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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
to de�ne need for extension of a road network or adding of means of regulation. In this paper, tra�c is
simulated according to the cellular automaton of the Nagel-Scheckenberg model. It was the �rst model
to take into account the imperfect behavior of human drivers and was thus the �rst model to explain
the spontaneous formation of tra�c jams. Now application of cellular automaton is also actual for
simulation and research of di�erent road situations and behavior of pedestrians. This model satis�es
to tra�c regulations in ideal conditions, when all machines move with the �xed speed and all drivers
follow rules.

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. Both of these generalizations require a transition to a two-dimensional grid and seriously
complicate the process of updating the machine state, as multiband movement also requires at each
step to assess the need and possibility to change the band, and also requires a method of resolving
the con�ict when you attempt to move in one cell from two di�erent neighboring bands. Creation
of the intersection, results in need to process movement in the non-parallel directions through the
same cells that can be realized through the cells containing only part of the machine. Besides creation
of the intersection it is necessary to consider a priority of roads that can seriously complicate rules
of transition or procedure of their application. For implementation of the intersection the following
cellular automaton was de�ned.

Cellular automaton CA =< A,C, τ,X, T >, A � set of statuses of a cell, C � set of cells, τ �
transition function that changes the state of the automaton, X � neighborhood relation, T � set of
clock periods of time. Each object is characterized by two parameters � the direction of movement
and the identi�er. Cells belonging to the set C, are determined by two di�erent sizes of the full and
half. One object occupies one cell of the complete size or two cells of the half size. The neighborhood
ratio X is not the same in di�erent cells and strongly depends on the position of the cells relative to
intersections. For determination of τ we introduce rules for all cells, after that we de�ne application of
τ on some con�guration of the automatic machine as, application of rules of cells in a certain order.

Functions for operation with the cellular automaton: Rules(ci) � set of rules of a cell ci, Name(rij) �
rule name rij in Rules(ci). Imp(rij) and Next(rij) � set of important and following cells for the rule.
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The basic rules have the general structure. The structure of additional rules for the second part of
object is available only for cells of the half size. As for these cell it is necessary to distinguish objects
from each other, for this purpose we enter the Id function returning an object identi�er. The rule for an
empty cell is trivial - the cell doesn't in�uence adjacent cells and doesn't change the statuses without
in�uence of other cells. Each cell has rule set for movement through it in any the allowed direction,
according to tra�c regulations.

A cellular automaton for tra�c simulation on a group of 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 a2s
examples for the various possible extensions and �elds of applications.

Key words: model, cellular automata, distance, speed, acceleration, regular grid.
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Ðàññìîòðåíà è ðåàëèçîâàíà ìîäåëü Íàãåëÿ-Øðåêåíáåðãà íà ïðÿìîé. Ðàçðàáîòàíà ñõåìà ðàáîòû
êëåòî÷íûõ àâòîìàòîâ äëÿ ðàçëè÷íîãî âèäà ïåðåêðåñòêîâ.

Êëþ÷åâûå ñëîâà: ìîäåëü, êëåòî÷íûé àâòîìàò, ðàññòîÿíèå, ñêîðîñòü, óñêîðåíèå, ðåãóëÿð-
íàÿ ðåøåòêà.

Ââåäåíèå. Ìîäåëèðîâàíèå òðàíñïîðòíûõ ñèñòåì � ýòî âîñòðåáîâàííàÿ çàäà÷à â
óïðàâëåíèè äîðîæíûìè ñåòÿìè, ïîìîãàþùàÿ ïðèíèìàòü ðåøåíèÿ î äàëüíåéøåì ðàçâèòèè
è ðàñøèðåíèè òðàíñïîðòíîé ñèñòåìû. Â ÷àñòíîñòè, ìîäåëèðîâàíèå ïîçâîëÿåò îïðåäåëèòü
ïîòðåáíîñòü â ðàñøèðåíèè äîðîæíîé ñåòè èëè äîáàâëåíèè ñðåäñòâ ðåãóëÿöèè. Ãðàìîò-
íîå ïëàíèðîâàíèå ïîçâîëÿåò ñíèçèòü íàãðóçêó íà òðàíñïîðòíóþ ñåòü, èçáåæàòü ïðîáîê è
óìåíüøèòü ñðåäíåå âðåìÿ â ïóòè äëÿ âîäèòåëåé [1].

Äëÿ èññëåäîâàíèÿ è ìîäåëèðîâàíèÿ òðàíñïîðòíûõ ñèñòåì èñïîëüçóþò ðàçëè÷íûå
ìàêðî- è ìèêðîìîäåëè äëÿ îöåíêè îáúåìîâ çàãðóçêè è èíòåíñèâíîñòè ïîòîêîâ [2]. Â 50-å
ãîäû íà âîëíå ðàçâèòèÿ ãàçîâîé è ãèäðîäèíàìèêè ïîÿâèëèñü ïåðâûå ìàêðîñêîïè÷åñêèå
ìîäåëè òðàíñïîðòíîé ñåòè íà îñíîâå óðàâíåíèé ãèäðîäèíàìèêè, â êîòîðûõ òðàíñïîðòíûé
ïîòîê óïîäîáëÿëñÿ ñæèìàåìîé æèäêîñòè (Ì. Ëàéòõèëë è Äæ. Óèçåì, Ï. Ðè÷àðäñ). Òî-
ãäà æå ïîÿâèëàñü è ïåðâàÿ ìèêðîñêîïè÷åñêàÿ ìîäåëü � ìîäåëü ñëåäîâàíèÿ çà ëèäåðîì, â
êîòîðîé ÿâíî âûïèñûâàþòñÿ óðàâíåíèÿ äâèæåíèÿ äëÿ êàæäîãî àâòîìîáèëÿ (À. Ðåøåëü,
Ë. Ïàéïñ è äð.) [3]. Â äàëüíåéøåì êëàññ ìàêðî- è ìèêðîñêîïè÷åñêèõ ìîäåëåé áûë çíà÷è-
òåëüíî ðàñøèðåí. Îäíèì èç ñïîñîáîâ ñîçäàíèÿ ìèêðîñêîïè÷åñêèõ ìîäåëåé ÿâëÿåòñÿ èñ-
ïîëüçîâàíèå êëåòî÷íûõ àâòîìàòîâ (CA) [4�7]. Â íàñòîÿùåå âðåìÿ ïðèìåíåíèå CA òàêæå
àêòóàëüíî äëÿ ìîäåëèðîâàíèÿ è èññëåäîâàíèÿ ðàçëè÷íûõ äîðîæíûõ ñèòóàöèé è ïîâåäåíèÿ
ïåøåõîäîâ. Íåîáõîäèìîñòü ðåøåíèÿ ïðåäëîæåííîé çàäà÷è íà èíäèâèäóàëüíûõ âàðèàíòàõ
ñîñòîèò â îòëè÷èè äîðîã, ðåëüåôà ìåñòíîñòè, ïðàâèë äîðîæíîãî äâèæåíèÿ â Ðîññèè [8�10],
ëèáî îïèñàíèÿ ïîâåäåíèÿ âîäèòåëÿ ðàçëè÷íûìè âåðîÿòíîñòíûìè ôóíêöèÿìè [11].

Äàííàÿ ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì ðàáîòû àâòîðîâ [12]. Â ïðåäëàãàåìîì èññëåäî-
âàíèè ðàññìàòðèâàåòñÿ êëåòî÷íî-àâòîìàòíàÿ ìîäåëü è ïðîäîëæåíû èññëåäîâàíèÿ ïðåäû-
äóùèõ ðàáîò àâòîðîâ, îòëè÷àþùàÿñÿ òåì, ÷òî äëèíû êëåòîê ðàçëè÷íû è ðàññìàòðèâàåòñÿ
íå ïåðïåíäèêóëÿðíûé ïåðåêðåñòîê.

Äàëüíåéøåå èçëîæåíèå îðãàíèçîâàíî ñëåäóþùèì îáðàçîì. Â ïåðâîì ïàðàãðàôå ðàñ-
ñìàòðèâàþòñÿ ìîäåëü Íàãåëÿ-Øðåêåíáåðãà è åå àëãîðèòì äëÿ ïðÿìîãî ó÷àñòêà, âî âòîðîì
ðàññìàòðèâàåòñÿ ïîñòðîåíèå êëåòî÷íîãî àâòîìàòà äëÿ íåñêîëüêèõ âèäîâ ïåðåêðåñòêà è â
ïîñëåäíåì ïàðàãðàôå � îïèñàíèå ðåàëèçàöèè àëãîðèòìà íà ÿçûêå ïðîãðàììèðîâàíèÿ C#.
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Àëãîðèòì Íàãåëÿ-Øðåêåíáåðãà äëÿ ïðÿìîé. Ìîäåëü Íàãåëÿ-Øðåêåíáåðãà ïðåä-
ñòàâëÿåò ñîáîé ñòîõàñòè÷åñêèé îäíîìåðíûé àâòîìàò, ïðåäíàçíà÷åííûé äëÿ ìîäåëèðîâàíèÿ
äîðîæíîãî äâèæåíèÿ [6]. Äàííàÿ ìîäåëü èìèòèðóåò äâèæåíèå ïî îäíîé ïîëîñå ïðÿìîé äî-
ðîãè áåç âîçìîæíîñòè îáãîíà è ïåðåñòðîåíèÿ. Â ìîäåëè Íàãåëÿ-Øðåêåíáåðãà èñïîëüçóåòñÿ
îäíîìåðíàÿ ñåòêà, â êàæäóþ ÿ÷åéêó ïîìåùàåòñÿ ðîâíî îäíà ìàøèíà, ÿ÷åéêà ÿâëÿåòñÿ ëè-
áî ïóñòîé, ëèáî ñîäåðæèò àâòîìîáèëü. Âðåìÿ äèñêðåòíî, çà êàæäûé øàã èòåðàöèè ìàøèíà
ïåðåìåùàåòñÿ íà öåëîå ÷èñëî ÿ÷ååê âïåðåä. Äëÿ ïðîñòîòû îïèñàíèÿ ïðàâèë ââåäåì ni(t)
è vi(t) � íîìåð ÿ÷åéêè, â êîòîðîé íàõîäèòñÿ ìàøèíà ñ íîìåðîì i è åå ñêîðîñòü (êîëè÷å-
ñòâî ÿ÷ååê, êîòîðûå áóäóò ïðîéäåíû çà îäèí òàêò âðåìåíè) íà øàãå èòåðàöèè t, ìàøèíà ñ
á�îëüøèì íîìåðîì åäåò ïåðåä ìàøèíîé ñ ìåíüøèì íîìåðîì, vmax � ìàêñèìàëüíàÿ äîïó-
ñòèìàÿ ñêîðîñòü íà ó÷àñòêå.

Òîãäà ïðàâèëà, åäèíûå äëÿ âñåõ êëåòîê, èìåþò ñëåäóþùèé âèä:
1) Óñêîðåíèå. Åñëè ñêîðîñòü i-ãî àâòîìîáèëÿ ìåíüøå vmax, òî àâòîìîáèëü óñêîðÿåòñÿ

vi(t) = min {vi(t− 1) + 1, vmax} .

2) Òîðìîæåíèå. Åñëè ðàññòîÿíèå äî åäóùåãî âïåðåäè àâòîìîáèëÿ ìåíüøå ñêîðîñòè, òî
çíà÷åíèå ñêîðîñòè ïðèðàâíèâàåòñÿ ýòîìó ðàññòîÿíèþ

vi(t) = min {vi(t), ni+1(t− 1)− ni(t− 1)}

.
3) Ñëó÷àéíûå âîçìóùåíèÿ. Ñ çàäàííîé âåðîÿòíîñòüþ p âîäèòåëü çàìåäëÿåòñÿ.

vi(t) =

{
max {vi(t)− 1, 0} , p

vi(t), 1− p.

4) Äâèæåíèå. Èçìåíåíèå ïîëîæåíèÿ àâòîìîáèëÿ ñîãëàñíî íîâîé ñêîðîñòè

ni(t) = ni(t− 1) + vi(t).

Íà êàæäîì øàãå èòåðàöèè ê êàæäîìó àâòîìîáèëþ ïîî÷åðåäíî ïðèìåíÿþòñÿ âñå ïðà-
âèëà. Ïðè ýòîì ïåðâîå îòâå÷àåò çà ñòðåìëåíèå âîäèòåëåé åõàòü êàê ìîæíî áûñòðåå, íå íà-
ðóøàÿ ïðàâèëà, âòîðîå íå äîïóñêàåò ñòîëêíîâåíèé, à òðåòüå âíîñèò ýëåìåíò ñëó÷àéíîñòè
â äâèæåíèå êàæäîãî âîäèòåëÿ. Äàííûé íàáîð ïðàâèë ÿâëÿåòñÿ ìèíèìàëüíûì íàáîðîì,
íåîáõîäèìûì äëÿ âîñïðîèçâåäåíèÿ áàçîâûõ ñâîéñòâ òðàíñïîðòíîãî ïîòîêà. ×èñëåííûå
ýêñïåðèìåíòû ïîêàçàëè, ÷òî ïðè ìàëûõ ïëîòíîñòÿõ ïîòîêà äàííàÿ ìîäåëü óñòîé÷èâà è
òåðÿåò óñòîé÷èâîñòü ïðè âûñîêèõ ïëîòíîñòÿõ [3]. Âïðî÷åì, åñëè âåðîÿòíîñòü ñëó÷àéíîãî
çàìåäëåíèÿ ðàâíà íóëþ, ïîòîê îñòàåòñÿ óñòîé÷èâ ïðè ëþáîé ïëîòíîñòè, ÷òî ÿâëÿåòñÿ íåäî-
ñòàòêîì ïî ñðàâíåíèþ ñ ãèäðîäèíàìè÷åñêèìè ìîäåëÿìè, â êîòîðûõ åäèíè÷íàÿ ôëóêòóà-
öèÿ ñïîñîáíà ïðèâîäèòü ê íåñòàáèëüíîñòè ïîòîêà. Â áîëåå ïîçäíèõ ìîäåëÿõ ýòà ïðîáëåìà
áûëà ðåøåíà òåìè èëè èíûìè ñïîñîáàìè. Êàê ìîæíî çàìåòèòü, îñíîâíûì äîñòîèíñòâîì
äàííîé ìîäåëè ÿâëÿåòñÿ åå ïðîñòîòà ïî ñðàâíåíèþ ñ äðóãèìè ïîäõîäàìè, ÷òî ÿâëÿåòñÿ
âàæíûì ïðè ïåðåõîäå ê áîëåå ñëîæíûì ñòðóêòóðàì, íàïðèìåð ìíîãîðÿäíîé ìîäåëè èëè
ìîäåëè, âêëþ÷àþùåé ïåðåêðåñòêè. Îáà ýòèõ îáîáùåíèÿ òðåáóþò ïåðåõîäà ê äâóìåðíîé
ñåòêå è ñåðüåçíî óñëîæíÿþò ïðîöåññ îáíîâëåíèÿ ñîñòîÿíèÿ àâòîìàòà, òàê êàê ìíîãîïî-
ëîñíîå äâèæåíèå òðåáóåò òàêæå íà êàæäîì øàãå îöåíèâàòü íåîáõîäèìîñòü è âîçìîæíîñòü
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ñìåíû ïîëîñû, à òàêæå òðåáóåò ñîçäàíèÿ ñïîñîáà ðåøåíèÿ êîíôëèêòà ïðè ïîïûòêå ïåðåé-
òè íà îäíó êëåòêó ñ äâóõ ðàçëè÷íûõ ñîñåäíèõ ïîëîñ. Ñîçäàíèå ïåðåêðåñòêà æå, ïðèâîäèò ê
íåîáõîäèìîñòè îáðàáàòûâàòü äâèæåíèå ïî íåïàðàëëåëüíûì íàïðàâëåíèÿì ÷åðåç îäíè è òå
æå êëåòêè, ÷òî ìîæåò áûòü ðåàëèçîâàíî ÷åðåç êëåòêè, ñîäåðæàùèå ëèøü ÷àñòü ìàøèíû.
Êðîìå òîãî, ñîçäàíèå ïåðåêðåñòêà äîáàâëÿåò íåîáõîäèìîñòü ó÷èòûâàòü ïðèîðèòåò äîðîã,
÷òî ìîæåò ñåðüåçíî óñëîæíèòü ïðàâèëà ïåðåõîäà èëè ïðîöåäóðó èõ ïðèìåíåíèÿ.

Ìîäåëü ïåðåêðåñòêà.
Ïîñòàíîâêà çàäà÷è è îïðåäåëåíèå ÑÀ. Íåîáõîäèìî ðàçðàáîòàòü ìîäåëè CA äëÿ ìîäå-

ëèðîâàíèÿ îðãàíèçàöèè äâèæåíèÿ íà äîðîãå, ïðåäñòàâëåíîé â âèäå ãðàôà, ñîäåðæàùåãî
Ò-îáðàçíûé, êðåñòîîîáðàçíûé è íåïåðïåíäèêóëÿðíûé ïåðåêðåñòîê, ñîãëàñíî çàäàííîìó
íàáîðó óñëîâèé ïðîåçäà ïåðåêðåñòêà (çíàêè ïðèîðèòåòà, ðàçðåøåííûå íàïðàâëåíèÿ äâè-
æåíèÿ).

Îïðåäåëèì CA êàê ñòðóêòóðó CA =< A,C,τ,X,T >, ãäå A = {0,1} � ìíîæåñòâî ñî-
ñòîÿíèé êëåòêè, C � ìíîæåñòâî êëåòîê, τ � ôóíêöèÿ ïåðåõîäà, ìåíÿþùàÿ ñîñòîÿíèå
àâòîìàòà, X � îòíîøåíèå ñîñåäñòâà, T � ìíîæåñòâî òàêòîâ âðåìåíè. Äëÿ îïðåäåëåíèÿ
ñîñòîÿíèÿ àâòîìàòà â òàêò âðåìåíè t ïðèìåíèì τ ê ïðåäûäóùåìó òàêòó t−1. ÂâåäåìM �
ìíîæåñòâî îáúåêòîâ, äâèæóùèõñÿ â ñèñòåìå, è m(c,t) � ôóíêöèþ îò êëåòêè àâòîìàòà è
òàêòà âðåìåíè.

m(c,t) =

{
empty, if A(c,t) = 0, t ∈ T,
m(c,t) ∈M, else.

Êàæäûé îáúåêò õàðàêòåðèçóåòñÿ äâóìÿ ïàðàìåòðàìè � íàïðàâëåíèåì äâèæåíèÿ è
èäåíòèôèêàòîðîì. Êëåòêè, ïðèíàäëåæàùèå ìíîæåñòâó C, îïðåäåëÿþòñÿ äâóìÿ ðàçíûìè
ðàçìåðàìè ïîëíîãî è ïîëîâèííîãî. Îäèí îáúåêò çàíèìàåò îäíó êëåòêó ïîëíîãî ðàçìåðà
èëè äâå êëåòêè ïîëîâèííîãî ðàçìåðà. Îòíîøåíèå ñîñåäñòâà X íåîäèíàêîâî ó ðàçíûõ êëå-
òîê è ñèëüíî çàâèñèò îò ïîëîæåíèÿ êëåòêè îòíîñèòåëüíî ïåðåêðåñòêîâ. Äëÿ çàäàíèÿ τ
ââåäåì ïðàâèëà äëÿ êàæäîé êëåòêè, ïîñëå ÷åãî ïðèìåíåíèå τ íà êàêîé-òî êîíôèãóðàöèè
àâòîìàòà îïðåäåëèì êàê ïðèìåíåíèå ïðàâèë êëåòîê â îïðåäåëåííîì ïîðÿäêå.

Ïóñòü Rules(ci) � ìíîæåñòâî ïðàâèë êëåòêè ci, Name(rij) � èìÿ ïðàâèëà rij ∈
Rules(ci). Imp(rij) è Next(rij) � ìíîæåñòâî âàæíûõ è ñëåäóþùèõ êëåòîê äëÿ ïðàâèëà
rij, Imp(rij) ∈ X(ci). Êîëè÷åñòâî êëåòîê Imp(rij) íåîãðàíè÷åííî, òîãäà êàê ìîùíîñòü
Next(rij) îäèí, åñëè ïðîèñõîäèò ïåðåõîä íà êëåòêó ïîëíîãî ðàçìåðà, è äâà, åñëè ïîëîâèí-
íîãî.

Îñíîâíûå ïðàâèëà òàêæå èìåþò îáùóþ ñòðóêòóðó:

if(∀ck ∈ Imp(rij))A(ck,t) = 0

then A(Next(rij),t+ 1) = 1;

m(Next(rij),t+ 1) = m(ci,t);

A(ci,t+ 1) = 0;

else A(ci,t+ 1) = 1;

m(ci,t+ 1) = m(ci,t).

Ñòðóêòóðà äîïîëíèòåëüíûõ ïðàâèë äëÿ âòîðîé ÷àñòè îáúåêòà èìååòñÿ òîëüêî ó êëåòîê
ïîëîâèííîãî ðàçìåðà. Òàê êàê äëÿ ýòèõ êëåòîê íåîáõîäèìî èìåòü âîçìîæíîñòü îòëè÷àòü
îáúåêòû äðóã îò äðóãà, ââåäåì ôóíêöèþ Id(m), âîçâðàùàþùóþ èäåíòèôèêàòîð îáúåêòà.
Id(empty) = empty. Òîãäà ïðàâèëî äëÿ âòîðîé ÷àñòè èìååò ñëåäóþùèé âèä:
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Ðèñ. 1. Ñõåìà äâèæåíèÿ ïðàâèëà ïîâîðîòà íàëåâî, ãäå M � êëåòêà, ñîäåðæàùàÿ ìàøèíó, I � êëåòêà èç

ìíîæåñòâà Imp(rij) îïèñûâàåìîãî ïðàâèëà

if(∀ck ∈ Imp(rij)) Id(m(ci,t) 6= Id(m(ci,t)))

then A(ci,t+ 1) = 0;

else A(ci,t+ 1) = 1;

m(ci,t+ 1) = m(ci,t).

Ïðàâèëî äëÿ ïóñòîé êëåòêè òðèâèàëüíî � êëåòêà íå âëèÿåò íà ñîñåäíèå êëåòêè è íå
ìåíÿåò ñâîå ñîñòîÿíèå áåç âîçäåéñòâèÿ äðóãèõ êëåòîê. Êàæäàÿ êëåòêà èìååò íàáîð ïðàâèë
äëÿ äâèæåíèÿ ÷åðåç íåå â ëþáîì ðàçðåøåííîì, ñîãëàñíî ïðàâèëàì äîðîæíîãî äâèæåíèÿ,
íàïðàâëåíèè. Äëÿ âûáîðà ïîäõîäÿùåãî ïðàâèëà èñïîëüçóåòñÿ ôóíêöèÿ Dir(mi,t), âîçâðà-
ùàþùàÿ íàïðàâëåíèå äâèæåíèÿ îáúåêòà mi â òàêò âðåìåíè t. Îáëàñòè çíà÷åíèé ôóíêöèé
Dir è Name ñîâïàäàþò, è íà êàæäîì øàãå âûáèðàåòñÿ òî ïðàâèëî, ó êîòîðîãî Name
ñîâïàäàåò ñ Dir îáúåêòà, ñîäåðæàùåéñÿ â ýòîé êëåòêå.

Çàäàäèì ïîðÿäîê ïðèìåíåíèÿ ïðàâèë íà êàæäîì òàêòå. Áóäåì ñ÷èòàòü, ÷òî ïðàâè-
ëî, ìåíÿþùåå ñîñòîÿíèå êëåòêè, ïîìå÷àåò åå, è â äàëüíåéøåì äëÿ ýòîé êëåòêè ïðàâèëà
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íà ýòîì øàãå íå ïðèìåíÿþòñÿ. Ïîðÿäîê ïðèìåíåíèÿ ïðàâèë äëÿ îäíîé ïîëîñû ïðÿìî-
ãî ó÷àñòêà � ïðîòèâ äâèæåíèÿ îáúåêòîâ ïî ýòîé ïîëîñå. Ïîðÿäîê ïðèìåíåíèÿ ïðàâèë
äëÿ êàæäîãî ïåðåêðåñòêà è ïðèëåãàþùèõ ê íåìó ïðÿìûõ ó÷àñòêîâ ñëåäóþùèé � ñíà÷àëà
ïðèìåíÿþòñÿ ïðàâèëà äëÿ ïîëîñ ïðÿìûõ ó÷àñòêîâ, âåäóùèõ ñ ïåðåêðåñòêà, çàòåì îáðàáà-
òûâàåòñÿ ïåðåêðåñòîê, çàòåì ïîëîñû, âåäóùèå íà ýòîò ïåðåêðåñòîê. Áóäåì ñ÷èòàòü, ÷òî îò
ñìåíû ïîðÿäêà, â êîòîðîì îáðàáàòûâàþòñÿ ïåðåêðåñòêè è ñîîòâåòñòâåííî ïðèëåæàùèå ê
íèì ïðÿìûå ó÷àñòêè, ðåçóëüòàò îáíîâëåíèÿ íå ñèëüíî ìåíÿåòñÿ. Ïðàâèëà êëåòîê íå ó÷è-
òûâàþò ïðèîðèòåò äîðîã íà ïåðåêðåñòêå, ïîýòîìó äëÿ åãî ðåàëèçàöèè áóäåì èñïîëüçîâàòü
ïîðÿäîê îáõîäà êëåòîê.

Ïîñòðîåíèå ÑÀ íà ðàçëè÷íûõ ó÷àñòêàõ

Ïðÿìûå îòðåçêè. Êëåòî÷íàÿ ñòðóêòóðà ïðÿìûõ ñîäåðæèò òîëüêî êëåòêè ïîëíîãî ðàç-
ìåðà. Ïðàâèëî íà ïðÿìûõ îòðåçêàõ òîëüêî îäíî � åñëè ñëåäóþùàÿ êëåòêà ïî õîäó äâè-
æåíèÿ ïóñòà, ïåðåìåñòèòü îáúåêò â ñëåäóþùóþ êëåòêó. Ó ïîñëåäíåé ïî õîäó äâèæåíèÿ
êëåòêè ïðÿìîãî ó÷àñòêà ïðàâèëî íåìíîãî îòëè÷àåòñÿ, èç-çà òîãî ÷òî îáúåêò ñ íåå ïåðåõî-
äèò íå íà êëåòêó ïîëíîãî ðàçìåðà, à íà êëåòêè ïîëîâèííîãî ðàçìåðà. Êàê ñëåäñòâèå, Next
ýòîãî ïðàâèëà ñîäåðæèò äâå êëåòêè, à íå îäíó.

Ïåðåêðåñòîê. Ïðàâèëà íà ïåðåêðåñòêå ìîæíî óñëîâíî ïîäåëèòü íà òðè ãðóïïû � äâè-
æåíèå ïðÿìî, äâèæåíèå âïðàâî è äâèæåíèå íàëåâî. Äâèæåíèå ïðÿìî ïî÷òè íå îòëè÷àåòñÿ
îò ïðàâèëà ïðÿìîãî ó÷àñòêà � åñëè êëåòêà ïåðåä ìàøèíîé ïóñòà, òî ïåðåìåñòèòüñÿ íà
îäíó êëåòêó âïåðåä. Ãëàâíûì îòëè÷èåì îò ïðàâèë ïðÿìîãî ó÷àñòêà ÿâëÿåòñÿ ñíèæåííàÿ
ñêîðîñòü äâèæåíèÿ, òàê êàê çà îäèí øàã îáúåêò ñäâèãàåòñÿ òîëüêî íà ïîëîâèíó ñâîå-
ãî ðàçìåðà. Ïðàâèëà ïîâîðîòà íàïðàâî èìåþò ñõîæóþ èäåþ � ïðîâåðèòü, ñâîáîäíà ëè
ñëåäóþùàÿ ïî òðàåêòîðèè êëåòêà, è ïåðåìåñòèòü îáúåêò â ñëåäóþùèå êëåòêè. Ïðàâèëà
äâèæåíèÿ íàëåâî îòëè÷àþòñÿ, òàê êàê íåîáõîäèìî ó÷èòûâàòü âîçìîæíóþ ïîìåõó ñïðàâà.
Íà îñíîâå äàííîé ìîäåëè òàêæå ñîçäàíû äâå ìîäèôèêàöèè � T-îáðàçíûé ïåðåêðåñòîê [12]
è ïåðåêðåñòîê ñ íåïåðïåíäèêóëÿðíûìè äîðîãàìè. Ò-îáðàçíûé ïåðåêðåñòîê � ýòî óïðîùå-
íèå ñëó÷àÿ êðåñòîîáðàçíîãî ïåðåêðåñòêà, ó êîòîðîãî îòñóòñòâóåò îäíà èç âòîðîñòåïåííûõ
äîðîã, â òî âðåìÿ êàê äëÿ ïåðåêðåñòêà ñ óãëàìè, îòëè÷àþùèìèñÿ îò 90 íà óãîë îò 30 äî
60 ãðàäóñîâ, ñîçäàþòñÿ äîïîëíèòåëüíûå êëåòêè äëÿ ïðåäîòâðàùåíèÿ ðåçêèõ ñêà÷êîâ. Íà
ðèñ. 1 ïðèâåäåíà ñõåìà äâèæåíèÿ ïðàâèëà ïîâîðîòà íàëåâî, ãäå M � êëåòêà, ñîäåðæàùàÿ
ìàøèíó, I � êëåòêà èç ìíîæåñòâà Imp(rij) îïèñûâàåìîãî ïðàâèëà.

Ðåàëèçàöèÿ. Ìîäåëü ïåðåêðåñòêà, îïèñàííàÿ âûøå, áûëà ðåàëèçîâàíà ñ èñïîëüçîâà-
íèåì ÿçûêà C#. Â ïðîãðàììå èñïîëüçóþòñÿ äâà îñíîâíûõ êëàññà äëÿ õðàíåíèÿ êëåòîê �
intersite è line, ðåàëèçóþùèå ñîîòâåòñòâåííî ïåðåêðåñòîê è ïîëîñó. Îáà ýòèõ êëàññà ñî-
äåðæàò êàêîå-òî êîëè÷åñòâî îáúåêòîâ êëàññà cell, ðåàëèçóþùåãî ñàìè êëåòêè. Äëÿ õðàíå-
íèÿ ïðàâèë èñïîëüçóåòñÿ êëàññ rule. Îáúåêòû êëàññîâ intersite è line ïåðåäàþòñÿ â êëàññ
intersitegraphic, îñóùåñòâëÿþùèé âèçóàëèçàöèþ òåêóùåãî ñîñòîÿíèÿ è ïîäàþùèé êîìàíäó
íà ñìåíó ñîñòîÿíèÿ àâòîìàòà.

Êëàññ cell ñîäåðæèò 4 ïîëÿ. Ïîëå rules èñïîëüçóåòñÿ äëÿ õðàíåíèÿ ïðàâèë êëåòêè,
ïîëÿmachine è sd èñïîëüçóþòñÿ äëÿ ðåàëèçàöèè ôóíêöèé, ñâÿçûâàþùèõ êëåòêó è ìàøèíó,
ñîäåðæàùóþ åå, ïîëå �nished èñïîëüçóåòñÿ ïðè âû÷èñëåíèè çíà÷åíèÿ êëåòêè íà ñëåäóþùåì
øàãå àâòîìàòà, à èìåííî, êîãäà èäåò îáíîâëåíèå êàêîé-ëèáî êëåòêè, ò. å. ïðèìåíÿåòñÿ
ïðàâèëî, òî ó âñåõ êëåòîê, çàòðîíóòûõ ýòèì ïðàâèëîì, ïîëå �nished ïåðåõîäèò â ñîñòîÿíèå
true, è â äàëüíåéøåì ïðàâèëà ýòèõ êëåòîê íå èñïîëüçóþòñÿ äî ñëåäóþùåãî øàãà.
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Îñíîâíûå ìåòîäû êëàññà cell. Ìåòîä move() � ýòî ðåàëèçàöèÿ ôóíêöèîíèðîâàíèÿ îñ-
íîâíûõ ïðàâèë êëåòêè, êðîìå òîãî, òàê êàê ýòà æå ôóíêöèÿ ñîäåðæèò ðåàëèçàöèþ âûáîðà
ïðàâèëà äëÿ êîíêðåòíîé ìàøèíû, â íåå âñòðîåíà è ðåàëèçàöèÿ ôóíêöèè Dir ìîäåëè.

Ìåòîä move_back() � ñîîòâåòñòâåííî ðåàëèçàöèÿ äîïîëíèòåëüíûõ ïðàâèë äëÿ âòîðîé
÷àñòè, â íåì òàêæå èìååòñÿ ðåàëèçàöèÿ ôóíêöèè âûáîðà ïðàâèëà äëÿ ìàøèíû.

Ìåòîä get_machineid() � ýòî ðåàëèçàöèÿ ôóíêöèè Id èç ìîäåëè, òàêæå ýòîò ìåòîä
èñïîëüçóåòñÿ äëÿ âèçóàëèçàöèè äëÿ îáðàáîòêè ïîëîâèí ìàøèí.

Ìåòîä nextDest() � ìåíÿþùèé íàïðàâëåíèå ìàøèíû, ñîäåðæàùåéñÿ â êëåòêå, íà ñëåäó-
þùåå ñîãëàñíî ìàðøðóòó ýòîé ìàøèíû, ýòîò ìåòîä èñïîëüçóåòñÿ ïðè ïîêèäàíèè ìàøèíîé
ïåðåêðåñòêà, íî òàê êàê äàííûå î ìàøèíå õðàíÿòñÿ â êëåòêå, ðåàëèçîâàí îí òàêæå â ñàìîé
êëåòêå.

Òàêæå ó êëàññà cell åñòü ãðóïïà ñëóæåáíûõ ìåòîäîâ, èñïîëüçóþùèõñÿ äëÿ ïîëó÷åíèÿ
äàííûõ äëÿ äðóãèõ êîìïîíåíò èëè èçìåíåíèÿ ñîñòîÿíèÿ êëåòêè äðóãèìè êîìïîíåíòàìè,
òàêèå êàê ìåòîä äëÿ ñáðîñà ôëàãà îáðàáîòêè, ñîçäàíèå ìàøèíû â êëåòêå è äðóãèå.

Êëàññ line èñïîëüçóåòñÿ äëÿ õðàíåíèÿ êëåòîê îäíîé ïîëîñû ïðÿìîãî ó÷àñòêà. Ïîëå
êëàññà cellLine îòâå÷àåò çà ñîáñòâåííî õðàíåíèå êëåòîê ýòîé ïîëîñû. Âñå êëåòêè ýòîãî
ìàññèâà ÿâëÿþòñÿ ïîëíîðàçìåðíûìè êëåòêàìè, íóìåðàöèÿ êëåòîê ñîîòâåòñòâóåò íàïðàâ-
ëåíèþ äâèæåíèÿ ìàøèí íà ýòîé ïîëîñå. Ïîëÿ begin è end ñîäåðæàò ïåðåêðåñòêè, ñîåäè-
íåííûå ýòîé ïîëîñîé. Îäíî èç ýòèõ ïîëåé ìîæåò áûòü ïóñòûì äëÿ ïîëîñ, ñâÿçàííûõ ñ
îáúåêòàìè âíå îáðàáàòûâàåìîé ãðóïïû, ýòè ïîëÿ èñïîëüçóþòñÿ äëÿ ãåíåðàöèè ìàðøðóòà
äëÿ ìàøèí. Ïîëå key ñîäåðæèò èäåíòèôèêàòîð ïîëîñû, èäåíòèôèêàòîðû ïîëîñ èñïîëü-
çóþòñÿ äëÿ ãåíåðàöèè ïðàâèë äâèæåíèÿ è äëÿ ñâÿçè ñ ñîîòâåòñòâóþùèìè âõîäíûìè è
âûõîäíûìè êëåòêàìè ïåðåêðåñòêà.

Îñíîâíûìè ìåòîäû êëàññà line.
Ìåòîä createRules ñîçäàåò ïðàâèëà äëÿ äâèæåíèÿ ïî ïðÿìîé âî âñåõ êëåòêàõ ïîëîñû,

êðîìå ïîñëåäíåé, ïðàâèëà äëÿ êîòîðîé ãåíåðèðóþòñÿ ïåðåêðåñòêîì.
Ìåòîä update ïðèìåíÿåò ïðàâèëà â êëåòêàõ íà ïîëîñå â ïîðÿäêå, îáðàòíîì íàïðàâëåíèþ

äâèæåíèÿ íà ïîëîñå.
Êëàññ intersite ÿâëÿåòñÿ êëàññîì, ðåàëèçóþùèì ïåðåêðåñòîê, èìåííî ýêçåìïëÿðû ýòîãî

êëàññà ñîäåðæàò êëåòêè ïîëîâèííîãî ðàçìåðà.
Ïîëå connected ñîäåðæèò êðàéíèå êëåòêè ïîëîñ, ñîñåäñòâóþùèõ ñ ïåðåêðåñòêîì, è ñëó-

æèò äëÿ ñâÿçè ïåðåêðåñòêîâ è ïîëîñ ïðè ãåíåðàöèè ïðàâèë. Ïîëÿ from è middle ñîäåðæàò
êëåòêè ïîëîâèííîãî ðàçìåðà. Ïîëÿ from � ýòî îòðåçêè ïî äâå èëè òðè êëåòêè ïîëîâèííîãî
ðàçìåðà, ñîîòâåòñòâóþùèå ïðîäîëæåíèþ ïîëîñû, âõîäÿùåé è âûõîäÿùåé èç ïåðåêðåñòêà,
â òî âðåìÿ êàê ïîëåmiddle� ýòî ìàññèâ êëåòîê, ëåæàùèõ â öåíòðå ïåðåêðåñòêà. Â òåêóùåé
ðåàëèçàöèè ïåðåêðåñòêà ýòèõ êëåòîê âñåãäà ÷åòûðå. Ïîëÿ position è angle èñïîëüçóþòñÿ
äëÿ âèçóàëèçàöèè ïåðåêðåñòêà è ñîäåðæàò ñîîòâåòñòâåííî êîîðäèíàòû ïåðåêðåñòêà è óãîë
ïîâîðîòà.

Îñíîâíûå ìåòîäû êëàññà intersite.
Ìåòîä createRules � ýòî ìåòîä, ãåíåðèðóþùèé ïðàâèëà äëÿ äâèæåíèÿ ÷åðåç ïåðåêðå-

ñòîê. Îí èñïîëüçóåò òðè ìåòîäà äëÿ ñîçäàíèÿ ïðàâèë äëÿ äâèæåíèÿ ïðÿìî, íàïðàâî è
íàëåâî äëÿ äâóõ çàäàííûõ ïîëîñ: createRulesLeft, createRulesRight, createRulesForForward.

Ðîëü ìåòîäà update îñòàëàñü ïðåæíåé, íî àëãîðèòì ìåòîäà èçìåíèëñÿ:
� îáíîâèòü ïîëîñû, âûõîäÿùèå èç ïåðåêðåñòêà,
� îáðàáîòàòü ïðàâèëà äâèæåíèÿ êëåòîê, ïðèìûêàþùèå ê ïîëîñàì, âûõîäÿùèì èç ïå-

ðåêðåñòêà,
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intersite

+ connected: Dictionary<St...
+ frommr1in: Dictionary<S...
+ frommr1out: Dictionary<...
+ frommr2in: Dictionary<S...
+ frommr2out: Dictionary<...
+ fromsr1in: Dictionary<Str...
+ fromsr1out: Dictionary<S...
+ fromsr2in: Dictionary<Str...
+ fromsr2out: Dictionary<S...
+ middle: List<List<cell>>
+ positionx: Single
+ positiony: Single
+ angle: Single

+ intersite()
+ intersite(mr1i: Line, mr1...
+ finishStep() : Void
+ update() : Void
- finishRoad(Road: Diction...
- updateRoad(Road: Dictio...
+ createRulesForForward(fr...
+ createRulesRight(fromin:...
+ createRulesLeft(fromin: c...
+ createRules() : Void

tintersite

+ tintersite(mr1i: Line, mr1...
+ finishStep() : Void
+ tupdate() : Void
- finishRoad(Road: Diction...
- updateRoad(Road: Dictio...
+ createRules() : Void

Program

+ Program()
- Main(args: String[]) : Void

Intersitegraphic

+ intersites: List<intersite>
- lines: Dictionary<String, ...
- mg: machinesgenerator
- mn: Int32
- width: Int32
- height: Int32
- components: IContainer
- button1: Button
- pictureBox1: PictureBox

+ Intersitegraphic()
+ Intersitegraphic(i: List<in...
- button1_Click(sender: Ob...
- pictureBox1_Paint(sende...
- Intersitegraphic_ResizeB...
- merge(r1: RectangleF, r2...
- Intersitegraphic_ResizeE...
# Dispose(disposing: Boole...
- InitializeComponent() : V...

Line

+ cellLine: List<cell>
+ begin: intersite
+ end: intersite
+ leaveatend: Boolean
+ key: String

+ Line()
+ Line(n: Int32, id: String)
+ createRules() : Void
+ finishStep() : Void
+ update() : Void

cell

- machine: String
- rules: List<rule>
- finished: Boolean
- sd: String
+ id: Int32
- cellnumber: Int32

+ cell()
+ cell(r: List<rule>)
- cell()
+ addNextDest(dest: String...
+ nextDest() : Void
+ isFinished() : Boolean
+ get_machineid() : String
+ finish_step() : Void
+ add_rule(r: rule) : Void
+ place_machine(m: String...
+ move() : Void
+ empty() : Boolean
+ del() : Void
+ move_back() : Void

rule

+ destination: String
+ important: List<cell>
+ next: List<cell>
+ stage: String

+ rule()
+ rule(d: String, i: List<cell...
+ rule(d: String, i: List<cell>)
+ rule(r: rule)

«structure»
machineForDraw

+ id: String
+ machine: RectangleF
+ angle: Singleused for visualization

1..*1

1..*

1

4..*

1

Ðèñ. 2. UML äèàãðàììà êëàññîâ ïðîãðàììû

� îáðàáîòàòü ïðàâèëà äâèæåíèÿ öåíòðàëüíûõ êëåòîê ïåðåêðåñòêà,

� îáðàáîòàòü ïðàâèëà äâèæåíèÿ êëåòîê, ïðèìûêàþùèõ ê ïîëîñàì ãëàâíûõ äîðîã, âõî-
äÿùèõ â ïåðåêðåñòîê,

� îáðàáîòàòü ïðàâèëà äâèæåíèÿ êëåòîê, ïðèìûêàþùèõ ê ïîëîñàì âòîðîñòåïåííûõ
äîðîã, âõîäÿùèõ â ïåðåêðåñòîê,

� îáíîâèòü ïîëîñû, âõîäÿùèå â ïåðåêðåñòîê.

Íà êàæäîì øàãå ìîäåëèðîâàíèÿ âûçûâàåòñÿ ìåòîä update äëÿ êàæäîãî ïåðåêðåñòêà,
âûçîâ îáíîâëåíèÿ ñîñòîÿíèÿ ïîëîñ ïðîèñõîäèò ïðè îáíîâëåíèè ñîñåäñòâóþùèõ ñ íèìè ïå-
ðåêðåñòêîâ. Ñîçäàíèå êëåòîê ãðóïïû ïåðåêðåñòêà è ïðàâèë ïðîèñõîäèò äî ñîçäàíèÿ îêíà,
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è ñïèñîê âñåõ ïîëîñ è âñåõ ïåðåêðåñòêîâ ïîäàåòñÿ êîíñòðóêòîðó îêíà ïðèëîæåíèÿ. Ïî-
ñëå êàæäîãî îáíîâëåíèÿ âû÷èñëÿþòñÿ êîîðäèíàòû êëåòîê íà ýêðàíå, ñîîòâåòñòâóþùèõ
íåïóñòûì êëåòêàì, ïîñëå ÷åãî êëåòêè, ñîîòâåòñòâóþùèå ïåðåäíåé è çàäíåé ÷àñòÿì àâòî-
ìîáèëÿ, îáúåäèíÿþòñÿ â îäíó ñ èñïîëüçîâàíèåì âçàèìîðàñïîëîæåíèÿ ïåðåäíåé è çàäíåé
÷àñòåé ìàøèíû.

Íà ðèñ. 2. ïðåäñòàâëåíà UML äèàãðàììà êëàññîâ ïðîãðàììû.
Çàêëþ÷åíèå. Â õîäå ðàáîòû ïðîâåäåíî ïîäðîáíîå èññëåäîâàíèå êëåòî÷íûõ àâòîìàòîâ

äëÿ ìîäåëèðîâàíèÿ òðàíñïîðòíûõ ïîòîêîâ. Äàííàÿ ìîäåëü óäîâëåòâîðÿåò ïðàâèëàì äî-
ðîæíîãî äâèæåíèÿ â èäåàëüíûõ óñëîâèÿõ, êîãäà âñå ìàøèíû äâèæóòñÿ ñ ôèêñèðîâàííîé
ñêîðîñòüþ è âñå âîäèòåëè ñîáëþäàþò ïðàâèëà.

Ðàçðàáîòàí êëåòî÷íûé àâòîìàò äëÿ ìîäåëèðîâàíèÿ äâèæåíèÿ òðàíñïîðòà äëÿ ãðóïïû
ïåðåêðåñòêîâ, òàêæå íàïèñàíà ïðîãðàììà, ðåàëèçóþùàÿ ãåíåðàöèþ àâòîìàòà äëÿ ãðóïïû
ïåðåêðåñòêîâ è èñïîëüçóþùàÿ ýòîò àâòîìàò äëÿ ìîäåëèðîâàíèÿ äâèæåíèÿ íà ýòîì ïåðå-
êðåñòêå.

Ïðîãðàììà íàïèñàíà íà ÿçûêå C# è ñîñòîèò èç äâóõ îñíîâíûõ ÷àñòåé � ñîçäàíèå
àâòîìàòà äëÿ çàäàííîé ãðóïïû ïåðåêðåñòêîâ è ìîäåëèðîâàíèå äâèæåíèÿ è âèçóàëèçàöèÿ
òåêóùåãî ñîñòîÿíèÿ. Äëÿ âèçóàëèçàöèè òåêóùåãî ñîñòîÿíèÿ èñïîëüçóþòñÿ ñðåäñòâà
áèáëèîòåêè .NET Framework 4, à èìåííî êëàññû Windows Forms. Äëÿ âèçóàëèçàöèè
ìîäåëè íà ðàçíûõ øàãàõ èòåðàöèè èñïîëüçóåòñÿ ãðàôè÷åñêèé èíòåðôåéñ, ñîçäàííûé ñ
èñïîëüçîâàíèåì áèáëèîòåêè WinAPI.
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