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�� �ÍÅÉÐÎÍÍÛÅ ÑÅÒÈ: ÂÂÅÄÅÍÈÅ
Àííîòàöèÿ

Ðàññìîòðåíà ìîäåëü �� �íåéðîíà. Ïîêàçàíî, ÷òî â ìîäåëè �� �íåéðîíà ëåã-
êî ñòðîÿòñÿ ïðÿìûå êîìáèíàòîðíî-àëãåáðàè÷åñêèå ïðîöåäóð û êîíñòðóêòèâ-
íîãî îáó÷åíèÿ �� �íåéðîíîâ è ïðîñòåéøèõ �� �íåéðîííûõ ñåòåé ïî îáó÷à-
þùèì ïðèìåðàì. �� �íåéðîí, êîððåêòíî ôóíêöèîíèðóþùèé íà îáó÷àþùåé
ïîñëåäîâàòåëüíîñòè ñòðîèòñÿ çà îäèí ïðîõîä. Ïðèìåíÿÿ íåñë îæíóþ ïðîöå-
äóðó îïòèìèçàöèè, ìîæíî ñòðîèòü ìíîæåñòâà òàêèõ �� �íåéðîíîâ. Ïîýòîìó
ñòàíîâèòñÿ î÷åâèäíî, ÷òî â ìîäåëè �� �íåéðîííûõ ñåòåé ñòàíîâèòñÿ âîç-
ìîæíûì âîïëîùåíèå êîíñòðóêòèâíîãî êîìáèíàòîðíî-àëãåáðà è÷åñêîãî ïîä-
õîäà ê îáó÷åíèþ íåéðîííûõ ñåòåé, ðàçâèòèå êîòîðîãî îòêðûâà åò ïóòè äëÿ
ïîñòðîåíèÿ ïðÿìûõ òåîðåòè÷åñêè îáîñíîâàííûõ àëãåáðàè÷åñ êèõ ìåòîäîâ
îáó÷åíèÿ ñåìåéñòâ èñêóññòâåííûõ íåéðîííûõ ñåòåé, êîððåêòíî (èëè êâàçè-
êîððåêòíî) ôóíêöèîíèðóþùèõ íà îáó÷àþùåì ìàòåðèàëå, à òàêæ å êîìáèíà-
òîðíîãî ïîèñêà â ýòèõ ñåìåéñòâàõ îïòèìàëüíûõ èñêóññòâåííû õ íåéðîííûõ
ñåòåé.

Z. M. SHIBZUKHOV
Institute for Applied Mathematics and Automation,

Kabardino-Balkarian Research Center of the RAS, Nalchik
E-mail: szport@gmail.com

�� �NEURAL NETWORKS: AN INTRODUCTION
Abstract

A model of �� �neuron is considered. We show that in this model we are able
to construct direct combinatorial-algebraic procedure for constructive learning
of �� �neurons and the simple�� �neural networks by examples.�� �neuron,
properly functioning on training sequence is constructed in one pass. Using
simple optimazation procedure we can build sets of�� �neurons. We can see
that the model of�� -neural networks becomes possible to adopt meaningful
combinatorial-algebraic approach to learning neural networks, development of
which opens the way for the direct construction of theoretically based algebraic
methods of teaching families for arti�cial neural networksproperly operated on
educational material as well as combinatorial search of thebest arti�cial neural
networks in these families.

66 ÓÄÊ 001(06)+004.032.26 (06) Íåéðîííûå ñåòè



Ç. Ì. ØÈÁÇÓÕÎÂ

Ââåäåíèå

Îáó÷åíèå èñêóññòâåííûõ íåéðîííûõ ñåòåé ãëàâíûì îáðàçîì ñâ ÿçàíî ñ äâó-
ìÿ îñíîâíûìè ïðîáëåìàìè � ïðîáëåìîé âûáîðà àðõèòåêòóðû è ïðîáëå-
ìîé íàñòðîéêè âåñîâ. Ïîýòîìó îñîáóþ àêòóàëüíîñòü ïðèîáðåòàþò òàêèå
ïðîöåäóðû îáó÷åíèÿ, êîòîðûå ðåøàþò îáå óêàçàííûå ïðîáëåìû .

Âûáîð ìàòåìàòè÷åñêîé ìîäåëè íåéðîíà âëèÿåò íà õàðàêòåð ïðî öåäó-
ðû íàñòðîéêè âåñîâ íåéðîíà è íà õàðàêòåðèñòèêè àðõèòåêòóðûíåéðîííîé
ñåòè. Òàê, ñëàáàÿ ñïîñîáíîñòü ê àïïðîêñèìàöèè íåéðîíîâ ñ ëè íåéíîé ôóíê-
öèåé ñóììàðíîãî ñèãíàëà âèäà

y = out
�
� +

X
wi x i

�

ïðèâîäèò ê íåîáõîäèìîñòè ìíîãîñëîéíîé àðõèòåêòóðû.
Ïðèìåíåíèå áîëåå ñëîæíîé ìàòåìàòè÷åñêîé ìîäåëè íåéðîíà, ê îòîðàÿ

ïîëíåå îòðàæàåò îñíîâíûå ñâîéñòâà ïðîöåññîâ îáðàáîòêè èíô îðìàöèè â
íåéðîíàõ íåðâíîé ñèñòåìû è îáëàäàåò ëó÷øèìè ñïîñîáíîñòÿìè ïî ïðåä-
ñòàâëåíèþ çàâèñèìîñòåé, ïîçâîëÿåò óïðîñòèòü îáùóþ àðõèòåêòóðó ñåòè, à
â ðÿäå ñëó÷àåâ è óñêîðèòü ïðîöåäóðó íàñòðîéêè âåñîâ.

�� �íåéðîí êàê ðàç è ïðåäñòàâëÿåò ñîáîéàëãåáðàè÷åñêóþ ìîäåëüíåé-
ðîíà, îòðàæàþùóþ ïðîöåññû îáðàáîòêè èíôîðìàöèè â àêñî-äåí äðèòíîé
ñèñòåìå íåéðîíà, êîòîðàÿ îáëàäàåò ëó÷øèìè ñïîñîáíîñòÿìè ï î àïïðîêñè-
ìàöèè çàâèñèìîñòåé.

Îäèí �� �íåéðîí â ñâîåì êëàññè÷åñêîì âàðèàíòå èìååò ïîëèëèíåéíóþ
ôóíêöèþ ñóììàðíîãî ñèãíàëà

y = out
�

� +
X

wk

Y

i 2 i k

x i

�
; ik � f 1; : : : ; ng

è ñïîñîáåí ïðåäñòàâëÿòü ïðîèçâîëüíûå áóëåâû ôóíêöèè.
Îäèí �� �íåéðîí îò ïîðîãîâûõ ôóíêöèé

y = out
�

� +
X

wk

Y

i 2 i k

(x i � aik )+

�

ñïîñîáåí ïðåäñòàâëÿòü ïðîèçâîëüíûå ôóíêöèè p�çíà÷íîé ëîãèêè ( p � ïðî-
ñòîå ÷èñëî).

Îäèí �� �íåéðîí îò ïîðîãîâûõ ôóíêöèé

y = out
�

� +
X

wk

Y

i 2 i k

h(x i � aik )
�
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ñïîñîáåí ïðåäñòàâëÿòü ïðîèçâîëüíûå äèñêðåòíûå ôóíêöèè, î ïðåäåëåííûå
íà êîíå÷íûõ äèñêðåòíûõ ïîäìíîæåñòâàõ Zn .

Îäèí �� �íåéðîí îò óñå÷åííûõ ëèíåéíûõ ôóíêöèé

y = out
�

� +
X

wk

Y

i 2 i k

(x i � aik )+

�

ñïîñîáåí àïïðîêñèìèðîâàòü ïðîèçâîëüíûå íåïðåðûâíûå ôóíê öèè, îïðåäå-
ëåííûå íà [A1; B1] � : : : � [An ; Bn ] � Rn .

�� �íåéðîíû è �� �íåéðîííûå ñåòè, ïîñòðîåííûå èõ îñíîâå, àêòèâíî
èññëåäóþòñÿ è ïðèìåíÿþòñÿ â ïðèêëàäíûõ çàäà÷àõ, íà÷èíàÿ ñ 90-õ ãîäîâ.
Äëÿ îáó÷åíèÿ èñïîëüçóþò ìåòîäû îáó÷åíèÿ, îñíîâàííûå íà ãðàäèåíòíûõ
ïðîöåäóðàõìèíèìèçàöèè ôóíêöèîíàëà îøèáêè èëè íà ãåíåòè÷åñêèõ àëãî-
ðèòìàõ . Ãëàâíûé íåäîñòàòîê òàêèõ ïðîöåäóð ñîñòîèò â òîì, ÷òî îíè èì åþò
íåâûñîêóþ ñêîðîñòü ñõîäèìîñòè ïðîöåññà îáó÷åíèÿ. Âî ìíîãè õ ñëó÷àÿõ
îòñóòñòâóåò äîêàçàòåëüñòâî ñõîäèìîñòè ïðîöåäóðû îáó÷åíèÿ: íà ïðàêòè-
êå îíà îáåñïå÷èâàåòñÿ çà ñ÷åòýâðèñòè÷åñêîãîè/èëè ýêñïåðèìåíòàëüíîãî
ïîäáîðà ïàðàìåòðîâ îáó÷åíèÿ è ïîäõîäÿùåãî âûáîðà íà÷àëüíî ãî ñîñòîÿíèÿ
íåéðîííîé ñåòè.

Ïðÿìûå àëãåáðàè÷åñêèå ïðîöåäóðû îáó÷åíèÿ òàêèõ íåéðîííûõ ñåòåé
ïðàêòè÷åñêèíå ðàçâèòû.

Îñíîâûâàÿñü íà ìîäåëè àëãåáðàè÷åñêîãî�� �íåéðîíà , áûëè ðàçðàáî-
òàíû ïðÿìûå êîìáèíàòîðíî-àëãåáðàè÷åñêèå ïðîöåäóðû ïîñòð îåíèÿ �� �
íåéðîíîâ ïî îáó÷àþùåé ïîñëåäîâàòåëüíîñòè ïðèìåðîâ. Çà îäè í ïðîõîä
ïðåäâàðèòåëüíî óïîðÿäî÷åííîé îáó÷àþùåé ïîñëåäîâàòåëüíî ñòè ïðèìåðîâ
ñòðîèòñÿ�� �íåéðîí, êîððåêòíî ôóíêöèîíèðóþùèé íà íåé. Ïðèìåíÿÿ íå-
ñëîæíóþ ïðîöåäóðó ìèíèìèçàöèè ðàíãîâ ìóëüòèïëèêàòèâíûõ ñ ëàãàåìûõ â
ïðîöåññå îáó÷åíèÿ, ìîæíî ïîñòðîèòü ìíîæåñòâà òàêèõ �� �íåéðîíîâ.

Ïðèìåíÿÿ ðàçëè÷íûå äîïîëíèòåëüíûå îãðàíè÷åíèÿ (íàïðèìåð , ñòåïåíü
êîððåêòíîñòè ôóíêöèîíèðîâàíèÿ íà êîíòðîëüíîì ìíîæåñòâå ï ðèìåðîâ),
ìîæíî îòáèðàòü íàèëó÷øèé (èëè íàèëó÷øèå) íåéðîí, ïðèìåíÿò ü êîëëåê-
òèâíûå ðåøàþùèå ïðàâèëà èëè ñòðîèòü ëèíåéíûå (êâàçèëèíåéíûå) êîð-
ðåêòèðóþùèå îïåðàöèè äëÿ ïîâûøåíèÿ ñïîñîáíîñòè ê îáîáùåíè þ.

Â öåëîì ðàçâèòèå êîìáèíàòîðíî-àëãåáðàè÷åñêîãî ïîäõîäà ê î áó÷åíèþ
èñêóññòâåííûõ íåéðîííûõ ñåòåé îòêðûâàåò ïóòè äëÿ ïîñòðîåí èÿ ïðÿìûõ
òåîðåòè÷åñêè îáîñíîâàííûõ àëãåáðàè÷åñêèõ ìåòîäîâ è àëãîðèòìîâ îáó÷å-
íèÿ ñåìåéñòâ èñêóññòâåííûõ íåéðîííûõ ñåòåé, êîððåêòíî (èëè êâàçèêîð-
ðåêòíî) ôóíêöèîíèðóþùèõ íà îáó÷àþùåì ìàòåðèàëå, à òàêæå êî ìáèíà-
òîðíîãî ïîèñêà â ýòèõ ñåìåéñòâàõ îïòèìàëüíûõ èñêóññòâåííû õ íåéðîííûõ

68 ÓÄÊ 001(06)+004.032.26 (06) Íåéðîííûå ñåòè



Ç. Ì. ØÈÁÇÓÕÎÂ

ñåòåé. Â ðàìêàõ ýòîãî ïîäõîäà ìîæíî îòêàçàòüñÿ îò òðóäîåìêè õ îïòèìè-
çàöèîííûõ ïðîöåäóð äëÿ îáåñïå÷åíèÿ êîððåêòíîñòè îáó÷åííî é íåéðîííîé
ñåòè: êîððåêòíîñòü äîñòèãàåòñÿ â ðåçóëüòàòå ïðÿìîãî ïîñòðîåíèÿ.

Â ìîäåëè �� �íåéðîííûõ ñåòåé ñòàíîâèòñÿ âîçìîæíûì âîïëîùåíèå
êîíñòðóêòèâíîãî êîìáèíàòîðíî-àëãåáðàè÷åñêîãî ïîäõîäà ê îáó÷åíèþ äëÿ
ðåøåíèÿ îáùåé ïðîáëåìû îáó÷åíèÿ íåéðîííûõ ñåòåé.

Ìîäåëü �� �íåéðîíà

Ïåðâàÿ ìîäåëü èñêóññòâåííîãî íåéðîíà , ïðåäëîæåííàÿ Ìàê-Êàëëîêîì è
Ïèòñîì [7], èìååò ñëåäóþùèé âèä:

sn(x ) = out
�

� +
X

wi x i

�
;

ãäåx = ( x1; : : : ; xn ) � âõîäû, out(s) � ôóíêöèÿ âûõîäà, � � ñìåùåíèå,
w1; : : : ; wn � âåñà, sn(x ) � ôóíêöèÿ ïðåîáðàçîâàíèÿ íåéðîíà. Ýòî ìîäåëü
� �íåéðîíà .

Íàèáîëåå èçâåñòíûå ñðåäè íèõ ñëåäóþùèå:

� ïîðîãîâûå íåéðîíû ñ ôóíêöèåé âûõîäà

out(s) =
�

1; åñëè s > 0;
� 1; åñëè s < 0;

èëè out(s) =
�

1; åñëè s > 0;
0; åñëè s < 0;

� ñèãìîèäàëüíûå íåéðîíû ñ ôóíêöèåé âûõîäà

out(s) =
1 � e� as

1 + e� as èëè out(s) =
1

1 + e� as :

Ìîäåëü � �íåéðîíà ÿâëÿåòñÿ íàèáîëåå ïðîñòîé ìîäåëüþ ðåàëüíîãî íåéð îíà
è îòðàæàåò äîñòàòî÷íî óïðîùåííûå ïðåäñòàâëåíèÿ î ñòðóêòóðå íåéðîíà è
åãî ñâÿçÿõ ñ äðóãèìè íåéðîíàìè. Ìîäåëü � �íåéðîíà îñíîâàíà íà ðÿäå
äîïóùåíèé îòíîñèòåëüíî ñòðóêòóðû è ôóíêöèîíèðîâàíèÿ íåéð îíà:

� âñå ñèíàïñû ïðîñòûå, ò. å. â îáðàçîâàíèè ñèíàïñà ó÷àñòâóåò îäèí âõîä
(ñì. ðèñ. 1);

� âêëàä ñèíàïñà ïðîïîðöèîíàëåí âåëè÷èíå åãî âõîäà ( wi x i );
� âåëè÷èíà ñóììàðíîãî âõîäà íåéðîíà ëèíåéíî ñêëàäûâàåòñÿ èç âêëà-

äîâ ñèíàïñîâ.
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ÐÈÑ. 1. Àêñî-äåíäðèòíûé ñèíàïñ

Àêñî-äåíäðèòíàÿ ñèñòåìà ðåàëüíîãî íåéðîíà (ðèñ. 2) îáðàçóåòðàçâåòâ-
ëåííóþ ïðîñòðàíñòâåííóþ ñòðóêòóðó ñ ðàçëè÷íûìè òèïàìè ñâÿçåé: àêñî-
äåíäðèòíûìè, àêñî-ñîìàòè÷åñêèìè, àêñî-àêñîíàëüíûìè, àê ñî-ñèíàïòè÷åñ-
êèìè.

ÐÈÑ. 2. Ïðèðîäíûå íåéðîíû è ñâÿçè ìåæäó íèìè

Â îáùåì ñëó÷àå â íåé ìîãóò âñòðå÷àòüñÿñèíàïòè÷åñêèå êëàñòåðû, â
îáðàçîâàíèè êîòîðûõ ìîãóò ó÷àñòâîâàòü íåñêîëüêî âõîäîâ. Â êëàä êàæäîãî
âõîäà â êëàñòåðå ìîæåò çàâèñåòü îò âåëè÷èí äðóãèõ âõîäîâ.

Äëÿ òîãî, ÷òîáû îòðàçèòü ýòè îñîáåííîñòè ðåàëüíûõ íåéðîíîâ â ìîäåëè
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èñêóññòâåííîãî íåéðîíà íåîáõîäèìî îñëàáèòü äîïóùåíèÿ, ïî ëîæåííûå â
îñíîâó ìîäåëè � �íåéðîíà, è ðàñøèðèòü åå.

Ïðîñòåéøèé ñïîñîá ðàñøèðåíèÿ ìîäåëè � �íåéðîíà ñ ìàòåìàòè÷åñêîé
òî÷êè çðåíèÿ ñîñòîèò â îñëàáëåíèè òðåáîâàíèÿ ëèíåéíîñòè âêëàäîâ, íåçà-
âèñèìîñòè âõîäîâ è ïðîñòîòû ñèíàïñîâ è ïåðåõîäà ê ïîëèëèíåé íûì ôóíê-
öèÿì ñóììàðíîãî âõîäíîãî ñèãíàëà. Îíè, áóäó÷è ëèíåéíûìè ïî êàæäîìó
îòäåëüíî âçÿòîìó àðãóìåíòó (êîãäà çíà÷åíèÿ âñåõ îñòàëüíûõ çàôèêñèðîâà-
íû), â òî æå âðåìÿ ÿâëÿþòñÿ íåëèíåéíûìè ôóíêöèÿìè ìíîãèõ ïåð åìåííûõ.

Ïðèíÿòèå ïîëèëèíåéíîé ôóíêöèè ñóììèðîâàíèÿ ñèãíàëà îòðàæ àåò â
ñåáå ñëåäóþùèå ïðîñòûå äîïóùåíèÿ:

� ñèíàïñû ìîãóò áûòü êàê ïðîñòûìè, òàê è ñëîæíûìè (ñèíàïòè÷åñ êèå
êëàñòåðû);

� âåëè÷èíà ñóììàðíîãî âõîäà íåéðîíà ñêëàäûâàåòñÿ èç âåëè÷èí, ïðî-
ïîðöèîíàëüíûõ âêëàäàì ñèíàïòè÷åñêèõ êëàñòåðîâ;

� âåëè÷èíà âêëàäà ñèíàïòè÷åñêîãî êëàñòåðà ïðåäñòàâëÿåò ïîëèëèíåé-
íóþ ôîðìó îò âõîäîâ, ó÷àñòâóþùèõ â åãî îáðàçîâàíèè.

Íàïðèìåð, â ïðåñèíàïòè÷åñêîé àêñî-äåíäðèòíîé ñâÿçè (ïðåñ èíàïòè÷åñêîå
òîðìîæåíèå, ðèñ. 3) âêëàä ìîæåò ïðåäñòàâëÿòüñÿ ÷ëåíîì âèäàwx1x2.

ÐÈÑ. 3. Ïðåñèíàïòè÷åñêîå òîðìîæåíèå

Â ñèíàïòè÷åñêîì êëàñòåðå, ïîêàçàííîì íà ðèñ. 4, âõîäû íå ÿâë ÿþòñÿ
íåçàâèñèìûìè: ïåðâûé è òðåòèé, âòîðîé è ÷åòâåðòûé, ïåðâûé èâòîðîé,
òðåòèé è ÷åòâåðòûé âõîäû îêàçûâàþò âëèÿíèå äðóã íà äðóãà. Ïîýòîìó,
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âêëàä ñèíàïòè÷åñêîãî êëàñòåðà ìîæíî ïðåäñòàâèòü, íàïðèìåð, â âèäå ñëå-
äóþùåé ïîëèëèíåéíîé ôîðìû:

w1x1x2 + w2x3x4 + w3x1x3 + w4x2x4:

ÐÈÑ. 4. Ñèíàïòè÷åñêèé êëàñòåð

Ìîäåëü èñêóññòâåííîãî íåéðîíà ñ ïîëèëèíåéíîé ôóíêöèåé ñóì ìàðíîãî
âõîäà èìååò âèä:

spn(x ) = out
�

� +
X

wk

Y

i 2 i k

x i

�
;

ãäå ik � f 1; 2; : : : ; ng � ìóëüòèèíäåêñû ( ik 6= ? ). Òàêèå íåéðîíû áó-
äåì íàçûâàòü �� �íåéðîíàìè. Îíè òàêæå èçâåñòíû, êàê�� �ýëåìåíòû èëè
ïîðîãîâî-ïîëèíîìèàëüíûå ýëåìåíòû [2,6,8,9].

Â òàêîé ìîäåëè ïðîèçâåäåíèÿ
Q

i 2 i k
x i èñïîëüçóþòñÿ äëÿ îòðàæåíèÿ

âêëàäà ãðóïïû çàâèñèìûõ âõîäîâ ñ íîìåðàìè i 2 ik , êîòîðûå â ñîâîêóïíî-
ñòè îêàçûâàþò âëèÿíèå äðóã íà äðóãà, ñ îäíîé ñòîðîíû, à, ñ äðóãîé ñòîðîíû,
äàþò íóëåâîé âêëàä, åñëè õîòÿ áû îäèí èç âõîäîâ îêàæåòñÿ ðàâíûì íóëþ.

�� �íåéðîí (ðèñ. 5) ìîæíî ïðåäñòàâëÿòü, êàê äâóõñëîéíóþ ñåòü ñ ïðî-
ìåæóòî÷íûì ñëîåì èç � �ýëåìåíòîâ è � �íåéðîíîì íà âûõîäíîì ñëîå:

y = out
�

� +
X

wk sk

�
;

sk =
Y

i 2 i k

x i :
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ÐÈÑ. 5. �� �íåéðîí

�� �íåéðîí òàêæå ìîæíî ïðåäñòàâëÿòü â âèäå àðèôìåòè÷åñêîãî �� �
äåðåâà, à èìåííî ôóíêöèþ ñóììàðíîãî ñèãíàëà

sp(x ) = � +
X

wk

Y

i 2 i k

x i

ìîæíî ïðåäñòàâèòü â âèäå äåðåâà èçáèëèíåéíûõ ýëåìåíòîâ âèäà:

b(x ; u ) =
X

i 2 i

ui x i +
X

j 2 j

wj x j +
X

t 2 t

ct ut ;

ãäå
u = ( u0; u1; : : : ; un ); x = ( x1; : : : ; xn ); i � f 1; 2; : : : ; ng;

j � f 1; 2; : : : ; ng; t � f 1; 2; : : : ; ng:

×àñòíûì ñëó÷àåì áèëèíåéíîãî ýëåìåíòà ÿâëÿåòñÿ ýëåìåíò, ðå àëèçóþ-
ùèé ñâåðòêó:

b(x ; u ) =
nX

i =1

ui x i :

Áèëèíåéíûå ýëåìåíòû îòëè÷àþòñÿ òåì, ÷òî
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� åñëè íàáîð u çàôèêñèðîâàí, òî b(x ; � ) � ëèíåéíàÿ ôóíêöèÿ îò x ;
� åñëè íàáîð x çàôèêñèðîâàí, òî b(� ; u ) � ëèíåéíàÿ ôóíêöèÿ îò u .

Íàïðèìåð, òàêîå (êàíîíè÷åñêîå) ïðåäñòàâëåíèå ìîæíî ïîëó÷ èòü íà îñíîâå
çàïèñè sp(x ) â ñêîáî÷íîé çàïèñè, èñïîëüçóÿ ðàçëîæåíèÿ âèäà, ïîêàçàííîã î
íà ðèñ. 6, ãäåsp0 è sp00íå çàâèñÿò îòx i .

(a) sp = sp 0 � x i + sp 00 (b) sp = sp 0 � x i + w00

(c) sp = w0 � x i + sp 00 (d) sp = w0 � x i + w00

ÐÈÑ. 6. Ïðåäñòàâëåíèå �� �íåéðîíà â âèäå äåðåâà

Ëîãèêî-àðèôìåòè÷åñêèå �� �íåéðîíû

Ïðåèìóùåñòâà ìîäåëè �� �íåéðîíà ïî ñðàâíåíèþ ñ ìîäåëüþ � �íåéðîíà
ïðîÿâëÿåòñÿ â òîì, ÷òî ïðîèçâîëüíóþ ÷àñòè÷íóþ ëîãè÷åñêóþ ô óíêöèþ

f : X ! f 0; 1g; X � f 0; 1gn
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ìîæíî ïðåäñòàâèòü ïðè ïîìîùè åäèíñòâåííîãî ëîãèêî-àðèôìå òè÷åñêîãî
�� �íåéðîíà, êîòîðûé ïðåäñòàâëÿåò ñîáîé �� �íåéðîí out(s), ïðèíèìàþ-
ùåé çíà÷åíèÿ â f 0; 1g. Íàïðèìåð, ïîðîãîâàÿ ôóíêöèÿ

h(s) =
�

1; åñëè s > 0;
0; åñëè s < 0:

Ïðèìåð 1. Ëîãè÷åñêàÿ ôóíêöèÿXOR(¾èñêëþ÷àþùåå èëè¿):

x1�x2 x1 x2

0 0 0
1 0 1
1 1 0
0 1 1

ïðåäñòàâëÿåòñÿ â âèäå:

x1�x2 = h(� 1 + x1 + x2 � 2x1x2)

èëè â âèäå äâóõñëîéíîé ñåòè:

x1�x2 = h(� 1 + s1 + s2 � 2s3);

s1 = x1; s2 = x2; s3 = x1x2;

èëè â âèäå êîìïîçèöèè áèëèíåéíûõ ýëåìåíòîâ:

x1�x2 = h(u1 + u2x1);

u1 = � 1 + x1; u2 = 1 � 2x1:

Ïðèìåð 2. Ïóñòü �� -ôîðìà íåéðîíà èìååò âèä:

sp(x1; : : : ; x4) = 1 + 2 x1 + x2 + 3 x3 � x4 +

+ x1x2 � x2x3 � 3x2x3 � x1x3 +

+ x1x2x3 � 2x1x3x4 + x2x3x4 � x1x2x3x4:
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Ïðåäñòàâëåíèå â ñêîáî÷íîé çàïèñè èìååò âèä:

sp(x1; : : : ; x4) = 1 + x1(2 + x2(1 + x3(1 � x4| {z }
u5

)

| {z }
u3

) + x3(� 1 � 2x4| {z }
u4

)

| {z }
u1

) +

+ x2(1 + x3(� 3 + x4| {z }
u6

)

| {z }
u2

) + 3 x3 � x4:

Ïðåäñòàâëåíèå â ôîðìå êîìïîçèöèè áèëèíåéíûõ ýëåìåíòîâ èìå åò âèä:
sp

1 + x1u1 + x2u2 + 3 x3 � x4

u1

2 + x2u3 + x3u4

u3

1 + x3u5

u5

1 � x4

u4

� 1 � 2x4

u2

1 + x3u6

u6

� 3 + x4

sp(x1; : : : ; x4) = 1 + x1u1 + x2u2 + 3 x3 � x4;

u1 = 2 + x2u3 + x3u4;

u2 = 1 + x3u6;

u3 = 1 + x3u5;

u4 = � 1 � 2x4;

u5 = 1 � x4;

u6 = � 3 + x4:
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Îáó÷åíèå

Îáó÷èòü ëîãèêî-àðèôìåòè÷åñêèé�� �íåéðîí ïðåäñòàâëÿòü ëîãè÷åñêóþ ôóíê-
öèþ î÷åíü ïðîñòî. Ïóñòü çàäàíà íåïðîòèâîðå÷èâàÿ òàáëèöà èñòèííîñòè
T = f (yk ; xk )g, k = 1 ; 2; : : : ; N :

y x1 : : : xn

y1 x11 : : : x1n

: : : : : : : : : : : :
yN xN 1 : : : xNn

ãäåyk 2 f 0; 1g, xk 2 f 0; 1gn . Ïåðåä îáó÷åíèåì åå ñòðîêè óïîðÿäî÷èâàþòñÿ
â ïîðÿäêå âîçðàñòàíèÿ çíà÷åíèÿ ñóììû jx j = x1 + � � � + xn (êîëè÷åñòâî
¾åäèíèö¿ âx).

Â ïðîöåññå îáó÷åíèÿ ñòðîèòñÿ ïîñëåäîâàòåëüíîñòü ëîãèêî-àðèôìåòè÷åñêèõ
�� �íåéðîíîâ f spnk (x )g. Ïðîöåññ ïîñòðîåíèÿ ðåêóððåíòíûé:

1) Â íà÷àëå ïðîöåññàsp0(x ) = � ,
2) Íà k�îì øàãå spk (x ) = sp k � 1(x ) + wk

Q

i 2 i 0
k

x i , ãäåi0
k = f i : xki = 1 g.

Âåñwk íàõîäèòñÿ ñëåäóþùèì îáðàçîì:

wk =
�

sk � spk � 1(xk ); åñëè spnk � 1(xk ) 6= y k ;
0; åñëè spnk � 1(xk ) = yk ;

ãäåsk � ïðîèçâîëüíîå çíà÷åíèå, òàêîå ÷òî out(sk ) = y k . Íàïðèìåð, åñëè
out � ïîðîãîâàÿ ôóíêöèÿ, òî ìîæíî ïîëîæèòü sk = y k � 1 èëè sk = 2y k � 1.

Ïîñëå N øàãîâ èñêîìûé ëîãèêî-àðèôìåòè÷åñêèé �� �íåéðîí ïîñòðîåí.
Ýòîò î÷åíü ïðîñòîé àëãîðèòì îáó÷åíèÿ, â ñëó÷àå, êîãäà out � ïîðîãîâàÿ
ôóíêöèÿ, áûë ïåðâîíà÷àëüíî ïðåäëîæåí Òèìîôååâûì [3].

Ïðèìåð ïîñòðîåíèÿ �� �íåéðîíà. Ðàññìîòðèì ïðîñòîé ïðèìåð ïî-
ñòðîåíèÿ �� �íåéðîíà.

Îáó÷àþùàÿ òàáëèöà

k y x1 x2 x3 x4 x5

1 1 1 1 1 0 0
2 0 0 1 1 1 0
3 1 0 0 1 1 1
4 0 1 0 0 1 1
5 1 1 1 0 0 1
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Â íà÷àëå:sp0(x ) = 0 .

Øàã 1. Èìååì: y1 = 1 , x1 = (1 ; 1; 1; 0; 0), sp0(x ) = 0 .
sp0(x1) = 0 , spn0(x1) = 1 ) sp1(x ) = sp 0(x ) = 0 .
Èòàê,sp1(x ) = 0 .

Øàã 2. Èìååì: y2 = 0 , x2 = (0 ; 1; 1; 1; 0), sp1(x ) = 0 .
sp1(x2) = 0 , spn1(x2) = 1 ) sp2(x ) = sp 1(x ) + w2x2x3x4,
w2 = � 1 � sp1(x2) = � 1.
Èòàê,sp2(x ) = � x2x3x4.

Øàã 3. Èìååì: y3 = 1 , x3 = (0 ; 0; 1; 1; 1), sp2(x ) = � x2x3x4.
spn2(x3) = 1 ) sp3(x ) = sp 2(x ).
Èòàê,sp3(x ) = � x2x3x4.

Øàã 4. Èìååì: y4 = 0 , x4 = (1 ; 0; 0; 1; 1), sp3(x ) = � x2x3x4.
sp3(x4) = 0 , spn3(x4) = 1 ) sp4(x ) = sp 3(x ) + w4x1x4x5,
w4 = � 1 � sp3(x4) = � 1.
Èòàê,sp4(x ) = � x2x3x4 � x1x4x5.

Øàã 5. Èìååì: y5 = 1 , x5 = (1 ; 1; 0; 0; 1), sp4(x ) = � x2x3x4 � x1x4x5.
sp4(x5) = 0 , spn4(x5) = 1 ) sp5(x ) = sp 4(x ).
Èòàê,sp5(x ) = � x2x3x4 � x1x4x5.

Ðåçóëüòàò:spn(x ) = h
�
� x2x3x4 � x1x4x5

�
.

Ñåêðåò ïðîñòîòû îáó÷åíèÿ. Ïðîñòîòà îáó÷åíèÿ � ñëåäñòâèå òðåóãîëü-
íîñòè ìàòðèöû

0

B
B
B
B
B
B
@

p11 � � � p1k � � � p1N

0
...

...
...

...
0 0 pkk � � � pkN

0 0 0
...

...
0 0 0 0 pNN

1

C
C
C
C
C
C
A

;

ãäå
pkj = pn( x j ; ik ) =

Y

i 2 i k

xkj :

Ýòî îçíà÷àåò, ÷òî f pn(x ; ik )g � òðåóãîëüíî óïîðÿäî÷åííàÿ íà f xk g.
Îïðåäåëåíèå. Ïîñëåäîâàòåëüíîñòü f pn(x ; ik )g � òðåóãîëüíî óïîðÿäî-

÷åííàÿ íà f xk g, åñëè
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� pn(x j ; ik ) = 0 äëÿ âñåõj < k ;

� pn(xk ; ik ) 6= 0 äëÿ âñåõk.

Óïîðÿäî÷åííîñòè ïîñëåäîâàòåëüíîñòè f xk g ïî âîçðàñòàíèþ

jx j = x1 + : : : + xn

äîñòàòî÷íî äëÿ òðåóãîëüíîé óïîðÿäî÷åííîñòè
�

pn(x ; i0
k )

	
íà íåé, ãäå

i0
k = f i j xki 6= 0 g:

×óâñòâèòåëüíîñòü è ñëîæíîñòü

×óâñòâèòåëüíîñòü�� �íåéðîíà ê ìàëûì èçìåíåíèÿì çíà÷åíèé âõîäîâ çà-
âèñèò îò âåëè÷èíû åãî ñòðóêòóðíîé ñëîæíîñòè

hspni =
X

jik j:

Òàê, åñëè
j� x i j 6 �;

òî
j�sp( x )j = O

�
hspni

�
�:

Ìèíèìèçàöèÿ ñëîæíîñòè

Îêàçûâàåòñÿ, ÷òî âî ìíîãèõ ñëó÷àÿõ ìîæíî ïîñòðîèòü ëîãèêî- àðèôìåòè-
÷åñêèå�� �íåéðîíû, èìåþùèå

� ñóùåñòâåííî ìåíüøóþ ñëîæíîñòü ( jik j < ji0
k j äëÿ áîëüøèíñòâà k);

� ïðàâèëüíî ôóíêöèîíèðóþùèé íà òàáëèöå T .

Ïðîöåäóðà îáó÷åíèÿ îñòàåòñÿ íåèçìåííîé, åñëè âìåñòî i0
k , âçÿòü ìóëüòèèí-

äåêñûik � i0
k , òàêèå ÷òî äëÿ âñåõj = 1 ; 2; :::; k � 1

Y

i 2 i k

x ji = 0 :

Äëÿ ïîèñêà òàêèõ ìóëüòèèíäåêñîâ ìîæíî äëÿ êàæäîãî k ïðèìåíèòü ïðîöå-
äóðó èñêëþ÷åíèÿ èçi0

k ¾íåñóùåñòâåííûõ¿ èíäåêñîâ [1,4].
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Òàêèì îáðàçîì àëãîðèòì îáó÷åíèÿ, äîïîëíåííûé ïðîöåäóðîé è ñêëþ-
÷åíèÿ ¾íåñóùåñòâåííûõ¿ âõîäîâ, ó÷àñòâóþùèõ â ïðîèçâåäåíèÿõ

Q
i 2 i k

x i ,
ïîçâîëÿåò ñòðîèòüìíîæåñòâà ëîãèêî-àðèôìåòè÷åñêèõ�� �íåéðîíîâ, ïðà-
âèëüíî ôóíêöèîíèðóþùèõ íà îáó÷àþùåé òàáëèöå T è èìåþùèõ ïîòåíöè-
àëüíî ìèíèìàëüíóþ ñòðóêòóðíóþ ñëîæíîñòü.

Ïðèìåð 3. Ïîëó÷åíèå ðàçëè÷íûõ �� �íåéðîíîâ çà ñ÷åò âàðüèðîâàíèÿ âîç-
ìîæíûõ âàðèàíòîâ âûáîðà ïðîèçâåäåíèÿ pn(x; ik ).

k y x1 x2 x3 x4 x5

1 1 1 1 1 0 0 x1 jx2jx3

2 0 0 1 1 1 0 x4

3 1 0 0 1 1 1 x5

4 0 1 0 0 1 1 x1x4jx1x5

5 1 1 1 0 0 1 x1x5jx2x5

Â ïîñëåäíåì ñòîëáöå äàííîé òàáëèöû óêàçàíû âîçìîæíûå âàðèà íòû
âûáîðà ïðîèçâåäåíèÿ pn(x; ik ). Êîìáèíèðóÿ ðàçíûå âàðèàíòû ìîæíî â îá-
ùåé ñëîæíîñòè ïîñòðîèòü 12 �� �íåéðîíîâ:

sp(x ) = w1

x1

x2

x3

+ w2x4 + w3x5 + w4
x1x4

x1x5
+ w5

x1x5

x2x5

Ìîäåëü ëîãèêî-àðèôìåòè÷åñêîãî �� �íåéðîìîäóëÿ

Êëàññèôèêàöèÿ ñ íåïåðåñåêàþùèìèñÿ êëàññàìè

Îäèí ëîãèêî-àðèôìåòè÷åñêèé �� �íåéðîí ïîçâîëÿåò ýôôåêòèâíî ðàçäåëÿòü
êîíå÷íûå ìíîæåñòâà X � f 0; 1gn íà äâà êëàññà. Äëÿ ðàçäåëåíèÿ åãî íàq
íåïåðåñåêàþùèõñÿ êëàññîâ (q > 2) ¾â ýïîõó îäíîñëîéíîãî ïåðöåïòðîíà¿
ñòðîèëè ñåòü èçq íåéðîíîâ òàê, ÷òîáû j �é ( 1 6 j 6 q) � �íåéðîí

yj = sn j (x )

ðåàëèçîâûâàë áû õàðàêòåðèñòè÷åñêóþ ôóíêöèþj �ãî êëàññàC j � X . Îä-
íàêî ýòî âîçìîæíî äàëåêî íå âñåãäà.

Íà ïîìîùü ïðèõîäèò ìîäåëü îäíîñëîéíîé ñåòè ñ êîíêóðèðóþùèì ôóíê-
öèîíèðîâàíèåì. Íàèáîëåå èçâåñòíàÿ èç íèõ � ìîäåëü îäíîñëîé íîé ñåòè ñ
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ôóíêöèîíèðîâàíèåì ïî ïðàâèëó WTA(Winner Takes All � ¾ïîáåäèòåëü çà-
áèðàåò âñ�å¿):

yj = h
�
sj � max f s1; : : : ; sqg

�
;

sj = s j (x1; : : : ; xn ) = � j +
X

wji x i :

Çäåñüyj = 1 äëÿ íåéðîíà, ó êîòîðîãî çíà÷åíèå ñóììàðíîãî ñèãíàëà �
ìàêñèìàëüíîå. Â òàêîé ìîäåëè óäàåòñÿ ðåøàòü íåêîòîðûå çàäà÷è ðàçäåëå-
íèÿ íà íåïåðåñåêàþùèåñÿ êëàññû, êîòîðûå íåïîñèëüíû äëÿ îäí îñëîéíîãî
ïåðöåïòðîíà.

Ìîäåëü �� �íåéðîìîäóëÿ ñ êîíêóðèðóþùèì ôóíêöèîíèðîâàíèåì ïî
ïðàâèëó WTA

yj = h
�
sj � max f s1; : : : ; sqg

�
;

sj = sp j (x1; : : : ; xn )

ïîçâîëÿåò ðàçäåëÿòü ëþáîå ïîäìíîæåñòâî X íà q íåïåðåñåêàþùèõñÿ êëàñ-
ñîâ. �� �íåéðîìîäóëü ñ êîíêóðèðóþùèì ôóíêöèîíèðîâàíèåì ïî ïðàâèë ó
WTAîáó÷àåòñÿ òàê æå ëåãêî, êàê è åäèíñòâåííûé ëîãèêî-àðèôìåòè÷åñêèé
�� �íåéðîí.

Îáùàÿ çàäà÷à êëàññèôèêàöèè

Ïðîèçâîëüíàÿ çàäà÷à q�êëàññîâîé êëàññèôèêàöèè ìíîæåñòâC j � X �
f 0; 1g (ìíîæåñòâà C j ìîãóò ïåðåñåêàòüñÿ ìåæäó ñîáîé), ãäåj = 1 ; 2; : : : ; q,
ïîä ñèëó îäíîñëîéíîé ñåòè èç íåçàâèñèìî ôóíêöèîíèðóþùèõ ëî ãèêî-
àðèôìåòè÷åñêèõ�� �íåéðîíîâ

spn(x ) =
�
spn1(x ); : : : ; spnq(x )

�
;

ãäåspnj (x ) ïðåäñòàâëÿåò ñîáîé õàðàêòåðèñòè÷åñêóþ ôóíêöèþj �ãî êëàññà.
Êàæäûé íåéðîí îáó÷àåòñÿ íåçàâèñèìî îò äðóãèõ íåéðîíîâ.

Îäíîñëîéíóþ ñåòü ëîãèêî-àðèôìåòè÷åñêèõ �� �íåéðîíîâ ìîæíî ïðåä-
ñòàâèòü êàê äâóõñëîéíóþ ñåòü ñî ñêðûòûì ñëîåì èç� �ýëåìåíòîâ:

yj = sn j (s1; : : : ; sN ); j = 1 ; 2; : : : ; q;

sk =
Y

i 2 i k

x i ; k = 1 ; 2; : : : ; N:
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ÐÈÑ. 7. Ñëîé �� �íåéðîíîâ

Ìîäåëü ñëîÿ ëîãèêî-àðèôìåòè÷åñêèõ �� �íåéðîíîâ (ðèñ. 7) ñ íåçàâèñè-
ìûì è êîíêóðèðóþùèì ôóíêöèîíèðîâàíèåì ïî ïðàâèëó WTAîáîáùàåòñÿ
äî ìîäåëè ëîãèêî-àðèôìåòè÷åñêîãî �� �íåéðîìîäóëÿ:

y = out
�
sp(x )

�
;

ãäå

y = ( y1; : : : ; ym ); x = ( x1; : : : ; xn ); sp(x ) =
�
sp1(x ); : : : ; spm (x )

�
:

Ïðåîáðàçîâàíèå
out =

�
out1(s); : : : ; outm (s)

�
;

ãäå
out j (s); s = ( s1; : : : ; sm );

ïðèíèìàåò çíà÷åíèÿ â f 0; 1gè ïðåäñòàâëÿåò ïðàâèëî êîíêóðèðóþùåãî ôóíê-
öèîíèðîâàíèÿ m ëîãèêî-àðèôìåòè÷åñêèõ�� �íåéðîíîâ.
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Ìîæíî ïðèâåñòè ïðèìåðû ïðàâèë ôóíêöèîíèðîâàíèÿ:

(1) out j (s) = out j (sj ) (¾íåçàâèñèìîå ôóíêöèîíèðîâàíèå¿);
(2) out j (s) = h

�
sj � (1 � � )max f s1; : : : ; sm g

�
(¾òîëüêî ëó÷øèå¿);

(3) out j (s) = h
�
sj � (1 + � )medf s1; : : : ; sm g

�
(¾âñå, êòî ëó÷øå ñðåäíå-

ãî¿);

Çäåñü

0 < � � 1; medf s1; : : : ; sm g =
X

� j sj ;
X

� j = 1 :

Îáùèé ìåòîä îáó÷åíèÿ ëîãèêî-àðèôìåòè÷åñêîãî �� �íåéðîìîäóëÿ òàê
æå ïðîñò, êàê è ìåòîä îáó÷åíèÿ ëîãèêî-àðèôìåòè÷åñêîãî �� �íåéðîíà.

Îáó÷åíèå îñóùåñòâëÿåòñÿ ïî íåïðîòèâîðå÷èâîé òàáëèöå èñòèííîñòè
T = fhyk ; xk ig , yk = (y k1; : : : ; ykm ), xk = (x k1; : : : ; xkN ), k = 1 ; 2; : : : ; N :

y1 : : : y` x1 : : : xn

y11 : : : y1m x11 : : : x1n

: : : : : : : : : : : : : : : : : :
yN 1 : : : yNm xN 1 : : : xNn

ãäåyk 2 f 0; 1gm , xk 2 f 0; 1gn . Ïåðåä îáó÷åíèåì åå ñòðîêè òàêæå óïîðÿäî-
÷èâàþòñÿ â ïîðÿäêå âîçðàñòàíèÿ çíà÷åíèÿ ñóììû jx j = x1 + � � � + xn .

Â ïðîöåññå îáó÷åíèÿ ñòðîèòñÿ ïîñëåäîâàòåëüíîñòü�� �íåéðîìîäóëåé
�

spn k (x ) = out
�
spk (x )

�	
; k = 0 ; 1; 2; : : :

Ïðîöåññ ïîñòðîåíèÿ ðåêóððåíòíûé.
Âíà÷àëå

sp0(x ) = ( � 1; :::; � q):

Íà k�îì øàãå âû÷èñëÿåòñÿ çíà÷åíèå spn k � 1(xk ). Åñëè

spn k � 1(xk ) = yk ;

òî
spk (x ) = spk � 1(x ):

Åñëè
spn k � 1(xk ) 6= yk ;
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òî íåêîòîðûì îáðàçîì âûáèðàåòñÿ íàáîð

sk = (s k1; :::; skq );

òàêîé ÷òî out (sk ) = yk .1 Çàòåì ïîëàãàåòñÿ

spk (x ) = spk � 1(x ) + w k

Y

i 2 i k

x i ;

ãäåw k = sk � spk � 1(xk ).
Ïîñëå N øàãîâ èñêîìûé �� �íåéðîìîäóëü ïîñòðîåí. Ýòîò ïðîñòîé àë-

ãîðèòì îáó÷åíèÿ áûë ïðåäëîæåí â [4,5].

Ðåêóððåíòíûé � �íåéðîí

Ðåêóððåíòíûé � �íåéðîí ðåàëèçóåò ïðåîáðàçîâàíèå â äèñêðåòíîì âðåìåíè
t = 0 ; 1; 2; : : : è, â îòëè÷èå îò îáû÷íîãî � �íåéðîíà, èìååò îáðàòíûå ñâÿè:

y(t) = sn
�
x1(t); : : : ; xn (t); y(t � 1); : : : ; y(t � `)

�
;

ãäåx1(t); :::; xn (t) � âõîäû â ìîìåíò âðåìåíè t, y(t); y(t � 1); : : : ; y(t � `) �
çíà÷åíèÿ íà âûõîäå â ìîìåíòû âðåìåíè t; t � 1; : : : ; t � ` , ñîîòâåòñòâåííî;
` � ãëóáèíà ñâÿçåé ïî âðåìåíè. Âíà÷àëå, ïðè t = 0 , çàäàíû y(� 1); : : : ; y(� `).

Ðåêóððåíòíûé ëîãèêî-àðèôìåòè÷åñêèé �� �íåéðîí

Ðåêóððåíòíûé ëîãèêî-àðèôìåòè÷åñêèé�� �íåéðîí (ðèñ. 8) ÿâëÿåòñÿ ðåêóð-
ðåíòíûì àíàëîãîì îáû÷íîãî ëîãèêî-àðèôìåòè÷åñêîãî �� �íåéðîíà:

y(t) = spn
�
x1(t); : : : ; xn (t); y(t � 1); : : : ; y(t � `)

�
:

Îáó÷åíèå ðåêóððåíòíîãî ëîãèêî-àðèôìåòè÷åñêîãî �� �íåéðîíà ìîæíî
ñâåñòè ê îáó÷åíèþ îáû÷íîãî ëîãèêî-àðèôìåòè÷åñêîãî �� �íåéðîíà

spn
�
x1; : : : ; xn ; u1; : : : ; u`

�
;

ãäå
u1(t) = y(t � 1); : : : ; u` (t) = y(t � `)

1Åñëè ïðè íåêîòîðûõ j ïîëó÷àåòñÿ spnkj (x k ) = y kj , òî, êàê ïðàâèëî, sk ñòàðàþòñÿ
âûáèðàòü òàê, ÷òîáûout j (sk ) = y kj :
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ÐÈÑ. 8. Ðåêóððåíòíûé �� �íåéðîí

ïî òàáëèöå

T =
�


y(t);
�
x1(t); : : : ; xn (t); y(t � 1); : : : ; y(t � `)

��	

y(t) x1(t) : : : xn (t) y(t � 1) : : : y(t � `)

y(1) x1(1) : : : xn (1) y(1) : : : y(1 � `)
: : : : : : : : : : : : : : : : : : : : :

y(T ) x1(T ) : : : xn (T ) y(T � 1) : : : y(T � `)

â ñëó÷àå íåïðîòèâîðå÷èâîñòèT .

Ðåêóððåíòíûé ñëîé � �íåéðîíîâ

Ðåêóððåíòíûé� �íåéðîíîâ, èçâåñòíûé êàê RTRN(Real Time Recurrent Network),

yj (t) = sn j
�
x1(t); : : : ; xn (t); y1(t � 1); : : : ; ym (t � 1)

�
; j = 1 ; 2; : : : ; m
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ïîëó÷àåò íà âõîäå x1; : : : ; xn è çíà÷åíèÿ

y1(t � 1); : : : ; ym (t � 1);

âû÷èñëåííûå â ïðåäûäóùèé ìîìåíò âðåìåíè t � 1; çäåñü

y1(0); : : : ; ym (0)

ïðåäñòàâëÿþò ñîáîé çàäàííûå çíà÷åíèÿ âûõîäîâ ñëîÿ â íà÷àëüíûé ìîìåíò
âðåìåíè t = 0 .

Ðåêóððåíòíûé ñëîé ëîãèêî-àðèôìåòè÷åñêèõ
�� �íåéðîíîâ

Ðåêóððåíòíûé ñëîé ëîãèêî-àðèôìåòè÷åñêèõ�� �íåéðîíîâ

yj (t) = spn j

�
x1(t); : : : ; xn (t); y1(t � 1); : : : ; ym (t � 1)

�
; j = 1 ; 2; : : : ; m

ðåêóððåíòíûì àíàëîãîì ñëîÿ ëîãèêî-àðèôìåòè÷åñêèõ �� �íåéðîíîâ. Ïî-
ñêîëüêó ñëîé ëîãèêî-àðèôìåòè÷åñêèõ�� �íåéðîíîâ ìîæíî ðàññìàòðèâàòü
êàê äâóõñëîéíóþ ñåòü, òî ðåêóððåíòíûé ñëîé ëîãèêî-àðèôìåòè÷åñêèõ�� �
íåéðîíîâ ìîæíî ñ÷èòàòü àíàëîãîì ðåêóððåíòíîé äâóõñëîéíîé ñåòè èç�� �
íåéðîíîâ:

yj (t) = sn j
�
u1(t); : : : ; uL (t)

�
; j = 1 ; 2; :::; m;

up(t) = sn p
�
x1(t); : : : ; xn (t); y1(t � 1); : : : ; ym (t � 1)

�
; p = 1 ; 2; : : : ; L:

Îáó÷åíèå ðåêóððåíòíîãî ëîãèêî-àðèôìåòè÷åñêîãî �� �íåéðîíà ìîæíî
ñâåñòè ê îáó÷åíèþ îáû÷íîãî ñëîÿ ëîãèêî-àðèôìåòè÷åñêèõ �� �íåéðîíîâ
yj = spn j

�
x1; : : : ; xn ; u1; : : : ; u`

�
, ãäåu1(t) = y(t � 1); : : : ; u` (t) = y(t � `)

ïî òàáëèöå

T =
�
�

y1(t); : : : ; ym (t)
�
;
�
x1(t); : : : ; xn (t); y(t � 1); : : : ; y(t � `)

��	

y1(t) : : : ym (t) x1(t) : : : xn (t) y(t � 1) : : : y(t � `)

y1(1) : : : ym (1) x1(1) : : : xn (1) y(1) : : : y(1 � `)
: : : : : : : : : : : : : : : : : : : : : : : : : : :

y1(T ) : : : ym (T ) x1(T ) : : : xn (T ) y(T � 1) : : : y(T � `)

â ñëó÷àå íåïðîòèâîðå÷èâîñòèT .
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Çàêëþ÷åíèå

Èòàê, ìû ðàññìîòðåëè ìîäåëü ìîäåëü �� �íåéðîíà è ïîêàçàëè, ÷òî â ìî-
äåëè �� �íåéðîíà ëåãêî ñòðîÿòñÿ ïðÿìûå êîìáèíàòîðíî-àëãåáðàè÷åñ êèå
ïðîöåäóðû êîíñòðóêòèâíîãî îáó÷åíèÿ �� �íåéðîíîâ è ïðîñòåéøèõ �� �
íåéðîííûõ ñåòåé ïî îáó÷àþùèì ïðèìåðàì. �� �íåéðîí, êîððåêòíî ôóíê-
öèîíèðóþùèé íà îáó÷àþùåé ïîñëåäîâàòåëüíîñòè ñòðîèòñÿ çà î äèí ïðîõîä.
Ïðèìåíÿÿ íåñëîæíóþ ïðîöåäóðó îïòèìèçàöèè, ìîæíî ñòðîèòü ì íîæåñòâà
òàêèõ�� �íåéðîíîâ.

Òàêèì îáðàçîì â ìîäåëè �� �íåéðîííûõ ñåòåé ñòàíîâèòñÿ âîçìîæ-
íûì âîïëîùåíèå êîíñòðóêòèâíîãî êîìáèíàòîðíî-àëãåáðàè÷å ñêîãî ïîäõî-
äà ê îáó÷åíèþ íåéðîííûõ ñåòåé, ðàçâèòèå êîòîðîãî îòêðûâàåò ïóòè äëÿ
ïîñòðîåíèÿ ïðÿìûõ òåîðåòè÷åñêè îáîñíîâàííûõ àëãåáðàè÷åñêèõ ìåòîäîâ
îáó÷åíèÿ ñåìåéñòâèñêóññòâåííûõ íåéðîííûõ ñåòåé, êîððåêòíî (èëè êâàçè-
êîððåêòíî) ôóíêöèîíèðóþùèõ íà îáó÷àþùåì ìàòåðèàëå, à òàêæ å êîìáèíà-
òîðíîãî ïîèñêà â ýòèõ ñåìåéñòâàõ îïòèìàëüíûõ èñêóññòâåííû õ íåéðîííûõ
ñåòåé.
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