÿ ê íóëþ, òî
çíà÷åíèå îöåíêè ρ̃j äîëæíî ñòðåìèòüñÿ ê åäèíèöå. Ëåãêî ïðîâåðèòü, ÷òî ïðåäëàãàåìàÿ
îöåíêà ρ̃j ïðè λjT (1 + qj) < [µjT2j−1] ÿâëÿåòñÿ ïîäõîäÿùåé. Â äàëüíåéøåì, ðàäè ïðî-
ñòîòû, îöåíêó ρ̃j áóäåì íàçûâàòü êâàçèçàãðóçêîé ïî ïîòîêó Πj. Òåïåðü ìîæíî ïðèâåñòè
ñëåäóþùóþ ïîäõîäÿùóþ îöåíêó

ρ̃1,2(λ1, q1, µ1, λ2, q2, µ2, T, T1, T3) = ρ̃1 + ρ̃2 − ρ̃1ρ̃2

äëÿ çàãðóçêè ρ1,2 = ρ1 + ρ2 − ρ1ρ2 ñèñòåìû ïî äâóì ïîòîêàì Π1 è Π2.
Íàáëþäåíèÿ çà ðàçëè÷íûìè ðåàëüíûìè ýêñïåðèìåíòàìè ïîêàçûâàþò, ÷òî ñ óâåëè÷å-

íèåì çàãðóçêè ñèñòåìû, êàê ïðàâèëî, óâåëè÷èâàåòñÿ âðåìÿ Ttrans ïåðåõîäíîãî ïðîöåññà
ñèñòåìû äëÿ åå âõîæäåíèÿ â êâàçèñòàöèîíàðíûé ðåæèì è âðåìÿ êîìïüþòåðíîãî ìîäåëè-
ðîâàíèÿ äëÿ âû÷èñëåíèÿ åå âåðîÿòíîñòíûõ è ÷èñëîâûõ õàðàêòåðèñòèê ñ çàäàííîé ñòåïåíüþ
òî÷íîñòè è íàäåæíîñòè. Â ñèëó ýòîãî ïðè âûáîðå êàê ïàðàìåòðîâ àëãîðèòìà îïðåäåëåíèÿ
ìîìåíòà Ttrans îêîí÷àíèÿ ïåðåõîäíîãî ïðîöåññà ñèñòåìû, òàê è ïðè çàäàíèè òî÷íîñòè è
íàäåæíîñòè äëÿ âû÷èñëåíèé åå âåðîÿòíîñòíûõ è ÷èñëîâûõ õàðàêòåðèñòèê ñóùåñòâåííî
ó÷èòûâàåòñÿ çíà÷åíèå îöåíêè çàãðóçêè ñèñòåìû. Äëÿ ñòàöèîíàðíîãî ðåæèìà ñèñòåìû ïðè
lj 6= 1 àíàëèòè÷åñêè íå óäàåòñÿ ïîëó÷èòü îáîçðèìûå ôîðìóëû äëÿ çàêîíîâ ðàñïðåäåëåíèÿ
äëèí î÷åðåäåé, âðåìåíè îæèäàíèÿ îáñëóæèâàíèÿ è, íàêîíåö, äëÿ çàêîíîâ ðàñïðåäåëåíèÿ
âûõîäíûõ ïîòîêîâ. Äëÿ ïîëó÷åíèÿ îöåíîê óêàçàííûõ çàêîíîâ ðàñïðåäåëåíèÿ, íåêîòîðûõ
èõ ÷èñëîâûõ õàðàêòåðèñòèê è äëÿ ðåøåíèÿ çàäà÷è îïòèìèçàöèè ïî óñëîâèþ ìèíèìóìà
ñðåäíåãî âçâåøåííîãî âðåìåíè îæèäàíèÿ íà÷àëà îáñëóæèâàíèÿ òðåáîâàíèÿ â ñèñòåìå ïðî-
èçâîëüíîãî ïîòîêà áûëà ðàçðàáîòàíà êîìïüþòåðíàÿ èìèòàöèîííàÿ âèäåîìîäåëü ïðîöåññà
öèêëè÷åñêîãî óïðàâëåíèÿ m ïîòîêàìè.

Ïóñòü ñèìâîë v = 1, 2, . . . çàäàåò ïîðÿäêîâûé íîìåð òðåáîâàíèÿ ïðè åãî ïîñòóïëåíèè
â íàêîïèòåëü Oj ñèñòåìû îáñëóæèâàíèÿ. Îáîçíà÷èì ÷åðåç γ0

j,v âðåìÿ (â ñåêóíäàõ) îæè-

äàíèÿ íà÷àëà îáñëóæèâàíèÿ v-îé çàÿâêè ïîòîêà Πj â ñèñòåìå ñ íóëåâûìè íà÷àëüíûìè
î÷åðåäÿìè è ÷åðåç γ+

j,v âðåìÿ (â ñåêóíäàõ) îæèäàíèÿ íà÷àëà îáñëóæèâàíèÿ v-îé çàÿâêè

ïîòîêà Πj â ñèñòåìå ñ çàäàííûìè íåíóëåâûìè íà÷àëüíûìè î÷åðåäÿìè. Íà ïåðâîì ýòàïå
èìèòàöèîííîãî ìîäåëèðîâàíèÿ ïðîèñõîäèò âû÷èñëåíèå âðåìåíè Ttrans (â ñåêóíäàõ) ïåðå-
õîäíîãî ïðîöåññà èëè ìîìåíòà äîñòèæåíèÿ ñèñòåìîé êâàçèñòàöèîíàðíîãî ðåæèìà. Äëÿ
ýòîãî ïî êàæäîìó ïîòîêó Πj ïîñëåäîâàòåëüíî ïî v = 1, 2, . . . ïðîèñõîäèëî âû÷èñëåíèå
ñðåäíèõ àðèôìåòè÷åñêèõ

M̃(γ0
j,v) = v−1(γ0

j,1 + γ0
j,2 + . . .+ γ0

j,v), v = 1, 2, . . . ,

íàáëþäàåìûõ âðåìåí îæèäàíèÿ â ñèñòåìå ñ íóëåâûìè íà÷àëüíûìè î÷åðåäÿìè è âû÷èñëå-
íèå ñðåäíèõ àðèôìåòè÷åñêèõ

M̃(γ+
j,v) = v−1(γ+

j,1 + γ+
j,2 + . . .+ γ+

j,v), v = 1, 2, . . . ,

íàáëþäàåìûõ âðåìåí îæèäàíèÿ â ñèñòåìå ñ çàäàííîé âåëè÷èíîé xj,0 > 0 íà÷àëüíîé î÷å-
ðåäè. Íàñòóïëåíèå ìîìåíòà Ttrans êâàçèñòàöèîíàðíîãî ðåæèìà èëè îêîí÷àíèÿ âðåìåíè
êâàçèïåðåõîäíîãî ïðîöåññà â ñèñòåìå ñ÷èòàëîñü òîãäà, êîãäà ïåðâûé ðàç ïðîèñõîäèëî k
êðàòíîå ïî v âûïîëíåíèå óñëîâèÿ âèäà
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|(M̃(γ0
j,v)− M̃(γ+

j,v))/M̃(γ0
j,v)| < δ

ñðàçó äëÿ âñåõ j = 1, 2, . . . ,m. Çäåñü íàòóðàëüíîå ÷èñëî k è 0 < δ < 1 ÿâëÿþòñÿ çàäàí-
íûìè ïàðàìåòðàìè àëãîðèòìà îïðåäåëåíèÿ îöåíêè âðåìåíè T̃trans ïåðåõîäíîãî ïðîöåññà.
Íà âòîðîì ýòàïå ïðîäîëæàëîñü èìèòàöèîííîå ìîäåëèðîâàíèå òîëüêî ñèñòåìû ñ íóëåâûìè
íà÷àëüíûìè î÷åðåäÿìè ñ öåëüþ âû÷èñëåíèÿ ïî êàæäîìó èç m ïîòîêîâ îöåíîê ñ çàäàííîé
òî÷íîñòüþ ε äëÿ îñíîâíûõ õàðàêòåðèñòèê ñèñòåìû â êâàçèñòàöèîíàðíîì ðåæèìå. Ïðè ýòîì
çíà÷åíèå òî÷íîñòè ε êîíêðåòíîé îöåíêè áûëî ðàâíî ïðîèçâåäåíèþ íåêîòîðîé êîíñòàíòû ∆
íà çíà÷åíèå ýòîé îöåíêè. Íà èìèòàöèîííîé ìîäåëè äëÿ ïîòîêà Πj â êâàçèñòàöèîíàðíîì ðå-
æèìå ñ çàäàííîé íàäåæíîñòüþ β è çàäàííîé òî÷íîñòüþ ε âû÷èñëÿëèñü ñëåäóþùèå îöåíêè:
1) îöåíêè M̃(γj) è D̃(γj) äëÿ ìàòåìàòè÷åñêîãî îæèäàíèÿ è, ñîîòâåòñòâåííî, äëÿ äèñïåð-
ñèè âðåìåíè γj îæèäàíèÿ íà÷àëà îáñëóæèâàíèÿ ïðîèçâîëüíîé çàÿâêè Πj; 2) îöåíêà âèäà

M̃(γ) = (
∑m

j=1 λj(1 + qj))
−1

∑m
j=1 λj(1 + qj)M̃(γj) äëÿ ìàòåìàòè÷åñêîãî îæèäàíèÿ ñðåäíå-

ãî âçâåøåííîãî âðåìåíè γ îæèäàíèÿ íà÷àëà îáñëóæèâàíèÿ çàÿâêè ïðîèçâîëüíîãî ïîòîêà;
3) îöåíêè M̃(æj) è D̃(æj) äëÿ ìàòåìàòè÷åñêîãî îæèäàíèÿ è, ñîîòâåòñòâåííî, äèñïåðñèè
ñëó÷àéíîé äëèíû æj î÷åðåäè ìàøèí ïîòîêà Πj â ïðîèçâîëüíûé ìîìåíò âêëþ÷åíèÿ îáñëó-

æèâàþùèì óñòðîéñòâîì ñîñòîÿíèÿ Γ(2j˘1); 4) îöåíêè M̃(ξ′j) è D̃(ξ′j) äëÿ ìàòåìàòè÷åñêîãî

îæèäàíèÿ è, ñîîòâåòñòâåííî, äèñïåðñèè ñëó÷àéíîãî ÷èñëà ξ′j òðåáîâàíèé ïîòîêà Πj, ïîêè-
äàþùèõ íàêîïèòåëü Oj çà ïðîìåæóòîê T2j−1; 5) çíà÷åíèå ρ̃j îöåíêè êâàçèçàãðóçêè ñèñòåìû
ïî êàæäîìó ïîòîêó Πj è çíà÷åíèå ρ̃1,2 îöåíêè äëÿ îáùåé çàãðóçêè ñèñòåìû, íàïðèìåð, ïî
ïîòîêàì Π1 è Π2; 6) îöåíêà çàêîíà ðàñïðåäåëåíèÿ è âèä ãèñòîãðàììû îòíîñèòåëüíûõ ÷à-
ñòîò äëÿ âåëè÷èíû ξ′j. Â êà÷åñòâå èëëþñòðàöèè ýôôåêòèâíîñòè ñîâìåñòíîãî ïðèìåíåíèÿ
àíàëèòè÷åñêèõ ìåòîäîâ è ìåòîäà èìèòàöèîííîãî ìîäåëèðîâàíèÿ ïðèâåäåì ðåøåíèå ñëåäó-
þùèõ êîíêðåòíûõ çàäà÷. Ïåðâàÿ çàäà÷à çàêëþ÷àåòñÿ â êà÷åñòâåííî-÷èñëåííîì èññëåäîâà-
íèè ïðîöåññà öèêëè÷åñêîãî óïðàâëåíèÿ òîëüêî äâóìÿ íàèáîëåå èíòåíñèâíûìè òðàíñïîðò-
íûìè ïîòîêàìè Π1 è Π2 íà ïåðåêðåñòêå. Ïîýòîìó ñâåòîôîð (îáñëóæèâàþùåå óñòðîéñòâî)
èìååò ÷åòûðå ôàçû èëè ñîñòîÿíèÿ Γ(1), Γ(2), Γ(3) and Γ(4). Âòîðàÿ çàäà÷à � ýòî îïðåäåëåíèå
êâàçèîïòèìàëüíîé äëèòåëüíîñòè T ∗1 çåëåíîé ôàçû (ñîñòîÿíèÿ) Γ(1) äëÿ ïîòîêà Π1 è êâà-
çèîïòèìàëüíîé äëèòåëüíîñòè T ∗3 çåëåíîé ôàçû (ñîñòîÿíèÿ) Γ(3) äëÿ ïîòîêà Π2 ïî óñëîâèþ

ìèíèìóìà äëÿ îöåíêè M̃(γ) ìàòåìàòè÷åñêîãî îæèäàíèÿ ñðåäíåãî âçâåøåííîãî âðåìåíè
îæèäàíèÿ íà÷àëà îáñëóæèâàíèÿ ìàøèíû ïðîèçâîëüíîãî òðàíñïîðòíîãî ïîòîêà.

Ïðîãðàììíàÿ ðåàëèçàöèÿ èìèòàöèîííîé ìîäåëè íà êîìïüþòåðå âûïîëíåíà ñðåäñòâà-
ìè ðàçðàáîòîê Embarcadero Delphi 10.4.1 íà ÿçûêå Object Pascal. Èìèòàöèîííàÿ ìîäåëü
ìîæåò ðàáîòàòü êàê â ðåæèìå, êîãäà òðåáîâàíèÿ ïîêèäàþò ñèñòåìó ãðóïïàìè, òàê è â
ðåæèìå, êîãäà çàÿâêè îáñëóæèâàþòñÿ ïîñëåäîâàòåëüíî ïî îäíîé ïî ìåðå èõ ïîñòóïëåíèÿ.
Êîìïüþòåðíàÿ èìèòàöèîííàÿ ìîäåëü ïîçâîëÿåò íå òîëüêî â ðåæèìå ñ÷åòà âû÷èñëèòü îñ-
íîâíûå õàðàêòåðèñòèêè ðàáîòû ïåðåêðåñòêà ñ çàäàííîé ñòåïåíüþ òî÷íîñòè è íàäåæíîñòè è
íà ýòîé îñíîâå íàéòè êâàçèîïòèìàëüíîå óïðàâëåíèå ïîòîêàìè, íî òàêæå ïîçâîëÿåò íàáëþ-
äàòü â âèäåîðåæèìå âåñü ïðîöåññ îáñëóæèâàíèÿ òðåáîâàíèé è óïðàâëåíèå êîíôëèêòíûìè
ïîòîêàìè íà ïðèìåðå äâèæåíèÿ àâòîìîáèëåé íà ïåðåêðåñòêå.

Ðàññìîòðèì ïðèìåð ðåàëüíîãî ïåðåêðåñòêà, äëÿ êîòîðîãî λ1 = 0,16 ìàøèí/ñ, q1 = 0,3,
µ1 = 1 ìàøèí/ñ, λ2 = 0,22 ìàøèí/ñ, q2 = 0,4, µ2 = 1 ìàøèí/ñ, T2 = T4 = 4 ñ. Èñïîëüçóÿ
èìèòàöèîííóþ ìîäåëü ïðè k = 2, δ = 0,1, β = 0,9, ∆ = 0,02 è ìîäèôèöèðîâàííûé ìåòîä
ïîêîîðäèíàòíîãî ñïóñêà, áûëè îïðåäåëåíû êâàçèîïòèìàëüíûå çíà÷åíèÿ T ∗1 = 10 ñ è T ∗3 =
15 ñ. äëèòåëüíîñòåé çåëåíûõ ôàç ñâåòîôîðà äëÿ ïîòîêà Π1 è ñîîòâåòñòâåííî äëÿ ïîòîêà
Π2. Çíà÷åíèÿ T ∗1 è T ∗3 îáåñïå÷èâàþò êâàçèçàãðóçêó ρ1,2 = 0,8989 è çíà÷åíèå âåëè÷èíû
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Òàáëèöà 1
Çíà÷åíèÿ îöåíîê õàðàêòåðèñòèê íà êðèâîé ðàâíûõ êâàçèçàãðóçîê

T T1 T3 M̃(γ1) M̃(γ2) M̃(γ) M̃(æ1) M̃(æ2) ρ̃1 ρ̃2 ρ̃1,2 D̃(æ1) D̃(æ2) D̃(ξ′1)
30 9 13 12,883 10,0960 11,220 5,1486 6,1482 0,6933 0,711 0,9113 8,7867 11,635 5,598

31 9 14 14,322 9,2331 11,280 5,4963 5,9406 0,7164 0,682 0,9098 10,5700 10,270 5,534

32 10 14 12,201 10,5290 11,183 5,0690 6,6167 0,6656 0,704 0,9010 8,1432 12,443 6,499

33 10 15 13,148 9,3841 10,903 5,3938 6,1513 0,6864 0,678 0,8989 8,5311 11,086 6,616

34 10 16 14,324 9,1314 11,226 5,8074 6,1556 0,7072 0,655 0,8989 9,3487 11,067 6,409

Òàáëèöà 2
Çíà÷åíèÿ îöåíîê îñíîâíûõ õàðàêòåðèñòèê íà ïðÿìîé T1 + T2 = 25

T T1 T3 M̃(γ1) M̃(γ2) M̃(γ) M̃(æ1) M̃(æ2) ρ̃1 ρ̃2 ρ̃1,2 D̃(æ1) D̃(æ2) D̃(ξ′1)
33 8 17 25,5660 7,3854 14,739 8,0262 5,4289 0,858 0,5979 0,9429 25,5150 9,0236 3,167

33 9 16 17,4340 8,2612 11,957 6,4330 5,6971 0,763 0,6353 0,9134 13,9250 9,8279 4,901

33 10 15 13,1480 9,3841 10,903 5,3938 6,1513 0,686 0,6776 0,8989 8,5311 11,0860 6,616

33 11 14 11,5710 10,9960 11,239 5,0696 6,7562 0,624 0,7260 0,8970 8,2046 12,0920 7,463

33 12 13 10,1040 13,0420 11,923 4,6664 7,3472 0,572 0,7819 0,9066 7,2232 16,1610 8,385

33 13 12 8,8784 18,3700 14,090 4,2971 9,2859 0,528 0,8470 0,9278 6,3238 23,6060 8,732

33 14 11 7,9915 33,4080 23,223 4,1897 14,0670 0,490 0,9240 0,9613 5,5462 66,6070 8,696

M̃(γ), ðàâíîå 10,93 ñ. Äëÿ ñðàâíåíèÿ óêàæåì, ÷òî èñïîëüçóåìûå íà ïðàêòèêå äëèòåëüíîñòè

T1 = 41 ñ è T3 = 51 ñ äàþò çíà÷åíèå M̃(γ) = 20,265 ñ è çíà÷åíèå ρ̃1,2 = 0,8049.
Â òàáë. 1 ïðèâåäåíà ÷àñòü ðåçóëüòàòîâ ñ÷åòà â òî÷êàõ íà êðèâîé ðàâíûõ êâàçèçàãðóçîê,

à â òàáë. 2 ïðèâåäåíû ðåçóëüòàòû ñ÷åòà íà ïðÿìîé T1 + T2 = 25. Îòìåòèì, ÷òî ïîëíûé
ïåðåáîð âêëþ÷àåò 431 òî÷êó. Êâàçèîïòèìàëüíûå äëèòåëüíîñòè T ∗1 = 10 è T ∗3 = 15 ôàç
ñâåòîôîðà îáåñïå÷èâàþò îáùóþ êâàçèçàãðóçêó ρ1,2 = 0,8989 è ìèíèìàëüíîå çíà÷åíèå âå-

ëè÷èíû M̃(γ), ðàâíîå 10,903, è òåì ñàìûì ðåøàþò çàäà÷ó îïòèìèçàöèè ïî êðèòåðèþ M̃(γ).
Äëÿ ñðàâíåíèÿ óêàæåì, ÷òî èñïîëüçóåìûå íà ïðàêòèêå áîëåå ïðîäîëæèòåëüíûå äëè-

òåëüíîñòè T1 = 41 è T3 = 51 îáåñïå÷èâàþò îáùóþ êâàçèçàãðóçêó ρ∗1,2 = 0,80486 è äàþò

çíà÷åíèå îöåíêè M̃(γ) ñðåäíåãî âçâåøåííîãî âðåìåíè γ îæèäàíèÿ íà÷àëà îáñëóæèâàíèÿ
ìàøèíû ïðîèçâîëüíîãî ïîòîêà íà òàêîì ïåðåêðåñòêå, ðàâíîå âåëè÷èíå 20,265. Îöåíêè äëÿ
ñðåäíåãî âðåìåíè îæèäàíèÿ ìàøèíû ïðîèçâîëüíîãî ïîòîêà, êàê ïðàâèëî, óìåíüøàþòñÿ
ïðè ñîêðàùåíèè çíà÷åíèÿ ïåðèîäà T öèêëè÷åñêîãî óïðàâëåíèÿ. Íàïðèìåð, äëÿ ýòîãî ïåðå-
êðåñòêà ïðè ôèêñèðîâàííîì T = 60 êâàçèîïòèìàëüíîå çíà÷åíèå äëÿ T1 ðàâíî 20, êîòîðîå
îáåñïå÷èâàåò îáùóþ êâàçèçàãðóçêó ρ∗1,2 = 0,84114 è îöåíêó M̃(γ) = 13,808. Ýòà îöåíêà
ìåíüøå âåëè÷èíû 20,265, êîòîðàÿ ñîîòâåòñòâóåò çíà÷åíèþ T1 = 41 è T3 = 51. Çàìåòèì,
÷òî äëÿ ýòîãî ïåðåêðåñòêà â îáëàñòè ñóùåñòâîâàíèÿ ñòàöèîíàðíîãî ðåæèìà ìèíèìàëüíîå
çíà÷åíèå îáùåé êâàçèçàãðóçêè ðàâíî 0,7661, êîòîðîå äîñòèãàåòñÿ ïðè T = 10000, T1 = 4028.

Äëÿ êâàçèîïòèìàëüíîãî óïðàâëåíèÿ T ∗1 = 10 è T ∗3 = 15 íàéäåì íà èìèòàöèîííîé ìîäåëè
áîëåå òî÷íûå îöåíêè îñíîâíûõ õàðàêòåðèñòèê ýòîãî ïåðåêðåñòêà. Ïóñòü òåïåðü ïàðàìåòðû
δ è ∆ ðàñ÷åòà îöåíîê ñîîòâåòñòâåííî ðàâíû: δ = 0,09 è ∆ = 0,01. Â ýòîì ñëó÷àå áîëåå
òî÷íûé ÷èñëåííûé ðàñ÷åò îöåíîê õàðàêòåðèñòèê äàåò ñëåäóþùèå ðåçóëüòàòû:

a) îöåíêà T̃trans âðåìåíè Ttrans ïåðåõîäíîãî ïðîöåññà ðàâíà 472;

b) îöåíêà M̃(γ1) = 13,178 ñ òî÷íîñòüþ ε1,1 = 0,1317 è îöåíêà M̃(γ2) = 9,4986 ñ òî÷íî-
ñòüþ ε1,2 = 0,0949 äëÿ ñðåäíåãî çíà÷åíèÿ âðåìåíè îæèäàíèÿ íà÷àëà îáñëóæèâàíèÿ ìàøè-
íû ïî ïîòîêó Π1 è, ñîîòâåòñòâåííî, ïî ïîòîêó Π2;

ñ) îöåíêà M̃(γ) = 10,982 ñðåäíåãî âçâåøåííîãî âðåìåíè γ îæèäàíèÿ íà÷àëà îáñëóæè-
âàíèÿ ìàøèíû ïðîèçâîëüíîãî ïîòîêà;
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Òàáëèöà 3

Çíà÷åíèÿ îöåíîê õàðàêòåðèñòèê

T T1 T3 M̃(γ1) M̃(γ2) M̃(γ) D̃(ξ′1)

33 10 15 13,148 9,3841 10,903 9,5337
40 12 20 15,096 8,9403 11,398 12,827
60 20 32 18,223 10,854 13,808 22,235
80 27 45 23,493 12,316 16,812 30,993
100 34 58 28,722 14,096 19,979 41,793

d) îöåíêà D̃(γ1) = 84,9 ñ òî÷íîñòüþ ε2,1 = 0,849 è îöåíêà D̃(γ2) = 60,2 ñ òî÷íîñòüþ
ε2,2 = 0,602 äëÿ äèñïåðñèè âðåìåíè îæèäàíèÿ íà÷àëà îáñëóæèâàíèÿ ìàøèíû ïî ïîòîêó
Π1 è, ñîîòâåòñòâåííî, ïî ïîòîêó Π2;

e) îöåíêà M̃(æ1) = 5,3459 ñ òî÷íîñòüþ ε3,1 = 0,0534 è îöåíêà M̃(æ2) = 6,2151 ñ òî÷íî-
ñòüþ ε3,2 = 0,0621 äëÿ ñðåäíåé äëèíû î÷åðåäè ìàøèí ïî ïîòîêó Π1 è, ñîîòâåòñòâåííî, ïî
ïîòîêó Π2 â ìîìåíò âêëþ÷åíèÿ äëÿ êàæäîãî èç íèõ çåëåíîé ôàçû îáñëóæèâàíèÿ;

f) îöåíêà D̃(æ1) = 8,7962 ñ òî÷íîñòüþ ε4,1 = 0,0879 è D̃(æ2) = 10,866 ñ òî÷íîñòüþ
ε4,2 = 0,1086 äëÿ äèñïåðñèè äëèíû î÷åðåäè ìàøèí ïî ïîòîêó Π1 è, ñîîòâåòñòâåííî, ïî
ïîòîêó Π2 â ìîìåíò âêëþ÷åíèÿ äëÿ êàæäîãî èç íèõ çåëåíîé ôàçû îáñëóæèâàíèÿ;

g) îöåíêà M̃(ξ′1) = 6,795 ñ òî÷íîñòüþ ε5,1 = 0,0679 è îöåíêà M̃(ξ′2) = 10,132 ñ òî÷íîñòüþ
ε5,2 = 0,1013 ñðåäíåãî ÷èñëà ìàøèí, êîòîðûå ïîêèäàþò ïåðåêðåñòîê çà çåëåíóþ ôàçó ïî
ïîòîêó Π1 è, ñîîòâåòñòâåííî, ïî ïîòîêó Π2;

h) îöåíêà D̃(ξ′1) = 6,6377 ñ òî÷íîñòüþ ε6,1 = 0,0663 è îöåíêà D̃(ξ′2) = 11,733 ñ òî÷íîñòüþ
ε6,2 = 0,1173 äèñïåðñèè ÷èñëà ìàøèí, êîòîðûå ïîêèäàþò ïåðåêðåñòîê çà çåëåíóþ ôàçó ïî
ïîòîêó Π1 è, ñîîòâåòñòâåííî, ïî ïîòîêó Π2.

Êà÷åñòâåííî-÷èñëåííûå èññëåäîâàíèÿ íà èìèòàöèîííîé ìîäåëè ïîçâîëÿþò ñäåëàòü
î÷åíü âàæíûé âûâîä äëÿ âûõîäíûõ ïîòîêîâ ïðè êâàçèîïòèìàëüíîì óïðàâëåíèè êîí-
ôëèêòíûìè ïîòîêàìè â êëàññå öèêëè÷åñêèõ àëãîðèòìîâ. Ïðè êâàçèîïòèìàëüíîì óïðàâ-
ëåíèè êîíôëèêòíûìè ïîòîêàìè â êëàññå öèêëè÷åñêèõ àëãîðèòìîâ îöåíêà D̃(ξ′) ñðåäíåé
âçâåøåííîé äèñïåðñèè âûõîäíîãî ïîòîêà ïðèíèìàåò îòíîñèòåëüíî íåáîëüøèå çíà÷åíèÿ.
Íàïðèìåð, äëÿ ïåðåêðåñòêà ñ ïàðàìåòðàìè λ1 = 0,16, q1 = 0,3, µ1 = 1, λ2 = 0,22, q2 = 0,4,
µ2 = 1 è T2 = T4 = T0 = 4 ïðè êâàçèîïòèìàëüíîì óïðàâëåíèè îöåíêà D̃(ξ′) ñðåäíåé
âçâåøåííîé äèñïåðñèè âûõîäíîãî ïîòîêà ðàâíà 9,5337.

Â òàáë. 3 ïðè çàäàííûõ äëèòåëüíîñòÿõ ïåðèîäà T = 33, 40, 60, 80, 100 öèêëè÷åñêîãî
óïðàâëåíèÿ ïðèâåäåíû ñîîòâåòñòâóþùèå çíà÷åíèÿ: a) êâàçèîïòèìàëüíûõ ïàðàìåòðîâ

äëèòåëüíîñòåé T1 è T3 ôàç àâòîìàòà-ñâåòîôîðà; b) îöåíêè M̃(γ1) äëÿ ñðåäíåãî çíà÷åíèÿ

âðåìåíè îæèäàíèÿ íà÷àëà îáñëóæèâàíèÿ ìàøèíû ïî ïîòîêó Π1; c) îöåíêè M̃(γ2) äëÿ
ñðåäíåãî çíà÷åíèÿ âðåìåíè îæèäàíèÿ íà÷àëà îáñëóæèâàíèÿ ìàøèíû ïî ïîòîêó Π2; d)

îöåíêè M̃(γ) äëÿ ñðåäíåãî âçâåøåííîãî âðåìåíè îæèäàíèÿ íà÷àëà îáñëóæèâàíèÿ ìàøèíû

ïðîèçâîëüíîãî ïîòîêà; e) îöåíêè D̃(ξ′) äëÿ ñðåäíåé âçâåøåííîé äèñïåðñèè âûõîäíîãî

ïîòîêà. Èç ýòîé òàáëèöû ëåãêî âèäåòü, ÷òî ïðîèñõîäèò ðåçêîå óâåëè÷åíèå îöåíêè D̃(ξ′)
äëÿ ñðåäíåé âçâåøåííîé äèñïåðñèè âûõîäíîãî ïîòîêà ïðè îòêëîíåíèè îò êâàçèîïòèìàëü-
íûõ çíà÷åíèé ïàðàìåòðîâ óïðàâëåíèÿ. ßñíî, ÷òî âûõîäíûå ïîòîêè ìàøèí ñ íåêîòîðîãî
ïåðåêðåñòêà ïîñòóïàþò íà ñëåäóþùèé ñîñåäíèé ñ íèì ïåðåêðåñòîê è ÿâëÿþòñÿ äëÿ
ñëåäóþùåãî ïåðåêðåñòêà óæå âõîäíûìè ïîòîêàìè. Íà ïðàêòèêå õîðîøî èçâåñòíî, ÷òî
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àëãîðèòì óïðàâëåíèÿ íà ïåðåêðåñòêå áóäåò áîëåå ïðîñòûì (íàïðèìåð, ñ ôèêñèðîâàííûì
ðèòìîì ïåðåêëþ÷åíèÿ) è òåì óñïåøíåå, ÷åì ìåíüøå äèñïåðñèÿ âõîäíîãî ïîòîêà, ò. å. ÷åì
áîëåå ñòàíäàðòèçîâàíû âûõîäíûå è âõîäíûå ïîòîêè. Ýòîò âûâîä ïîäòâåðæäàåò ÷àñòî
âûäâèãàåìûé òåçèñ äëÿ ñëó÷àéíûõ ýêñïåðèìåíòîâ ñ óïðàâëåíèåì î òîì, ÷òî ñðàâíèòåëüíî
áîëüøîå çíà÷åíèå äèñïåðñèè íåêîòîðîé õàðàêòåðèñòèêè ñëó÷àéíîãî ýêñïåðèìåíòà åñòü
ðåçóëüòàò íåîïòèìàëüíîãî óïðàâëåíèÿ.
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