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Simulation of transport systems is the demanded task in control of road networks helping to make
decisions on further development and extension of transport system. In particular, simulation allows
de�ning need for extension of a road network or adding of means of regulation. In this paper, tra�c
is simulated according to two di�erent models: the cellular automaton based on cellular automaton of
the Nagel-Scheckenberg model and Intelligence Driver model and existed cellular automata model was
modi�ed for simulations of multiline roads and multiline intersections.

The Intelligence Driver model was proposed by Treiber. It is continuous deterministic one-
dimensional model, which de�nes acceleration of vehicle i as function from its own velocity vi(t),
gap si(t) and velocity di�erence ∆vi(t) to the vehicle in front i− 1. For experiments, integration with
simple Euler scheme was used, with time discretization of ∆t = 0.4 s and translation of vehicles in
each step according to equation of motion with constant acceleration for period of time ∆t.

The Nagel-Scheckenberg model is a one-dimensional stochastic machine designed to simulate tra�c.
The model dimensional grid used in each cell is placed exactly one machine, the cell is either empty or
contains a car. Time is discrete, the machine moves to forward an integral number of cells for each step
of iteration. At each step of the iteration for each car in turn all the rules are applied. The �rst rule is
responsible for aspiration of drivers to go as soon as possible, without violating the rule, the second rule
doesn't allow collisions, and the third rule introduces an element of randomness in the motion of each
driver. This rule set is the minimum set necessary for reproduction of basic properties of a transport
�ow. The main advantage of this model is its simplicity compared with other approaches; it is important
in the transition to more complex structures, such as multi-row model or models including intersections
or implementation of modi�cation, which allow more accurate imitation of driver's behavior, such as
slow-to-start and slow- to-stop models. In slow-to-start model for third rule used velocity-dependent
random value with higher chance of slow if velocity on previous step is zero. In slow-to-stop model in
addition was modi�ed second rule, so vehicle begins to slow not in the last moment before collision but
in several steps before according to velocity di�erence and expectations about gap between vehicles
according to their velocities on previous step.

Experiments with both models with equivalent parameters and same initial conditions results in
obtaining similar fundamental diagrams of tra�c �ow for one line tra�c. In both cases tra�c �ow
increasing with increase of its density at �rst, but after near same density value it begins decreasing
to near zero in situations where density is equal to one. Max value of tra�c �ow is also similar in both
cases.

To allow cellular automata, based on Nagel-Scheckenberg model, to simulate multiline road, rule for
changing lines is needed. In this paper symmetrical change-line rule was used, there are no di�erences
in changing line to left or to right. With this rule if vehicle found way forward blocked but still can
move in this step according to its velocity and line near current have greater gap, vehicle change lines.
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Simulation of multiline intersection is more complex, because according to tra�c regulations on
intersections with more than one line not all directions of turn available for vehicles on di�erent lines.
So although the only di�erence on intersection is di�erent trajectories for vehicles on di�erent lines, on
road before intersection vehicles should change lines to come on intersection on right position according
to tra�c regulations. According to that, in close vicinity of intersection, priority of choosing line changes
from line where vehicle can move faster to line, where vehicle can move to correct road to its course
according to tra�c regulations.

A cellular automaton for tra�c simulation of multiline intersections was designed. The program of
generation of the cellular automaton for di�erent intersections was realized.

The models can be used to understand, predict and optimize di�erent tra�c situations and as
examples for the various possible extensions and �elds of applications.

Key words: model, cellular automaton, Triber model, slow-start and slow-stop models,
distance, speed, acceleration.
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Äàííàÿ ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì öèêëà ðàáîò àâòîðîâ. Â ïðåäëîæåííîì èññëåäîâàíèè
ðàññìàòðèâàþòñÿ òðàíñïîðòíûå ìîäåëè êëåòî÷íûõ àâòîìàòîâ (CA) è ìîäåëü Òðàéáåðà. Ïðî-
âåäåí ñðàâíèòåëüíûé àíàëèç ðåçóëüòàòîâ ìîäåëèðîâàíèÿ ñ áîëåå ðàííèìè ðàáîòàìè è ìåæäó
ñîáîé. Ïðèâåäåíû ôóíäàìåíòàëüíûå äèàãðàììû ìîäåëèðîâàíèÿ ðàññìàòðèâàåìûõ ìîäåëåé.
Ïðîäîëæåíû èññëåäîâàíèÿ, ãäå êàæäûé îáúåêò õàðàêòåðèçóåòñÿ èíäèâèäóàëüíîé ñêîðîñòüþ,
â îòëè÷èè îò ðàííèõ ðàáîò, ãäå ñêîðîñòè áûëè ðàâíû.

Êëþ÷åâûå ñëîâà: ìîäåëü, êëåòî÷íûé àâòîìàò, ìîäåëü Òðàéáåðà, slow-start è slow-stop
ìîäåëè, ðàññòîÿíèå, ñêîðîñòü, óñêîðåíèå.

Ââåäåíèå. Â íàñòîÿùåå âðåìÿ ïðèìåíåíèå ðàçëè÷íûõ ìèêðîìîäåëåé àêòóàëüíî ïðè
ìîäåëèðîâàíèè è èññëåäîâàíèè ðàçëè÷íûõ äîðîæíûõ ñèòóàöèé, ïðè ïîñòðîåíèè ãèáðèä-
íûõ ìîäåëåé èëè ïðè ïåðåõîäå ê ìåçîìîäåëèðîâàíèþ. Äåòàëüíîå ïðåäñòàâëåíèå âûãîäíî
âî ìíîãèõ ñëó÷àÿõ, îñîáåííî ïðè îöåíêå âçàèìîäåéñòâèÿ ìåæäó ðåàëüíûì ïîâåäåíèåì è
ïîñëåäñòâèÿìè íà ìîäåëÿõ ïðè ìîäåëèðîâàíèè òðàíñïîðòíîãî ïîòîêà ñ íåñêîëüêèìè (ñîò-
íÿ) òûñÿ÷àìè îáúåêòîâ, ãäå òðåáóåòñÿ äîâîëüíî áîëüøàÿ îáðàáîòêà äàííûõ [1, 2]. Âûñîêî-
ýôôåêòèâíîå âû÷èñëåíèå è æèçíåñïîñîáíûé âàðèàíò äàííîãî ìîäåëèðîâàíèÿ òðóäîåìêè,
è äîñòóï ê òàêèì ñèñòåìàì åñòü íå ó âñåõ. Ïîýòîìó õî÷åòñÿ, ÷òîáû â îáëàñòè äîðîæ-
íîé ñåòè, ãäå áîëåå íèçêèé óðîâåíü äåòàëèçàöèè äîñòàòî÷åí, ìîæíî áûëî áû ñîêðàòèòü
âû÷èñëèòåëüíûå ðåñóðñû [3, 4]. Â òàêèõ ñëó÷àÿõ ìèêðîìîäåëü ìîæåò ïðåäëîæèòü ñðåä-
ñòâî óëó÷øèòü îáðàáîòêó çàäàííîãî ó÷àñòêà, íåçíà÷èòåëüíî âëèÿÿ íà òî÷íîñòü ïîëíîãî
ìîäåëèðîâàíèÿ. Òàêèå îáëàñòè ìîãóò áûòü ìàãèñòðàëüþ ìåæäó ðàçëè÷íûì ó÷àñòêàìè,
ïåðåêðåñòêàìè èëè ñîåäèíåíèåì ïðîñåëî÷íûõ äîðîã ãîðîäà èëè äåðåâíè.

Íåîáõîäèìîñòü ðåøåíèÿ ïðåäëîæåííîé çàäà÷è íà èíäèâèäóàëüíûõ âàðèàíòàõ ñîñòîèò
â îòëè÷èè äîðîã, ðåëüåôà ìåñòíîñòè, ïðàâèë äîðîæíîãî äâèæåíèÿ â Ðîññèè [3, 5] è â
îïèñàíèè ïîâåäåíèÿ âîäèòåëÿ â ðàçëè÷íûõ äîðîæíûõ ñèòóàöèÿõ [1, 6].

Äàííàÿ ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì ðàáîòû àâòîðîâ [7]. Â ïðåäëàãàåìîì èññëåäî-
âàíèè ðàññìàòðèâàþòñÿ êëåòî÷íî-àâòîìàòíàÿ ìîäåëü, ìîäåëü Òðàéáåðà è èõ ñðàâíåíèå.
Ïðîäîëæåíû èññëåäîâàíèÿ ïðåäûäóùèõ ðàáîò, îòëè÷àþùèõñÿ òåì, ÷òî êàæäûé îáúåêò
õàðàêòåðèçóåòñÿ åùå è ñêîðîñòüþ, â îòëè÷èè ðàííèõ ðàáîò, ãäå ñêîðîñòè áûëè ðàâíû.

Äàëüíåéøåå èçëîæåíèå îðãàíèçîâàíî ñëåäóþùèì îáðàçîì. Â ïåðâîì ïàðàãðàôå ðàñ-
ñìàòðèâàþòñÿ ìîäåëü êëåòî÷íîãî àâòîìàòà è åå ðåàëèçàöèÿ äëÿ ðàçëè÷íûõ ó÷àñòêîâ äî-
ðîãè, âî âòîðîì ðàññìàòðèâàåòñÿ ìîäåëü Òðàéáåðà èëè ìîäåëü ðàçóìíîãî âîäèòåëÿ äëÿ
ïðÿìîãî ó÷àñòêà.
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1. Êëåòî÷íûé àâòîìàò. Êîíöåïöèÿ êëåòî÷íûõ àâòîìàòîâ áûëà ïðåäëîæåíà Äæî-
íîì ôîí Íåéìàíîì â íà÷àëå 50-õ ãîäîâ. Êëåòî÷íûé àâòîìàò (ÑÀ) � ýòî óïîðÿäî÷åííàÿ
÷åòâåðêà < C,A, τ,X >, ãäå C � ìíîæåñòâî êëåòîê, A � êîíå÷íûé àëôàâèò ñîñòîÿíèé
êëåòêè, τ � ôóíêöèÿ ïåðåõîäà èç îäíîãî ñîñòîÿíèÿ â äðóãîå, ÷àñòî ïðåäñòàâëÿåìàÿ íà-
áîðîì ïðàâèë, X � îòíîøåíèå ñîñåäñòâà èëè øàáëîí ñîñåäñòâà. Êëåòî÷íûé àâòîìàò ôîí
Íåéìàíà � ýòî äâóìåðíàÿ ñåòêà ïðîèçâîëüíîãî ðàçìåðà. Ñîñòîÿíèå ñåòêè îáíîâëÿåòñÿ ñ
òå÷åíèåì âðåìåíè, ñîñòîÿíèå êàæäîé êîíêðåòíîé ÿ÷åéêè çàâèñèò îò ñîñòîÿíèÿ åå ñîñå-
äåé è, âîçìîæíî, ñîáñòâåííîãî ñîñòîÿíèÿ íà òåêóùåé èòåðàöèè. Êîëè÷åñòâî âîçìîæíûõ
ñîñòîÿíèé êîíå÷íî, îáíîâëåíèå ñîñòîÿíèé ïðîèñõîäèò îäíîâðåìåííî [7, 8].

Ìîäåëèðîâàíèå äâèæåíèÿ íà ïðÿìîé ñ îäíîé ïîëîñîé. Îäíîé èç ñàìûõ ïîïóëÿðíûõ
ìîäåëåé äëÿ äâèæåíèÿ ïî ïðÿìîé áåç îáãîíîâ è ïåðåñòðîåíèé íà îñíîâå êëåòî÷íûõ àâ-
òîìàòîâ ÿâëÿåòñÿ ìîäåëü Íàãåëÿ-Øðåêåíáåðãà è åå ìîäèôèêàöèè, òàêèå êàê slow-start è
slow-stop ìîäåëè [9, 10, 11].

Ìîäåëü Íàãåëÿ-Øðåêåíáåðãà ïðåäñòàâëÿåò ñîáîé ñòîõàñòè÷åñêèé îäíîìåðíûé àâòîìàò,
ïðåäíàçíà÷åííûé äëÿ ìîäåëèðîâàíèÿ äîðîæíîãî äâèæåíèÿ [4]. Äàííàÿ ìîäåëü èìèòèðó-
åò äâèæåíèå ïî îäíîé ïîëîñå ïðÿìîé äîðîãè áåç âîçìîæíîñòè îáãîíà è ïåðåñòðîåíèÿ. Â
ìîäåëè Íàãåëÿ-Øðåêåíáåðãà èñïîëüçóåòñÿ îäíîìåðíàÿ ñåòêà, â êàæäóþ ÿ÷åéêó ïîìåùà-
åòñÿ ðîâíî îäíà ìàøèíà, ÿ÷åéêà ëèáî ÿâëÿåòñÿ ïóñòîé, ëèáî ñîäåðæèò àâòîìîáèëü. Âðåìÿ
äèñêðåòíî, çà êàæäûé øàã èòåðàöèè ìàøèíà ïåðåìåùàåòñÿ íà öåëîå ÷èñëî ÿ÷ååê âïåðåä.
Äëÿ îïèñàíèÿ ïðàâèë ââåäåì ni(t) è vi(t) � íîìåð ÿ÷åéêè, â êîòîðîé íàõîäèòñÿ ìàøèíà ñ
íîìåðîì i, è åå ñêîðîñòü (êîëè÷åñòâî ÿ÷ååê, êîòîðûå áóäóò ïðîéäåíû) íà øàãå èòåðàöèè t,
di(t) = ni+1(t)−ni(t) � äèñòàíöèÿ ìåæäó i-îé ìàøèíîé è âïåðåäè èäóùåé, ìàøèíà ñ áîëü-
øèì íîìåðîì åäåò ïåðåä ìàøèíîé ñ ìåíüøèì íîìåðîì, vmax � ìàêñèìàëüíàÿ äîïóñòèìàÿ
ñêîðîñòü íà ó÷àñòêå.

Ìîäåëü slow-start îòëè÷àåòñÿ îò ìîäåëè Íàãåëÿ-Øðåêåíáåðãà íàëè÷èåì çàâèñèìîñòè
ïàðàìåòðà p îò ñêîðîñòè àâòîìîáèëÿ [10]. Äîñòèãàåòñÿ ýòî äîáàâëåíèåì ïðàâèëà

pi(t) =

{
p0, if vi(t− 1) = 0
p1, else

ê èìåþùèìñÿ ïðàâèëàì ìîäåëè Íàãåëÿ-Øðåêåíáåðãà. Äàííàÿ ìîäèôèêàöèÿ ïðèçâàíà îò-
ðàçèòü òîò ôàêò, ÷òî ïîëíîñòüþ îñòàíîâèâøåìóñÿ àâòîìîáèëþ òðåáóåòñÿ áîëüøå âðåìåíè
äëÿ ðàçãîíà, ÷åì óæå äâèæóùåìóñÿ. Äàëüíåéøåé ìîäèôèêàöèåé ÿâëÿåòñÿ slow-�nish ìî-
äåëü, â êîòîðîé ïðàâèëà áûëè èçìåíåíû, äëÿ òîãî ÷òîáû ó÷èòûâàòü òîò ôàêò, ÷òî îáû÷íî
âîäèòåëè ïðåäïî÷èòàþò òîðìîçèòü çàðàíåå, à íå â ïîñëåäíèå ñåêóíäû äî ñòîëêíîâåíèÿ
[11].

Äàííàÿ ìîäåëü ïîëó÷àåòñÿ ïðè çàìåíå ïðàâèëà òîðìîæåíèÿ â slow-start ìîäåëè íà
ñëåäóþùèå äâà ïðàâèëà ïðè vmax = 5:

1. Òîðìîæåíèå 1. Åñëè di(t− 1) 6 vi(t− 1)

vi(t) =

{
di(t− 1)− 1, if vi(t− 1) 6 vi+1(t− 1) or vi(t− 1) 6 2
min{di(t− 1)− 1, vi(t− 1)− 2}, else.

2. Òîðìîæåíèå 2. Åñëè vi(t− 1) 6 di(t− 1) 6 2vi(t− 1)

vi(t) =

{
vi(t− 1)− 2, if vi(t− 1) > vi+1(t− 1) + 4
vi(t− 1)− 1, if vi+1(t− 1) + 2 6 vi(t− 1) 6 vi+1(t− 1) + 3.
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Ïåðâîå èç ïðàâèë òîðìîæåíèÿ èñïîëüçóåòñÿ ïðè ìàëîé äèñòàíöèè ìåæäó àâòîìîáèëÿ-
ìè, åñëè âïåðåäè èäóùèé àâòîìîáèëü áûñòðåå ëèáî ñêîðîñòü íåâåëèêà, òî àâòîìîáèëü òîð-
ìîçèò íå áîëüøå ÷åì íåîáõîäèìî, èíà÷å îí ìîæåò çàòîðìîçèòü ñèëüíåå. Âòîðîå ïðàâèëî
èñïîëüçóåòñÿ, êîãäà äèñòàíöèÿ çàìåòíî áîëüøå, è áëàãîäàðÿ ýòîìó àâòîìîáèëü, äâèæó-
ùèéñÿ çàìåòíî áûñòðåå âïåðåäè èäóùåãî, íà÷èíàåò òîðìîçèòü çàðàíåå, ïðè÷åì âåëè÷èíà
óñêîðåíèÿ çàâèñèò îò ðàçíèöû ñêîðîñòåé.

Ðåàëèçàöèÿ. Èñïîëüçóåì CA êàê ñòðóêòóðó CA =< A,C, τ,X, T >, ãäå A = {0, 1} �
ìíîæåñòâî ñîñòîÿíèé êëåòêè, C � ìíîæåñòâî êëåòîê, τ � ôóíêöèÿ ïåðåõîäà, ìåíÿþùàÿ
ñîñòîÿíèå àâòîìàòà, X � îòíîøåíèå ñîñåäñòâà, T � ìíîæåñòâî òàêòîâ âðåìåíè. Äëÿ îïðå-
äåëåíèÿ ñîñòîÿíèÿ àâòîìàòà â òàêò âðåìåíè t ïðèìåíèì τ ê ïðåäûäóùåìó òàêòó t−1.M �
ìíîæåñòâî îáúåêòîâ, äâèæóùèõñÿ â ñèñòåìå, è m(c,t) � ôóíêöèÿ îò êëåòêè àâòîìàòà è
òàêòà âðåìåíè [7]. Â îòëè÷èè îò ïðåäûäóùåé ðàáîòû, êàæäûé îáúåêò õàðàêòåðèçóåòñÿ
òðåìÿ ïàðàìåòðàìè � íàïðàâëåíèåì äâèæåíèÿ, ñêîðîñòüþ è èäåíòèôèêàòîðîì.

Ñêîðîñòü îáúåêòà âûðàæàåòñÿ öåëûì ÷èñëîì, îïðåäåëÿþùèì êîëè÷åñòâî òàêòîâ ìîäå-
ëè äî ïðèìåíåíèÿ øàãà óñêîðåíèÿ. Åñëè ñêîðîñòü îáúåêòà íèæå ìàêñèìàëüíîé, òî îáúåêò
áóäåò ñòîÿòü íà ìåñòå â òå÷åíèå êîëè÷åñòâà òàêòîâ, ðàâíîãî ðàçíîñòè ìåæäó ìàêñèìàëü-
íîé ñêîðîñòüþ è òåêóùåé, äàæå åñëè äîðîãà ïåðåä îáúåêòîì ñâîáîäíà. Íà øàãå óñêîðåíèÿ,
åñëè îáúåêò íå äîñòèã ìàêñèìàëüíîé ñêîðîñòè è íå áûë âûíóæäåí çàìåäëèòüñÿ èç-çà âïå-
ðåäè èäóùåãî îáúåêòà, åãî ñêîðîñòü óâåëè÷èâàåòñÿ. Åñëè îáúåêò íå ñìîã äâèãàòüñÿ èç-çà
âïåðåäè èäóùåãî îáúåêòà, òî åãî ñêîðîñòü óìåíüøàåòñÿ äî ðåàëüíîãî êîëè÷åñòâà òàêòîâ
äâèæåíèÿ îáúåêòà. Â çàâåðøåíèå øàãà óñêîðåíèÿ, åñëè ñêîðîñòü áîëüøå íóëÿ, òî ñ âåðî-
ÿòíîñòüþ p îíà óìåíüøàåòñÿ íà åäèíèöó. Äëÿ ïîëó÷åíèÿ ôóíäàìåíòàëüíîé äèàãðàììû
ïîòîêà óäîáíî èñïîëüçîâàòü öèêëè÷åñêèå êðàåâûå óñëîâèÿ, ñîãëàñíî êîòîðûì îáúåêò ìî-
æåò ïîêèíóòü ïîñëåäíþþ êëåòêó, òîëüêî åñëè ïåðâàÿ êëåòêà ñâîáîäíà, ÷òî ïîçâîëÿåò ïîëó-
÷èòü äàííûå î ïîòîêå ïðè ôèêñèðîâàííîé ïëîòíîñòè ïîòîêà. Äëÿ ìîäåëèðîâàíèÿ áûë âçÿò
ó÷àñòîê äëèíîé 200 êëåòîê (1500 ìåòðîâ), ìåæäó øàãàìè óñêîðåíèÿ ïðîõîäèò 1 ñåêóíäà,
ìàêñèìàëüíàÿ ñêîðîñòü � 5 (37,5 ì/ñ). Ìîäåëèðóåòñÿ ïðîìåæóòîê âðåìåíè äëèíîé 3000
ñåêóíä, íà÷àëüíûå ïîëîæåíèå è ñêîðîñòü îáúåêòîâ äëÿ êàæäîé ïëîòíîñòè � ñëó÷àéíû,
çíà÷åíèå ïîòîêà áåðåòñÿ ñðåäíåå ïî 3 çàïóñêàì ñ ðàçëè÷íûì íà÷àëüíûì ðàñïîëîæåíèåì.
Â ðåçóëüòàòå áûëà ïîëó÷åíà ñëåäóþùàÿ ôóíäàìåíòàëüíàÿ äèàãðàììà ïîòîêà (ðèñ. 1). Íà
ïîëó÷åííîé äèàãðàììå âèäíî, ÷òî ïîòîê ñíà÷àëà äîâîëüíî áûñòðî ðàñòåò ñ óâåëè÷åíè-
åì ðîñòà ïëîòíîñòè, è ïîñëå äîñòèæåíèÿ îïðåäåëåííîãî óðîâíÿ ïàäàåò, ñòðåìÿñü ê íóëþ
ïðè ìàêñèìàëüíîé ïëîòíîñòè ïîòîêà. Òàêàÿ êàðòèíà ñõîæà ñ ýìïèðè÷åñêèìè äàííûìè,
à òàêæå äàííûìè, ïîëó÷åííûìè ïðè ìîäåëèðîâàíèè ñ èñïîëüçîâàíèåì äðóãèõ ìîäåëåé
[10, 11].

Ìîäåëèðîâàíèå äâèæåíèÿ íà ïðÿìîé ñ äâóìÿ ïîëîñàìè. Ïðè ìîäåëèðîâàíèè ìíîãîïî-
ëîñíîãî äâèæåíèÿ ñ èñïîëüçîâàíèåì êëåòî÷íûõ àâòîìàòîâ äîáàâëÿþòñÿ ïðàâèëà, îïðåäå-
ëÿþùèå æåëàíèå âîäèòåëÿ ïåðåñòðîèòüñÿ ñ îäíîé ïîëîñû íà äðóãóþ, è åãî âîçìîæíîñòü
ñäåëàòü ýòî ñîãëàñíî ïðàâèëàì äîðîæíîãî äâèæåíèÿ. Îäíèì èç íàèáîëåå ïðîñòûõ âàðèàí-
òîâ ïðàâèë äëÿ ñìåíû ïîëîñû ÿâëÿþòñÿ ñèììåòðè÷íûå ïðàâèëà, â êîòîðûõ ïåðåñòðîåíèÿ
â ïîëîñó ëåâåå è ïðàâåå òåêóùåé ñ÷èòàþòñÿ àáñîëþòíî îäèíàêîâûìè è ïðèìåíÿþòñÿ äî
ïðàâèë òîðìîæåíèÿ [12]. Ïðàâèëà ïåðåñòðîåíèÿ èìåþò ñëåäóþùèé âèä:

1. Ïîòðåáíîñòü â ïåðåñòðîåíèè.

Åñëè di(t− 1) 6 vi(t), òî needi = 1, èíà÷å needi = 0.

2. Áåçîïàñíîñòü ïåðåñòðîåíèÿ.
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Ðèñ. 1. Ôóíäàìåíòàëüíàÿ äèàãðàììà ïîòîêà íà îäíîé ïîëîñå

Åñëè dpred(t− 1) + vpred(t− 1)− 1 > vi(t) è dsucc(t− 1) 6 vsucc(t− 1), òî safei = 1, èíà÷å
safei = 0.

3. Ïåðåñòðîåíèå.

Åñëè needi = 1 è safei = 1, òî ñìåíèòü ïîëîñó.

dpred(t) è vpred(t) � ýòî ñîîòâåòñòâåííî äèñòàíöèÿ äî âïåðåäè èäóùåãî àâòîìîáèëÿ íà
ñîñåäíåé ïîëîñå è åãî ñêîðîñòü, dsucc(t) è vsucc(t) � äèñòàíöèÿ è ñêîðîñòü äî ïðåäûäóùåãî.

Íà îñíîâå âûøåîïèñàííîé ìîäåëè áûëà ñäåëàíà ìîäèôèêàöèÿ äâèæåíèÿ ïî ïðÿìîé
äëÿ ìíîãîïîëîñíîãî äâèæåíèÿ. Äëÿ ýòîãî áûëè ñäåëàíû ñëåäóþùèå èçìåíåíèÿ. Â îòíî-
øåíèè ñîñåäñòâà êàæäîé êëåòêè áûëè äîáàâëåíû êëåòêè ñ òåìè æå íîìåðàìè íà ñîñåäíèõ
ïîëîñàõ, àíàëîãè÷íàÿ íóìåðàöèÿ ðàññìàòðèâàåìîé ïîëîñû. Ôîðìà ïðàâèë ïåðåñòðîåíèÿ
íå îòëè÷àåòñÿ îò îñíîâíûõ ïðàâèë, íî âàæíûìè êëåòêàìè äëÿ íèõ ÿâëÿåòñÿ íå òîëüêî
êëåòêà ñ íîìåðîì ni + 1, íà êîòîðóþ ïåðåìåñòèòñÿ îáúåêò, íî è êëåòêà ñ íîìåðîì ni â
ñîñåäíåé ïîëîñå. Ïðàâèëà ïåðåñòðîåíèÿ ïðèìåíÿþòñÿ, åñëè êëåòêà íå ïóñòà è ïîïûòêà
ïðèìåíèòü îñíîâíîå ïðàâèëî áûëà íåóäà÷íà. Äëÿ ïîñòðîåíèÿ ôóíäàìåíòàëüíîé äèàãðàì-
ìû èñïîëüçîâàëèñü òå æå óñëîâèÿ, ÷òî è äëÿ îäíîïîëîñíîãî ñëó÷àÿ, êîëè÷åñòâî ïîëîñ �
äâå. Â ïîëó÷åííîé äèàãðàììå ïîêàçàíî ñðåäíåå çíà÷åíèå ïîòîêà íà äâóõ ïîëîñàõ ïî îò-
íîøåíèþ ê ñðåäíåé ïëîòíîñòè íà äâóõ ïîëîñàõ. Õàðàêòåð äèàãðàììû èçìåíèëñÿ: â ìíî-
ãîïîëîñíîì ñëó÷àå âìåñòî ïèêà è ïîñëåäóþùåãî ñïàäà èìååòñÿ ïðîìåæóòîê ïëîòíîñòåé,
ïðè êîòîðûõ ïîòîê ïðèìåðíî îäèíàêîâ, è ïîñëå ýòîãî ïðîìåæóòêà íà÷èíàåòñÿ ïàäåíèå.
Íà ðèñ. 2 ïðèâåäåíà ôóíäàìåíòàëüíàÿ äèàãðàììà äëÿ äâóõ ïîëîñ.

Ìîäåëèðîâàíèå äâèæåíèÿ íà ïåðåêðåñòêå. Ïðè ìîäåëèðîâàíèè ïåðåêðåñòêà ñëîæíîñòü
ìîäåëè ñèëüíî âîçðàñòàåò, òàê êàê íåîáõîäèìî ó÷èòûâàòü ðàçíîå íàïðàâëåíèå äâèæåíèÿ
íà ïåðåêðåñòêå è âîçíèêàþùèå èç ýòîãî êîíôëèêòû, à òàêæå ñðåäñòâà ðåãóëèðîâàíèÿ. Ïðè
ìîäåëèðîâàíèè ïåðåêðåñòêîâ ÷àñòî èñïîëüçóþò êëåòêè, ðàçìåð êîòîðûõ ìåíüøå äëèíû l
(ôèêñèðîâàííàÿ äëèíà êëåòêè), äëÿ áîëåå òî÷íîãî îòðàæåíèÿ ñèòóàöèè íà ñàìîì ïåðå-
êðåñòêå. Â íåêîòîðûõ ðàáîòàõ ðàññìàòðèâàþò óðåçàííûå ïåðåêðåñòêè, ñîñòîÿùèå òîëüêî
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Ðèñ. 2. Ôóíäàìåíòàëüíàÿ äèàãðàììà ïîòîêà íà äâóõ ïîëîñàõ

èç äâóõ ïåðåñåêàþùèõñÿ ïîëîñ, òàê êàê ìîäåëèðîâàíèå ïîêàçàëî, ÷òî äèàãðàììû ïîòîêà
ó òàêèõ ìîäåëåé ìàëî îòëè÷àþòñÿ îò ýìïèðè÷åñêèõ äàííûõ [6]. Â óïðîùåííûõ ìîäåëÿõ
ïåðåêðåñòêà â îòñóòñòâèå ñðåäñòâ ðåãóëèðîâàíèÿ ïðè îäíîâðåìåííîé ïîïûòêå äâóõ àâòîìî-
áèëåé ñ ðàçíûõ äîðîã çàíÿòü îäíó êëåòêó êîíôëèêò ðåøàåòñÿ ëèáî ñ ïîìîùüþ ñëó÷àéíîãî
âûáîðà ïðèîðèòåòà, ëèáî ïðè íàçíà÷åíèè ïðèîðèòåòà, çàâèñÿùåãî îò øàãà ìîäåëè.

Äëÿ ìîäåëèðîâàíèÿ ñðåäñòâ ðåãóëèðîâàíèÿ îáû÷íî äîáàâëÿþò ïî îäíîé êëåòêå äëÿ
êàæäîé äîðîãè è ñâÿçûâàþò ïðàâèëà êëåòîê, ðàñïîëîæåííûõ ó âõîäà íà ïåðåêðåñòîê, ñ
ñîñòîÿíèåì ýòèõ äîïîëíèòåëüíûõ êëåòîê.

Äëÿ ìîäåëèðîâàíèÿ ñàìîãî ïåðåêðåñòêà èñïîëüçóþòñÿ êëåòêè äëèíû
l

2
. Òàê êàê íà

ïåðåêðåñòêå âîçìîæíî äâèæåíèå íå òîëüêî ïî ïðÿìîé, íî è ïîâîðîòû, â êàæäîé êëåòêå
èìåþòñÿ ïðàâèëà äëÿ äâèæåíèÿ â íåñêîëüêèõ íàïðàâëåíèÿõ, à âûáîð íóæíîãî ïðàâè-
ëà ïðîèñõîäèò íà îñíîâå íàïðàâëåíèÿ, óêàçàííîãî â îïèñàíèè îáúåêòà. Ïðàâèëî

”
ïîìåõà

ñïðàâà“ ðåàëèçîâàíî ÷åðåç çàäàíèå äîïîëíèòåëüíûõ âàæíûõ êëåòîê, ïðèîðèòåò äîðîã íà
ïåðåêðåñòêå ðåàëèçóåòñÿ ïîðÿäêîì âûïîëíåíèÿ ïðàâèëà, ïðè êîòîðîì ñíà÷àëà âûïîëíÿ-
þòñÿ ïðàâèëà êëåòîê, âåäóùèõ ñ ïåðåêðåñòêîâ, çàòåì ïðàâèëà êëåòîê öåíòðà ïåðåêðåñòêà,
ïîñëå ýòîãî ïðàâèëà êëåòîê ãëàâíûõ äîðîã, âåäóùèõ íà ïåðåêðåñòîê, è íàêîíåö, ïðàâèëà
âòîðîñòåïåííûõ äîðîã, âåäóùèõ íà ïåðåêðåñòîê. Â ñëó÷àå, êîãäà õîòÿ áû îäíà èç äîðîã
èìååò áîëåå îäíîé ïîëîñû äëÿ äâèæåíèÿ â îäíó ñòîðîíó, ïðàâèëà íà ñàìîì ïåðåêðåñòêå
íå ñèëüíî ìåíÿþòñÿ. Ãëàâíûì èçìåíåíèåì ÿâëÿåòñÿ òî, ÷òî îáúåêòû, ñîáèðàþùèåñÿ ïîâî-
ðà÷èâàòü íàïðàâî è íàëåâî, åùå íà ïðÿìîé ñòðåìÿòñÿ ïåðåñòðîèòüñÿ íà ñîîòâåòñòâóþùóþ
ïîëîñó. Âõîä íà ïåðåêðåñòîê äëÿ äâèæåíèÿ íàïðàâî è íàëåâî âîçìîæåí òîëüêî ñ ñîîòâåò-
ñòâåííî êðàéíåé ïðàâîé è êðàéíåé ëåâîé ïîëîñ, äâèæåíèå âïåðåä � ñîãëàñíî ïðàâèëàì
êîíêðåòíîãî ïåðåêðåñòêà. Ïåðåñòðîåíèÿ íà ïåðåêðåñòêå îòñóòñòâóþò, ïðè ïîâîðîòå íàëåâî
íà äîðîãó ñ áîëåå ÷åì îäíîé ïîëîñîé âûáèðàåòñÿ ïîëîñà ñîãëàñíî äàëüíåéøåìó ìàðøðóòó
èëè òà, íà êîòîðîé áîëüøå äèñòàíöèÿ äî âïåðåäè èäóùåãî îáúåêòà.
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2. Ìîäåëü ðàçóìíîãî âîäèòåëÿ. Ìîäåëü ðàçóìíîãî âîäèòåëÿ (Intelegent Driver
Model (IDM)), ÿâëÿþùàÿñÿ ðàçâèòèåì ìîäåëè ñëåäîâàíèÿ çà ëèäåðîì è ìîäåëè îïòèìàëü-
íîé ñêîðîñòè, áûëà ïðåäëîæåíà Ì. Òðàéáåðîì â 1999 ãîäó [13]. Â ýòîé ìîäåëè óñêîðåíèå
àâòîìîáèëÿ â êàæäûé ìîìåíò âðåìåíè îïðåäåëÿåòñÿ êàê ôóíêöèÿ îò ðàññòîÿíèÿ äî âïå-
ðåäè èäóùåãî àâòîìîáèëÿ, ðàçíîñòè ñêîðîñòåé ñ íèì è ñêîðîñòè òåêóùåãî àâòîìîáèëÿ.

s′′n(t) = F (sn+1(t)− sn(t),s′n+1(t)− s′n(t),s′n(t))

Êàê ïîêàçàëè ÷èñëåííûå ýêñïåðèìåíòû, ìîäåëü Ì. Òðàéáåðà (1999) óñòîé÷èâà ê âàðè-
àöèè ïàðàìåòðîâ, à òàêæå ìîäåëü äåìîíñòðèðóåò ðåàëèñòè÷åñêîå ïîâåäåíèå ïðè ðàçãîíå è
òîðìîæåíèè è âîñïðîèçâîäèò îñíîâíûå íàáëþäàåìûå ñâîéñòâà îäíîïîëîñíîãî òðàíñïîðò-
íîãî ïîòîêà:

s′′n(t) = an

1− (s′n(t)
V 0
n

)δ
−

(
d∗n
(
s′n(t), s

′
n+1(t)− s′n(t)

)
sn+1(t)− sn(t)− L

)2
 .

Ïåðâîå ñëàãàåìîå an

[
1−

(
s
′
n(t)
V 0
n

)δ]
ýòîãî ñîîòíîøåíèÿ îïèñûâàåò äèíàìèêó óñêîðåíèÿ

ÀÒÑ íà ñâîáîäíîé äîðîãå, â òî âðåìÿ êàê âòîðîå ñëàãàåìîå îïèñûâàåò òîðìîæåíèå èç-
çà âçàèìîäåéñòâèÿ ñ ëèäåðîì. Ïàðàìåòð δ îòâå÷àåò çà ïîâåäåíèå ïðè ðàçãîíå. Âòîðîå
ñëàãàåìîå îïðåäåëÿåòñÿ îòíîøåíèåì æåëàåìîé äèñòàíöèè d∗n (áåçîïàñíûì ðàññòîÿíèåì)
ê ôàêòè÷åñêîé äèñòàíöèè sn+1(t) − sn(t) − L, ïðè÷åì æåëàåìàÿ äèñòàíöèÿ îïðåäåëÿåòñÿ
ñëåäóþùèì îáðàçîì:

d∗n(s
′
n(t), s

′
n+1(t)− s′n(t)) = s0 +max

{
Tns

′
n(t)−

s′n(t)(s
′
n+1(t)− s′n(t))
2
√
anbn

, 0

}
,

ãäå s0 � ìèíèìàëüíîå ðàññòîÿíèå ìåæäó ñòîÿùèìè ìàøèíàìè, bn � óñêîðåíèå
”
êîìôîðò-

íîãî“ òîðìîæåíèÿ, Tn � àíàëîã âðåìåíè ðåàêöèè âîäèòåëÿ. Êàê ñëåäñòâèå, âîäèòåëü ñòðå-
ìèòñÿ ïîääåðæèâàòü áîëüøóþ äèñòàíöèþ ïðè âûñîêîé ñêîðîñòè äâèæåíèÿ. Òðåòüå ñëà-
ãàåìîå â îïèñàíèè äèñòàíöèè îòâå÷àåò çà âûðàâíèâàíèå ñêîðîñòè îòíîñèòåëüíî âïåðåäè
èäóùåãî òðàíñïîðòíîãî ñðåäñòâà, òàê êàê îíî ñíèæàåò âåëè÷èíó òîðìîçÿùåãî ÷ëåíà â
óñêîðåíèè, êîãäà âïåðåäè èäóùèé àâòîìîáèëü äâèæåòñÿ áûñòðåå, è óâåëè÷èâàåò â îáðàò-
íîì ñëó÷àå. Òàê êàê ýòîò ÷ëåí îïèñûâàåò îäíîâðåìåííî äâà ðàçíûõ ïðîöåññà, äëÿ åãî
íîðìèðîâêè èñïîëüçóþòñÿ âåëè÷èíû êîìôîðòíûõ óñêîðåíèÿ è òîðìîæåíèÿ.

Äàííàÿ ìîäåëü Òðàéáåðà ïðåäíàçíà÷åíà äëÿ ìîäåëèðîâàíèÿ ïðÿìîé îäíîïîëîñíîé äî-
ðîãè. Â õîäå ìîäåëèðîâàíèÿ èñïîëüçîâàëèñü ñëåäóþùèå ïàðàìåòðû: äëèíà ìàøèíû � 5
ìåòðîâ, áåçîïàñíàÿ äèñòàíöèÿ s0 � 2,5 ìåòðà, äëèíà äîðîãè � 3000 ìåòðîâ, ìàêñèìàëü-
íàÿ ñêîðîñòü V0 = 37,25 ì/ñ (130 êì/÷).

”
Êîìôîðòíûå“ óñêîðåíèÿ ðàçãîíà è òîðìîæåíèÿ

an = bn =2 ì/c2, âðåìÿ ðåàêöèè Tn = 1,5 c, δ = 1. Äëÿ ñîõðàíåíèÿ íåèçìåííîé ñðåäíåé
ïëîòíîñòè ïîòîêà äîðîãà ñ÷èòàåòñÿ çàêîëüöîâàííîé, è äëÿ ïîñëåäíåé ìàøèíû âïåðåäè
èäóùåé ñ÷èòàåòñÿ ïåðâàÿ. Ïåðåä ìîäåëèðîâàíèåì ìàøèíû ñî ñëó÷àéíîé íà÷àëüíîé ñêî-
ðîñòüþ ïîëó÷àþò êîîðäèíàòû, êðàòíûå 7,5 ì. Äàííûé ñïîñîá ðàçìåùåíèÿ ìàøèí áûë
ïðèìåíåí, ÷òîáû èçáåæàòü ñëèøêîì áîëüøîãî êîëè÷åñòâà êîëëèçèé íà ýòîì ýòàïå. Äëÿ
èíòåãðèðîâàíèÿ èñïîëüçóåòñÿ ìåòîä Ýéëåðà ñ ïðîìåæóòêîì äèñêðåòèçàöèè 4t = 0,4 ñ.
Ìàøèíû ïåðåìåùàþòñÿ ïî ïðàâèëó



Êàçàíöåâ Ã.Þ., Îìàðîâà Ã.À. 9

Ðèñ. 3. Ôóíäàìåíòàëüíàÿ äèãðàììà ïîòîêà ìîäåëè Òðàéáåðà

xi(t+4t) = xi(t) + vi(t)4t+
ai(t) · 4t2

2
.

Ïîëîæåíèå i-é ìàøèíû â ñëåäóþùèé ìîìåíò âðåìåíè (t+4t) ðàññ÷èòûâàåòñÿ â ïðåä-
ïîëîæåíèè, ÷òî â òå÷åíèå 4t ñåêóíä ìàøèíà äâèæåòñÿ ñ íåèçìåííûì óñêîðåíèåì. xi(t),
vi(t) è ai(t) � ýòî ñîîòâåòñòâåííî ïîëîæåíèå, ñêîðîñòü è óñêîðåíèå i-òîé ìàøèíû â ìîìåíò
âðåìåíè t.

Äëÿ ïîñòðîåíèÿ ôóíäàìåíòàëüíîé äèàãðàììû ïîòîêà ïðîâîäèëèñü 5 çàïóñêîâ ìîäåëè
ñ ïåðèîäîì ìîäåëèðîâàíèÿ 120 ìèíóò. Íà ðèñ. 3 ïðèâåäåíà ôóíäàìåíòàëüíàÿ äèàãðàììà
ïîòîêà ïðè ìîäåëèðîâàíèè ñ ïîìîùüþ ìîäåëè Òðàéáåðà.

Çàêëþ÷åíèå. Â õîäå ðàáîòû áûë ðàñøèðåí êëåòî÷íûé àâòîìàò, îïèñàííûé â ðàííèõ
ðàáîòàõ, â ìîäåëü áûëî äîáàâëåíî ïîíÿòèå ñêîðîñòè àâòîìîáèëÿ, ðåàëèçîâàíî ïåðåñòðîå-
íèå íà ïðÿìûõ ìíîãîïîëîñíûõ äîðîãàõ è ïåðåêðåñòêàõ ìíîãîïîëîñíûõ äîðîã. Ðåàëèçîâàíà
ìîäåëü Òðàéáåðà äëÿ îäíîïîëîñíîãî äâèæåíèÿ, áûëè ïðîâåäåíû ñðàâíåíèÿ ðåçóëüòàòîâ
ìîäåëèðîâàíèÿ ñ áîëåå ðàííèìè ðàáîòàìè è ìåæäó ñîáîé.

Ïîñòðîåííûå ôóíäàìåíòàëüíûå äèàãðàììû íåçíà÷èòåëüíî îòëè÷àþòñÿ îò ýìïèðè-
÷åñêèõ äàííûõ, ðàâíî êàê è îò ðåçóëüòàòîâ ìîäåëèðîâàíèÿ òàêîé æå îäíîïîëîñíîé
äîðîãè ñ ïîìîùüþ êëåòî÷íûõ àâòîìàòîâ è ìîäåëè Òðàéáåðà. Â äàëüíåéøåì ïëàíèðóåòñÿ
ðàçðàáîòêà ãèáðèäíîé ìîäåëè íà îñíîâå ñèñòåìû ìàññîâîãî îáñëóæèâàíèÿ, ïîâåäåíèå
îáñëóæèâàþùèõ óñòðîéñòâ êîòîðîé îïèñûâàþòñÿ íà îñíîâå ðåçóëüòàòîâ ìîäåëèðîâàíèÿ
îòäåëüíûõ ÷àñòåé äîðîæíîé ñåòè ñ èñïîëüçîâàíèåì êëåòî÷íûõ àâòîìàòîâ.
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