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1 Ïîñòàíîâêà çàäà÷è

Â äàííîé ðàáîòå áûëè ïîñòàâëåíû ñëåäóþùèå çàäà÷è:

� Ðåàëèçîâàòü ñ èñïîëüçîâàíèåì ãåíåòè÷åñêèõ àëãîðèòìîâ ðåøåíèå çàäà÷è êîì-
ìèâîÿæåðà ïî èíäèâèäóàëüíîìó çàäàíèþ ñîãëàñíî íîìåðó âàðèàíòà.

� Ñðàâíèòü íàéäåííîå ðåøåíèå ñ ïðåäñòàâëåííûì â óñëîâèè çàäà÷è îïòèìàëü-
íûì ðåøåíèåì.

� Ïðåäñòàâèòü ãðàôè÷åñêè íàéäåííîå ðåøåíèå.

� Ïðîàíàëèçèðîâàòü âðåìÿ âûïîëíåíèÿ è òî÷íîñòü íàõîæäåíèÿ ðåçóëüòàòà â çà-
âèñèìîñòè îò âåðîÿòíîñòè ðàçëè÷íûõ âèäîâ êðîññîâåðà, ìóòàöèè.

Èíäèâèäóàëüíîå çàäàíèå âàðèàíò 18:

Äàíî: Ýâêëèäîâû êîîðäèíàòû ãîðîäîâ 38 ãîðîäîâ â Äæèáóòè (ñì. Ïðèëîæå-
íèå À). Îïòèìàëüíûé òóð ïðåäñòàâëåí íà Ðèñ. 1, åãî äëèíà ðàâíà 6659.

Ðèñ. 1. Îïòèìàëüíûé òóð äëÿ çàäàííîãî íàáîðà äàííûõ

Òðåáóåòñÿ:

1. Ðåàëèçîâàòü ñ èñïîëüçîâàíèåì ãåíåòè÷åñêèõ àëãîðèòìîâ ðåøåíèå çàäà÷è êîì-
ìèâîÿæåðà.

2. Äëÿ òóðîâ èñïîëüçîâàòü ïóòåâîå ïðåäñòàâëåíèå.
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2 Òåîðåòè÷åñêèå ñâåäåíèÿ

Ãåíåòè÷åñêèå àëãîðèòìû (ÃÀ) èñïîëüçóþò ïðèíöèïû è òåðìèíîëîãèþ, çàèìñòâî-
âàííûå ó áèîëîãè÷åñêîé íàóêè � ãåíåòèêè. Â ÃÀ êàæäàÿ îñîáü ïðåäñòàâëÿåò ïîòåíöè-
àëüíîå ðåøåíèå íåêîòîðîé ïðîáëåìû. Â êëàññè÷åñêîì ÃÀ îñîáü êîäèðóåòñÿ ñòðîêîé
äâîè÷íûõ ñèìâîëîâ � õðîìîñîìîé. Îäíàêî ïðåäñòàâëåíèå õðîìîñîìû çàâèñèò îò ïî-
ñòàíîâêè çàäà÷è: äëÿ íåïðåðûâíûõ çàäà÷ óäîáíû âåêòîðû âåùåñòâåííûõ ÷èñåë (real-
coded), òîãäà êàê äëÿ êîìáèíàòîðíûõ çàäà÷, òàêèõ êàê çàäà÷à êîììèâîÿæåðà (ÇÊ),
åñòåñòâåííî ïðåäñòàâëÿòü òóð êàê ïåðåñòàíîâêó ãîðîäîâ. Äëèíà õðîìîñîìû ñîâïàäà-
åò ñ ÷èñëîì ýëåìåíòîâ çàäà÷è; äâîè÷íîå êîäèðîâàíèå ÇÊ, êàê ïðàâèëî, íåýôôåêòèâíî
èç-çà íåîáõîäèìîñòè ¾ðåìîíòà¿ ðåøåíèé ïîñëå ïðèìåíåíèÿ îïåðàòîðîâ.

Ìíîæåñòâî îñîáåé � ïîòåíöèàëüíûõ ðåøåíèé ñîñòàâëÿåò ïîïóëÿöèþ. Ïîèñê
(ñóá)îïòèìàëüíîãî ðåøåíèÿ ïðîáëåìû âûïîëíÿåòñÿ â ïðîöåññå ýâîëþöèè ïîïóëÿöèè
- ïîñëåäîâàòåëüíîãî ïðåîáðàçîâàíèÿ îäíîãî êîíå÷íîãî ìíîæåñòâà ðåøåíèé â äðóãîå
ñ ïîìîùüþ ãåíåòè÷åñêèõ îïåðàòîðîâ ðåïðîäóêöèè, êðîññèíãîâåðà è ìóòàöèè.

Ïðåäâàðèòåëüíî ïðîñòîé ÃÀ ñëó÷àéíûì îáðàçîì ãåíåðèðóåò íà÷àëüíóþ ïîïóëÿ-
öèþ ñòðèíãîâ (õðîìîñîì). Çàòåì àëãîðèòì ãåíåðèðóåò ñëåäóþùåå ïîêîëåíèå (ïîïó-
ëÿöèþ), ñ ïîìîùüþ òðåõ îñíîâíûõ ãåíåòè÷åñêèõ îïåðàòîðîâ:

1. Îïåðàòîð ðåïðîäóêöèè (ÎÐ);

2. Îïåðàòîð ñêðåùèâàíèÿ (êðîññèíãîâåðà, ÎÊ);

3. Îïåðàòîð ìóòàöèè (ÎÌ).

ÃÀ ðàáîòàåò äî òåõ ïîð, ïîêà íå áóäåò âûïîëíåíî çàäàííîå êîëè÷åñòâî ïîêîëåíèé
(èòåðàöèé) ïðîöåññà ýâîëþöèè èëè íà íåêîòîðîé ãåíåðàöèè áóäåò ïîëó÷åíî çàäàííîå
êà÷åñòâî èëè âñëåäñòâèå ïðåæäåâðåìåííîé ñõîäèìîñòè ïðè ïîïàäàíèè â íåêîòîðûé
ëîêàëüíûé îïòèìóì. Íà Ðèñ. 2 ïðåäñòàâëåí ïðîñòîé ãåíåòè÷åñêèé àëãîðèòì.
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Ðèñ. 2. Ïðîñòîé ãåíåòè÷åñêèé àëãîðèòì

2.1 Îñíîâíàÿ òåðìèíîëîãèÿ â ãåíåòè÷åñêèõ àëãîðèò-

ìàõ

Ãåí � ýëåìåíòàðíûé êîä â õðîìîñîìå si, íàçûâàåìûé òàêæå çíàêîì èëè äåòåê-
òîðîì (â êëàññè÷åñêîì ÃÀ si = 0, 1).
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Õðîìîñîìà � óïîðÿäî÷åííàÿ ïîñëåäîâàòåëüíîñòü ãåíîâ â âèäå çàêîäèðîâàííîé
ñòðóêòóðû äàííûõ S = (s1, s2, . . . , sn), îïðåäåëÿþùàÿ ðåøåíèå. Ïðåäñòàâëåíèå çà-
âèñèò îò òèïà çàäà÷è: äëÿ íåïðåðûâíûõ çàäà÷ � âåêòîð âåùåñòâåííûõ ÷èñåë; äëÿ
ÇÊ � ïåðåñòàíîâêà ãîðîäîâ (ñì. ðàçäåë î ïðåäñòàâëåíèÿõ: ñîñåäñêîå, ïîðÿäêîâîå è
ïóòåâîå).

Ëîêóñ � ìåñòîïîëîæåíèå (ïîçèöèÿ, íîìåð áèòà) äàííîãî ãåíà â õðîìîñîìå.

Àëëåëü � çíà÷åíèå, êîòîðîå ïðèíèìàåò äàííûé ãåí (íàïðèìåð, 0 èëè 1).

Îñîáü � îäíî ïîòåíöèàëüíîå ðåøåíèå çàäà÷è (ïðåäñòàâëÿåìîå õðîìîñîìîé).

Ïîïóëÿöèÿ � ìíîæåñòâî îñîáåé (õðîìîñîì), ïðåäñòàâëÿþùèõ ïîòåíöèàëüíûå
ðåøåíèÿ.

Ïîêîëåíèå � òåêóùàÿ ïîïóëÿöèÿ ÃÀ íà äàííîé èòåðàöèè àëãîðèòìà.

Ãåíîòèï � íàáîð õðîìîñîì äàííîé îñîáè. Â ïîïóëÿöèè ìîãóò èñïîëüçîâàòüñÿ
êàê îòäåëüíûå õðîìîñîìû, òàê è öåëûå ãåíîòèïû.

Ãåíîôîíä � ìíîæåñòâî âñåõ âîçìîæíûõ ãåíîòèïîâ.

Ôåíîòèï � íàáîð çíà÷åíèé, ñîîòâåòñòâóþùèé äàííîìó ãåíîòèïó. Ýòî äåêîäè-
ðîâàííîå ìíîæåñòâî ïàðàìåòðîâ çàäà÷è (íàïðèìåð, äåñÿòè÷íîå çíà÷åíèå x, ñîîòâåò-
ñòâóþùåå äâîè÷íîìó êîäó).

Ðàçìåð ïîïóëÿöèè N � ÷èñëî îñîáåé â ïîïóëÿöèè.

×èñëî ïîêîëåíèé � êîëè÷åñòâî èòåðàöèé, â òå÷åíèå êîòîðûõ ïðîèçâîäèòñÿ
ïîèñê.

Ñåëåêöèÿ � ñîâîêóïíîñòü ïðàâèë, îïðåäåëÿþùèõ âûæèâàíèå îñîáåé íà îñíîâå
çíà÷åíèé öåëåâîé ôóíêöèè.

Ýâîëþöèÿ ïîïóëÿöèè � ÷åðåäîâàíèå ïîêîëåíèé, â êîòîðûõ õðîìîñîìû èçìå-
íÿþò ñâîè ïðèçíàêè, ÷òîáû êàæäàÿ íîâàÿ ïîïóëÿöèÿ ëó÷øå ïðèñïîñàáëèâàëàñü ê
ñðåäå.

Ôèòíåññ-ôóíêöèÿ � ôóíêöèÿ ïîëåçíîñòè, îïðåäåëÿþùàÿ ìåðó ïðèñïîñîáëåí-
íîñòè îñîáè. Â çàäà÷àõ îïòèìèçàöèè îíà ñîâïàäàåò ñ öåëåâîé ôóíêöèåé èëè îïèñû-
âàåò áëèçîñòü ê îïòèìàëüíîìó ðåøåíèþ.

2.2 Ïðåäñòàâëåíèÿ õðîìîñîì äëÿ çàäà÷è êîììèâîÿ-

æåðà

Çàäà÷à êîììèâîÿæåðà (ÇÊ) ôîðìóëèðóåòñÿ òàê: òðåáóåòñÿ ïîñåòèòü êàæäûé èç
N ãîðîäîâ ðîâíî îäèí ðàç è âåðíóòüñÿ â èñõîäíóþ òî÷êó, ìèíèìèçèðóÿ ñóììàðíóþ
ñòîèìîñòü (èëè äëèíó) òóðà. Åñòåñòâåííûì ÿâëÿåòñÿ ïðåäñòàâëåíèå òóðà êàê ïåðå-
ñòàíîâêè ãîðîäîâ. Íà ïðàêòèêå èñïîëüçóþòñÿ òðè îñíîâíûõ ïðåäñòàâëåíèÿ, êàæäîå
ñî ñâîèìè îïåðàòîðàìè ðåêîìáèíàöèè:
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2.2.1 Ïðåäñòàâëåíèå ñîñåäñòâà

Òóð çàäà¼òñÿ ñïèñêîì èç N ãîðîäîâ, ãäå â ïîçèöèè i óêàçàí ãîðîä j, îçíà÷àþùèé
ïåðåõîä èç ãîðîäà i â ãîðîä j. Íàïðèìåð, âåêòîð (2 4 8 3 9 7 1 5 6) ñîîòâåòñòâóåò òóðó
1→ 2→ 4→ 3→ 8→ 5→ 9→ 6→ 7. Ó êàæäîãî êîððåêòíîãî òóðà åñòü åäèíñòâåííîå
ñîñåäñêîå ïðåäñòàâëåíèå, îäíàêî íå âñÿêàÿ ñòðîêà â ýòîì ïðåäñòàâëåíèè êîððåêòíà
(âîçìîæíû ïðåæäåâðåìåííûå öèêëû, íàïðèìåð 1→2→4→1 . . .).

2.2.2 Ïîðÿäêîâîå ïðåäñòàâëåíèå

Òóð ïðåäñòàâëÿåòñÿ ñïèñêîì èç N ïîçèöèé; i-é ýëåìåíò ðàâåí èíäåêñó ãîðîäà â
òåêóùåì óïîðÿäî÷åííîì ñïèñêå äîñòóïíûõ ãîðîäîâ. Íàïðèìåð, ïðè îïîðíîì ñïèñêå
C = (1 2 3 4 5 6 7 8 9) òóð 1 → 2 → 4 → 3 → 8 → 5 → 9 → 6 → 7 êîäèðóåòñÿ êàê
l = (1 1 2 1 4 1 3 1 1), ïîñëåäîâàòåëüíî ¾âûáèðàÿ¿ ýëåìåíòû èç C.

2.2.3 Ïóòåâîå ïðåäñòàâëåíèå

Íàèáîëåå èíòóèòèâíîå ïðåäñòàâëåíèå: òóð çàïèñûâàåòñÿ êàê ïîñëåäîâàòåëüíîñòü
ãîðîäîâ, íàïðèìåð 5→1→7→8→9→4→6→2→3 êîäèðóåòñÿ êàê (5 1 7 8 9 4 6 2 3).
Ýòî ïðåäñòàâëåíèå ñîõðàíÿåò îòíîñèòåëüíûé ïîðÿäîê ãîðîäîâ è øèðîêî ïðèìåíÿåòñÿ
íà ïðàêòèêå.

2.3 Êðîññèíãîâåðû äëÿ ïðåäñòàâëåíèé ÇÊ

Îïåðàòîðû ðåêîìáèíàöèè äîëæíû ñîõðàíÿòü äîïóñòèìîñòü òóðîâ (ïåðåñòàíî-
âî÷íóþ ïðèðîäó ðåøåíèÿ). Äëÿ ðàçíûõ ïðåäñòàâëåíèé èñïîëüçóþòñÿ ðàçëè÷íûå
êðîññèíãîâåðû.

2.3.1 Êðîññèíãîâåðû äëÿ ïðåäñòàâëåíèÿ ñîñåäñòâà

Alternating Edges (îáìåí ð¼áðàìè): ïîòîìîê ñòðîèòñÿ, ïîî÷åð¼äíî âûáèðàÿ
ðåáðà ó ðîäèòåëåé: îäíî ðåáðî ó ïåðâîãî ðîäèòåëÿ, ñëåäóþùåå � ó âòîðîãî, çàòåì
ñíîâà ó ïåðâîãî è ò.ä. Åñëè âûáðàííîå ðåáðî çàìûêàåò öèêë ïðåæäåâðåìåííî, âûáè-
ðàåòñÿ äðóãîå åù¼ íå èñïîëüçîâàííîå ðåáðî òîãî æå ðîäèòåëÿ, íå îáðàçóþùåå öèêë.

Subtour Chunks (îáìåí ïîäòóðàìè): ïîòîìîê ôîðìèðóåòñÿ êîíêàòåíàöèåé
êóñî÷êîâ (ïîäòóðîâ), ïîî÷åð¼äíî âçÿòûõ ó ðîäèòåëåé. Ïðè îáðàçîâàíèè ïðåæäåâðå-
ìåííîãî öèêëà ïðîèçâîäèòñÿ ¾ðåìîíò¿ àíàëîãè÷íî ïðåäûäóùåìó îïåðàòîðó.

Heuristic Crossover (ýâðèñòè÷åñêèé): ñòàðòóÿ èç ñëó÷àéíîãî ãîðîäà, íà êàæ-
äîì øàãå ñðàâíèâàþòñÿ äâà èíöèäåíòíûõ ðåáðà, ïðåäëàãàåìûõ ðîäèòåëÿìè, è âûáè-
ðàåòñÿ áîëåå êîðîòêîå; åñëè âîçíèêàåò öèêë èëè ðåáðî óæå èñïîëüçîâàíî, âûáèðàåòñÿ
ñëó÷àéíûé åù¼ íå ïîñåù¼ííûé ãîðîä. Îïåðàòîð íàöåëåí íà ñîõðàíåíèå êîðîòêèõ ð¼-
áåð, íî ìîæåò èìåòü íåñòàáèëüíóþ ïðîèçâîäèòåëüíîñòü.
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2.3.2 Êðîññèíãîâåðû äëÿ ïîðÿäêîâîãî ïðåäñòàâëåíèÿ

Äëÿ ïîðÿäêîâîãî ïðåäñòàâëåíèÿ êîððåêòíîñòü ïîòîìêîâ îáåñïå÷èâàåò êëàññè÷å-
ñêèé îäíîòî÷å÷íûé êðîññîâåð: ëþáûå äâà ðîäèòåëÿ, ðàçðåçàííûå â îäíîé ïîçèöèè
è ñêëååííûå, ïîðîæäàþò äîïóñòèìûõ ïîòîìêîâ (ïîñêîëüêó âûáîð ¾ïî èíäåêñó¿ â
îñòàâøåìñÿ ñïèñêå ãîðîäîâ îñòà¼òñÿ êîððåêòíûì).

2.3.3 Êðîññèíãîâåðû äëÿ ïóòåâîãî ïðåäñòàâëåíèÿ

Äëÿ ïóòåâîãî ïðåäñòàâëåíèÿ øèðîêî ïðèìåíÿþòñÿ òðè îïåðàòîðà, ãàðàíòèðóþ-
ùèå êîððåêòíóþ ïåðåñòàíîâêó ó ïîòîìêîâ.

PMX (Partially Mapped Crossover). Èäåÿ: îáìåíÿòü ïîäïîñëåäîâàòåëü-
íîñòè ìåæäó ðîäèòåëÿìè è ïîñòðîèòü îòîáðàæåíèå ñîîòâåòñòâèé, êîòîðûì çàòåì
ðàçðåøàòü êîíôëèêòû (äóáëèêàòû).

Ïðèìåð. Ïóñòü òî÷êè ðàçðåçà çàäàþò ñåãìåíò ïîçèöèé 4 . . . 7:

p1 = (1 2 3 | 4 5 6 7 | 8 9), p2 = (4 5 2 | 1 8 7 6 | 9 3).

1) Êîïèðóåì ñåãìåíò âòîðîãî ðîäèòåëÿ â ïîòîìêà o1 è ôîðìèðóåì îòîáðàæåíèå {4 ↔
1, 5 ↔ 8, 6 ↔ 7, 7 ↔ 6}:

o1 = (_ _ _ | 1 8 7 6 | _ _).

2) Çàïîëíÿåì ïðî÷èå ïîçèöèè ïî ïîðÿäêó èç p1, ïðèìåíÿÿ îòîáðàæåíèå ïðè êîíôëèê-
òàõ: 1 7→ 4, 8 7→ 5.

o1 = (4 2 3 | 1 8 7 6 | 5 9).

Àíàëîãè÷íî äëÿ o2 (êîïèðóåì ñåãìåíò èç p1, çàïîëíÿåì îñòàëüíîå èç p2):

o2 = (1 8 2 | 4 5 6 7 | 9 3).

PMX ñîõðàíÿåò êàê ïîçèöèè ÷àñòè ýëåìåíòîâ, òàê è îòíîñèòåëüíûé ïîðÿäîê/ñîîò-
âåòñòâèÿ íà îñòàëüíîé ÷àñòè õðîìîñîìû.

OX (Order Crossover). Èäåÿ: ñêîïèðîâàòü ñåãìåíò îäíîãî ðîäèòåëÿ è äîçà-
ïîëíèòü îñòàâøèåñÿ ïîçèöèè ýëåìåíòàìè âòîðîãî ðîäèòåëÿ â èõ ïîðÿäêå ïîÿâëåíèÿ
(ïðîïóñêàÿ óæå ñêîïèðîâàííûå).

Ïðèìåð. Ñ òåìè æå ðîäèòåëÿìè è ðàçðåçàìè 4 . . . 7:

p1 = (1 2 3 | 4 5 6 7 | 8 9), p2 = (4 5 2 | 1 8 7 6 | 9 3).

1) Êîïèðóåì ñåãìåíò p1 â o1:

o1 = (_ _ _ | 4 5 6 7 | _ _).

2) Îáõîäÿ p2 ñ ïîçèöèè ïîñëå ïðàâîãî ðàçðåçà, äîçàïîëíÿåì: ïîëó÷àåì

o1 = (2 1 8 | 4 5 6 7 | 9 3).

Ñèììåòðè÷íî äëÿ o2 (êîïèðóåì ñåãìåíò èç p2 è äîçàïîëíÿåì ïîðÿäêîì èç p1):

o2 = (3 4 5 | 1 8 7 6 | 9 2).

Îïåðàòîð OX ñîõðàíÿåò îòíîñèòåëüíûé ïîðÿäîê ãîðîäîâ; öèêëè÷åñêèé ñäâèã òóðà
íåñóùåñòâåíåí.
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CX (Cycle Crossover). Èäåÿ: íàõîäèòü öèêëû ïîçèöèé, èíäóöèðîâàííûå âçà-
èìíûì ðàñïîëîæåíèåì çíà÷åíèé ó ðîäèòåëåé, è íàñëåäîâàòü öèêëû ïî î÷åðåäè èç
ðàçíûõ ðîäèòåëåé.

Ïðèìåð. Âîçüì¼ì

p1 = (1 2 3 4 5 6 7 8 9), p2 = (4 5 2 1 8 7 6 9 3).

Ïîñòðîèâ öèêëû ïîçèöèé, ïîëó÷èì äîïóñòèìûõ ïîòîìêîâ, íàïðèìåð:

o1 = (1 2 3 4 7 6 9 8 5), o2 = (4 1 2 8 5 6 7 3 9).

CX ñîõðàíÿåò àáñîëþòíûå ïîçèöèè ÷àñòè ýëåìåíòîâ è ñïîñîáñòâóåò ïåðåäà÷å ¾öèê-
ëàìè¿ âçàèìíûõ ðàñïîëîæåíèé.

Îòìåòèì, ÷òî ïóòåâîå ïðåäñòàâëåíèå àêöåíòèðóåò ïîðÿäîê ãîðîäîâ (à íå ñòàð-
òîâûé ãîðîä), ïîýòîìó òóðû, îòëè÷àþùèåñÿ öèêëè÷åñêèì ñäâèãîì, ýêâèâàëåíòíû.

2.4 Ìóòàöèè äëÿ ïóòåâîãî ïðåäñòàâëåíèÿ

Îïåðàòîðû ìóòàöèè â ÃÀ äëÿ çàäà÷è êîììèâîÿæ¼ðà äîëæíû ñîõðàíÿòü äîïóñòè-
ìîñòü ðåøåíèÿ (ïåðåñòàíîâî÷íóþ ñòðóêòóðó). Äëÿ ïóòåâîãî ïðåäñòàâëåíèÿ ïðèìåíÿ-
þòñÿ ñïåöèàëèçèðîâàííûå îïåðàòîðû, êîòîðûå ìîäèôèöèðóþò ïîðÿäîê ãîðîäîâ, íå
íàðóøàÿ êîððåêòíîñòè òóðà.

Swap (îáìåí äâóõ ýëåìåíòîâ). Èäåÿ: âûáðàòü ñëó÷àéíûì îáðàçîì äâå
ïîçèöèè â ìàðøðóòå è îáìåíÿòü íàõîäÿùèåñÿ íà íèõ ãîðîäà ìåñòàìè.

Ïðèìåð. Ïóñòü èñõîäíûé òóð:

t = (1 2 3 4 5 6 7 8 9).

Âûáèðàåì ïîçèöèè i = 2 è j = 6 (ýëåìåíòû 3 è 7). Ïîñëå îáìåíà ïîëó÷àåì:

t′ = (1 2 7 4 5 6 3 8 9).

Îïåðàòîð swap îáåñïå÷èâàåò ëîêàëüíóþ ìîäèôèêàöèþ òóðà, èçìåíÿÿ ïîëîæåíèå
òîëüêî äâóõ ãîðîäîâ.

Inversion (èíâåðñèÿ ñåãìåíòà). Èäåÿ: âûáðàòü ñëó÷àéíûé ñåãìåíò ìàðø-
ðóòà è îáðàòèòü ïîðÿäîê ãîðîäîâ âíóòðè íåãî.

Ïðèìåð. Äëÿ òîãî æå òóðà âûáèðàåì ïîçèöèè ðàçðåçà i = 3 è j = 7 (ñåãìåíò
4 5 6 7):

t = (1 2 3 | 4 5 6 7 | 8 9).

Èíâåðòèðóåì âûäåëåííûé ñåãìåíò:

t′ = (1 2 3 | 7 6 5 4 | 8 9).

Èíâåðñèÿ ñîõðàíÿåò ñâÿçíîñòü ÷àñòåé ìàðøðóòà, ìåíÿÿ íàïðàâëåíèå îáõîäà â ïîä-
òóðå. Ýòîò îïåðàòîð îñîáåííî ýôôåêòèâåí ïðè íàëè÷èè ïåðåñå÷åíèé ð¼áåð, òàê êàê
èíâåðñèÿ ìîæåò ¾ðàñïóòàòü¿ íåêîòîðûå èç íèõ è óëó÷øèòü äëèíó ìàðøðóòà.
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Insertion (âûðåçêà è âñòàâêà). Èäåÿ: âûáðàòü ñëó÷àéíûé ãîðîä, óäàëèòü
åãî èç òåêóùåé ïîçèöèè è âñòàâèòü â äðóãóþ ñëó÷àéíóþ ïîçèöèþ ìàðøðóòà.

Ïðèìåð. Ïóñòü èñõîäíûé òóð:

t = (1 2 3 4 5 6 7 8 9).

Âûáèðàåì ãîðîä íà ïîçèöèè i = 3 (ýëåìåíò 4) è öåëåâóþ ïîçèöèþ j = 7. Óäàëÿåì
ýëåìåíò 4:

ttmp = (1 2 3 5 6 7 8 9).

Âñòàâëÿåì 4 íà ïîçèöèþ 7:
t′ = (1 2 3 5 6 7 4 8 9).

insertion èçìåíÿåò ðàñïîëîæåíèå îäíîãî ãîðîäà îòíîñèòåëüíî äðóãèõ, ñìåùàÿ ñîñå-
äåé.

Âñå òðè îïåðàòîðà ãàðàíòèðóþò ñîõðàíåíèå êîððåêòíîé ïåðåñòàíîâêè: êàæäûé
ãîðîä îñòà¼òñÿ â òóðå ðîâíî îäèí ðàç.
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3 Îñîáåííîñòè ðåàëèçàöèè

Â ðàìêàõ ðàáîòû ñîçäàíà ìèíè-áèáëèîòåêà gen.py äëÿ ðåøåíèÿ çàäà÷è êîì-
ìèâîÿæ¼ðà (TSP) ãåíåòè÷åñêèì àëãîðèòìîì ñ ïóòåâûì ïðåäñòàâëåíèåì õðîìîñîì.
Âòîðîé ìîäóëü expirements.py îðãàíèçóåò ñåðèéíûå ýêñïåðèìåíòû (ïåðåáîð ïàðà-
ìåòðîâ, ôîðìàòèðîâàíèå è ñîõðàíåíèå ðåçóëüòàòîâ).

� Êîäèðîâàíèå îñîáåé: êàæäàÿ õðîìîñîìà ïðåäñòàâëåíà êàê ïåðåñòàíîâêà ãî-
ðîäîâ (Chromosome = list[int]), ãäå êàæäûé ýëåìåíò � èíäåêñ ãîðîäà. Ïîïó-
ëÿöèÿ � ñïèñîê õðîìîñîì (Population = list[Chromosome]). Èíèöèàëèçàöèÿ
ñëó÷àéíûìè ïåðåñòàíîâêàìè áåç ïîâòîðåíèé:

� initialize_random_population(pop_size: int, cities: Cites) -> Population

� Ôèòíåññ-ôóíêöèÿ: öåëåâàÿ ôóíêöèÿ ïðèíèìàåò õðîìîñîìó (ìàðøðóò) è âîç-
âðàùàåò ñêàëÿðíîå çíà÷åíèå ôèòíåññà (äëèíó ïóòè). Äëÿ ðåæèìà ìèíèìèçà-
öèè èñïîëüçóåòñÿ âíóòðåííåå ïðåîáðàçîâàíèå ïðè ñåëåêöèè (ñäâèã è èíâåðñèÿ
çíàêà), ÷òî ïîçâîëÿåò ïðèìåíÿòü ðóëåòêó:

� eval_population(population: Population, fitness_func: FitnessFn)
-> Fitnesses

� Ëîãèêà ðåæèìà ìèíèìèçàöèè â genetic_algorithm(config: GARunConfig)
-> GARunResult

� Ñåëåêöèÿ (ðóëåòêà): âåðîÿòíîñòè íîðìèðóþòñÿ ïîñëå ñäâèãà íà ìèíèìàëü-
íîå çíà÷åíèå â ïîêîëåíèè (óñòîé÷èâî ê îòðèöàòåëüíûì ôèòíåññàì). Ôóíêöèÿ:
reproduction(population: Population, fitnesses: Fitnesses) -> Population.

� Êðîññèíãîâåð: ðåàëèçîâàíû ñïåöèàëèçèðîâàííûå îïåðàòîðû äëÿ ïåðåñòàíî-
âîê: PMX (Partially Mapped Crossover), OX (Ordered Crossover) è CX (Cycle
Crossover). Êðîññèíãîâåð âûïîëíÿåòñÿ ïîïàðíî ïî ïåðåìåøàííîé ïîïóëÿöèè ñ
âåðîÿòíîñòüþ pc. Ôóíêöèè:

� partially_mapped_crossover_fn(p1: Chromosome, p2: Chromosome) ->
tuple[Chromosome, Chromosome]

� ordered_crossover_fn(p1: Chromosome, p2: Chromosome) -> tuple[Chromosome,
Chromosome]

� cycle_crossover_fn(p1: Chromosome, p2: Chromosome) -> tuple[Chromosome,
Chromosome]

� crossover(population: Population, pc: float, crossover_fn: CrossoverFn)
-> Population

� Ìóòàöèÿ: ðåàëèçîâàíû òðè òèïà ìóòàöèé äëÿ ïåðåñòàíîâîê: îáìåí äâóõ ãîðî-
äîâ (swap), èíâåðñèÿ ñåãìåíòà (inversion), âûðåçêà è âñòàâêà ãîðîäà (insertion).
Ìóòàöèÿ ïðèìåíÿåòñÿ ñ âåðîÿòíîñòüþ pm. Ôóíêöèè:

� swap_mutation_fn(chrom: Chromosome) -> Chromosome

� inversion_mutation_fn(chrom: Chromosome) -> Chromosome

11



� insertion_mutation_fn(chrom: Chromosome) -> Chromosome

� mutation(population: Population, pm: float, mutation_fn: MutationFn)
-> Population

� Êðèòåðèé îñòàíîâêè: ïîääåðæèâàþòñÿ êðèòåðèè ïî ìàêñèìàëüíîìó êîëè-
÷åñòâó ïîêîëåíèé, ïîâòîðåíèþ ëó÷øåãî ðåçóëüòàòà, äîñòèæåíèþ ïîðîãîâîãî
çíà÷åíèÿ ôèòíåññà. Õðàíèòñÿ èñòîðèÿ âñåõ ïîêîëåíèé. Ïðîâåðêà âûïîëíÿåòñÿ
â ôóíêöèè:

genetic_algorithm(config: GARunConfig) -> GARunResult.

� Âèçóàëèçàöèÿ: ðåàëèçîâàíà îòðèñîâêà ìàðøðóòîâ îáõîäà ãîðîäîâ íà ïëîñêî-
ñòè ñ îòîáðàæåíèåì ëó÷øåé îñîáè ïîêîëåíèÿ. Ôóíêöèè:

� plot_tour(cities: list[tuple[float, float]], tour: list[int], ax:
Axes)

� save_generation(generation: Generation, history: list[Generation],
config: GARunConfig)

� plot_fitness_history(result: GARunResult, save_path: str | None)
-> None

� Ýëèòèçì: ïîääåðæèâàåòñÿ ïåðåíîñ ëó÷øèõ îñîáåé áåç èçìåíåíèÿ â ñëåäóþùåå
ïîêîëåíèå (elitism ïàðàìåòð).

� Èçìåðåíèå âðåìåíè: äëèòåëüíîñòü âû÷èñëåíèé âîçâðàùàåòñÿ â ìèëëèñåêóí-
äàõ êàê ÷àñòü GARunResult.time_ms.

� Ôàéëîâàÿ îðãàíèçàöèÿ: ðåçóëüòàòû ýêñïåðèìåíòîâ ñîõðàíÿþòñÿ â ñòðóêòó-
ðå experiments/N/ ñ òàáëèöàìè ðåçóëüòàòîâ. Çàäåéñòâîâàííûå ôóíêöèè:

� clear_results_directory(results_dir: str) -> None

� Ôóíêöèè äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ â ìîäóëå expirements.py

Â ìîäóëå expirements.py çàäàþòñÿ êîîðäèíàòû ãîðîäîâ è ïàðàìåòðû ýêñïåðè-
ìåíòîâ. Ñåðèéíûå çàïóñêè è ñîõðàíåíèå ðåçóëüòàòîâ ðåàëèçîâàíû äëÿ èññëåäîâàíèÿ
âëèÿíèÿ ïàðàìåòðîâ ÃÀ íà êà÷åñòâî ðåøåíèÿ çàäà÷è êîììèâîÿæ¼ðà.
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4 Ðåçóëüòàòû ðàáîòû

Íà Ðèñ. 4�11 ïðåäñòàâëåíû ðåçóëüòàòû ðàáîòû ãåíåòè÷åñêîãî àëãîðèòìà ñî ñëå-
äóþùèìè ïàðàìåòðàìè:

� N = 500 � ðàçìåð ïîïóëÿöèè.

� pc = 0.9 � âåðîÿòíîñòü êðîññèíãîâåðà.

� pm = 0.3 � âåðîÿòíîñòü ìóòàöèè.

� 2500 � ìàêñèìàëüíîå êîëè÷åñòâî ïîêîëåíèé.

� 3 � êîëè÷åñòâî "ýëèòíûõ"îñîáåé, ïåðåíîñèìûõ áåç èçìåíåíèÿ â ñëåäóþùåå ïî-
êîëåíèå.

� Partially mapped crossover - êðîññîâåð.

� Inversion mutation - ìóòàöèÿ

Íà Ðèñ. 3 ïîêàçàí ãðàôèê èçìåíåíèÿ ôèòíåññà ïî ïîêîëåíèÿì. Âèäíî, ÷òî àë-
ãîðèòì ïîñòåïåííî ñõîäèòñÿ ê ìèíèìàëüíî âîçìîæíîìó çíà÷åíèþ ôèòíåñà. Ëó÷øèé
ìàðøðóò áûë íàéäåí íà ïîêîëíåíèè �1896 (ñì. Ðèñ. 11).

Ðèñ. 3. Ãðàôèê èçìåíåíèÿ ôèòíåññà ïî ïîêîëåíèÿì
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Ðèñ. 4. Ëó÷øèé ìàðøðóò ïîêîëåíèÿ �1

Ðèñ. 5. Ëó÷øèé ìàðøðóò ïîêîëåíèÿ �5
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Ðèñ. 6. Ëó÷øèé ìàðøðóò ïîêîëåíèÿ �50

Ðèñ. 7. Ëó÷øèé ìàðøðóò ïîêîëåíèÿ �100
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Ðèñ. 8. Ëó÷øèé ìàðøðóò ïîêîëåíèÿ �300

Ðèñ. 9. Ëó÷øèé ìàðøðóò ïîêîëåíèÿ �500
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Ðèñ. 10. Ëó÷øèé ìàðøðóò ïîêîëåíèÿ �900

Ðèñ. 11. Ëó÷øèé ìàðøðóò ïîêîëåíèÿ �1896
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5 Èññëåäîâàíèå ðåàëèçàöèè

5.1 Ïðîâåäåíèå èçìåðåíèé

Â ðàìêàõ ëàáîðàòîðíîé ðàáîòû íåîáõîäèìî áûëî èññëåäîâàòü çàâèñèìîñòü âðå-
ìåíè âûïîëíåíèÿ çàäà÷è è êîëè÷åñòâà ïîêîëåíèé îò ïîïóëÿöèè è âåðîÿòíîñòåé êðîñ-
ñèíãîâåðà è ìóòàöèè õðîìîñîìû

Äëÿ èññëåäîâàíèÿ áûëè âûáðàíû ñëåäóþùèå çíà÷åíèÿ ïàðàìåòðîâ:

� N = 10, 50, 100, 500 � ðàçìåð ïîïóëÿöèè.

� pc = 0.5, 0.6, 0.7, 0.8, 0.9 � âåðîÿòíîñòü êðîññèíãîâåðà.

� pm = 0.05, 0.2, 0.3, 0.4, 0.5, 0.8 � âåðîÿòíîñòü ìóòàöèè.

� 3 � êîëè÷åñòâî "ýëèòíûõ"îñîáåé, ïåðåíîñèìûõ áåç èçìåíåíèÿ â ñëåäóþùåå ïî-
êîëåíèå.

� Partially mapped crossover - êðîññîâåð.

� Inversion mutation - ìóòàöèÿ

� 7000 - ïîðîãîâîå çíà÷åíèå ôèòíåñà äëÿ îñòàíîâêè àëãîðèòìà.

Ðåçóëüòàòû èçìåðåíèé ïðåäñòàâëåíû â òàáëèöàõ 1�4. Â ÿ÷åéêàõ óêàçàíî âðåìÿ â
ìèëëèñåêóíäàõ íàõîæäåíèÿ ìèíèìóìà ôóíêöèè. Â ñêîáêàõ óêàçàíî êîëè÷åñòâî ïî-
êîëåíèé, çà êîòîðîå áûëî íàéäåíî ðåøåíèå. Âî âòîðîé ñòðîêå óêàçàíî óñðåäí¼ííîå
ïî âñåì çàïóñêàì ëó÷øåå çíà÷åíèå ôèòíåñà. Åñëè â ÿ÷åéêå ñòîèò ïðî÷åðê, òî ýòî
îçíà÷àåò, ÷òî ðåøåíèå íå áûëî íàéäåíî çà 2500 ïîêîëåíèé. Ëó÷øåå çíà÷åíèå ïî âðå-
ìåíè âûïîëíåíèÿ è ïî çíà÷åíèþ ôèòíåñà äëÿ êàæäîãî ðàçìåðà ïîïóëÿöèè âûäåëåíî
öâåòîì è æèðíûì øðèôòîì.
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Òàáëèöà 1. Ðåçóëüòàòû äëÿ N = 10

Pc \ Pm 0.050 0.200 0.300 0.400 0.500 0.800

0.5 � � 674.4
(1783)

6943.28027

715.1
(1856)

6925.47290

� 225.5
(567)

6984.75016

0.6 � � 550.6
(1427)

6899.82219

649.4
(1653)

6897.01699

� �

0.7 � � 476.7
(1216)

6796.98342

287.4
(724)

6977.43028

201.0
(503)

6794.32839

�

0.8 � � � 767.2
(1852)

6810.96744

253.3
(623)

6905.36866

�

0.9 � � � � � �

1.0 � 750.9
(1847)

6988.52746

415.7
(1016)

6897.99266

465.7
(1126)

6762.96572

275.9
(662)

6997.70453

�

Òàáëèöà 2. Ðåçóëüòàòû äëÿ N = 50

Pc \ Pm 0.050 0.200 0.300 0.400 0.500 0.800

0.5 1711.4
(1083)

6927.73356

� 1642.7
(1015)

6894.10066

1355.6
(809)

6938.12550

� 936.3
(544)

6925.57274

0.6 1338.4
(828)

6952.02461

889.1
(552)

6951.40489

1142.5
(687)

6963.17379

1446.9
(864)

6992.95281

� 2646.2
(1509)

6932.85788

0.7 1860.8
(1146)

6996.63686

� 2387.8
(1378)

6999.00110

� 809.9
(474)

6965.83938

1614.7
(918)

6990.50067

0.8 � � 1244.4
(713)

6704.60011

1500.5
(859)

6970.42362

1013.5
(581)

6998.68282

�

0.9 � � � � � �

1.0 � 891.6
(503)

6952.80522

� � 1489.6
(824)

6735.40661

3685.9
(1978)

6989.21247
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Òàáëèöà 3. Ðåçóëüòàòû äëÿ N = 100

Pc \ Pm 0.050 0.200 0.300 0.400 0.500 0.800

0.5 1342.3
(441)

6988.26353

1467.7
(459)

6958.81642

4041.3
(1269)

6839.94363

� � 3635.1
(1046)

6966.14098

0.6 2460.6
(763)

6872.20321

1316.5
(409)

6861.65860

� 2310.7
(691)

6912.50054

2220.9
(663)

6907.57533

�

0.7 � 1934.1
(591)

6933.87982

� 1966.0
(587)

6943.09435

2872.9
(840)

6998.39699

�

0.8 3227.9
(969)

6990.28735

1754.4
(523)

6996.67018

� 2152.8
(621)

6988.30495

8057.2
(2236)

6899.21400

�

0.9 � � 3794.4
(1079)

6963.79199

2549.3
(721)

6975.22091

4469.6
(1249)

6945.46938

8919.4
(2375)

6858.03529

1.0 4164.4
(1215)

6927.53288

� � � 3618.7
(1019)

6898.56773

�
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Òàáëèöà 4. Ðåçóëüòàòû äëÿ N = 500

Pc \ Pm 0.050 0.200 0.300 0.400 0.500 0.800

0.5 11709.8
(782)

6994.15844

5232.3
(341)

6957.38204

10676.9
(674)

6980.66167

6849.7
(430)

6782.99526

� 13051.6
(775)

6880.72481

0.6 7193.3
(461)

6960.64487

� � 14856.5
(866)

6941.77959

12944.9
(776)

6958.57319

19051.6
(1102)

6951.30787

0.7 18611.7
(1150)

6810.96744

23286.9
(1413)

6895.65139

� 14141.6
(830)

6976.37927

� �

0.8 25456.0
(1556)

6962.40902

� 20592.3
(1223)

6998.71555

� � 38979.2
(2097)

6842.54074

0.9 14260.1
(825)

6967.60134

26692.6
(1551)

6922.32909

� � 29235.4
(1644)

6667.02991

41352.0
(2252)

6765.87009

1.0 34026.1
(1996)

6953.24255

� � � � �
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5.2 Àíàëèç ðåçóëüòàòîâ

Íàèëó÷øåå íàéäåííîå ðåøåíèå ñîñòàâèëî 6667.03 ïðè ïàðàìåòðàõ N = 500,
Pc = 0.9, Pm = 0.5 çà 1644 ïîêîëåíèÿ. Ýòî âñåãî íà 0.12% õóæå îïòèìàëüíîãî çíà-
÷åíèÿ 6659, ÷òî äåìîíñòðèðóåò âûñîêóþ ýôôåêòèâíîñòü àëãîðèòìà. Íàèõóäøèå ðå-
çóëüòàòû ïîêàçàëà êîíôèãóðàöèÿ ñ N = 10, Pc = 0.7, Pm = 0.3 (ëó÷øèé ôèòíåñ
6796.98), ÷òî íà 2.07% õóæå îïòèìóìà. Ìàëûé ðàçìåð ïîïóëÿöèè â 10 îñîáåé îêàçàë-
ñÿ íåäîñòàòî÷íûì äëÿ ñòàáèëüíîãî ïîèñêà êà÷åñòâåííûõ ðåøåíèé � áîëåå ïîëîâèíû
êîíôèãóðàöèé ïðè N = 10 âîîáùå íå íàøëè ðåøåíèå çà 2500 ïîêîëåíèé.

Íàèáîëåå áûñòðàÿ êîíôèãóðàöèÿ � N = 10, Pc = 0.7, Pm = 0.5 � íàøëà ðå-
øåíèå çà 201 ìñ (503 ïîêîëåíèÿ). Îäíàêî êà÷åñòâî ðåøåíèÿ ïðè òàêèõ ïàðàìåòðàõ
íåñòàáèëüíî. Ñðåäè êîíôèãóðàöèé ñ áîëüøîé ïîïóëÿöèåé ëó÷øåå âðåìÿ ïîêàçàëà
N = 500, Pc = 0.5, Pm = 0.2 � 5232 ìñ (341 ïîêîëåíèå), ÷òî ÿâëÿåòñÿ îïòèìàëüíûì
áàëàíñîì ñêîðîñòè è êà÷åñòâà äëÿ áîëüøèõ ïîïóëÿöèé.

Ñ ðîñòîì ðàçìåðà ïîïóëÿöèè íàáëþäàåòñÿ ÿâíîå óëó÷øåíèå êà÷åñòâà ðåøåíèé:
ïðè N = 10 ëó÷øèé ðåçóëüòàò 6762.97, ïðè N = 500 � 6667.03. Îäíîâðåìåííî êîëè÷å-
ñòâî íåîáõîäèìûõ ïîêîëåíèé ñíèæàåòñÿ (ñ 503 äî 341), íî îáùåå âðåìÿ âûïîëíåíèÿ
ðàñòåò ëèíåéíî èç-çà óâåëè÷åíèÿ ÷èñëà îñîáåé â êàæäîì ïîêîëåíèè. Ýòîò ýôôåêò
îáúÿñíÿåòñÿ òåì, ÷òî áîëüøàÿ ïîïóëÿöèÿ îáåñïå÷èâàåò áîëüøåå ãåíåòè÷åñêîå ðàçíî-
îáðàçèå, ïîçâîëÿÿ àëãîðèòìó áûñòðåå íàõîäèòü îïòèìàëüíûå ðåøåíèÿ.

×òî êàñàåòñÿ âåðîÿòíîñòè êðîññîâåðà, ñðåäíèå çíà÷åíèÿ Pc = 0.6�0.8 ïîêàçûâà-
þò ñòàáèëüíûå ðåçóëüòàòû äëÿ âñåõ ðàçìåðîâ ïîïóëÿöèé. Ýêñòðåìàëüíûå çíà÷åíèÿ
(Pc = 0.9 èëè 1.0) ðàáîòàþò õîðîøî òîëüêî ïðè áîëüøèõ ïîïóëÿöèÿõ (N ≥ 100),
ïðè ìàëûõ � ÷àñòî ïðèâîäÿò ê ïðåæäåâðåìåííîé ñõîäèìîñòè (íàáëþäàåòñÿ ìíîãî
ïðî÷åðêîâ â òàáëèöàõ). Ýòî ñâÿçàíî ñ òåì, ÷òî âûñîêàÿ âåðîÿòíîñòü êðîññîâåðà ïðè
ìàëîé ïîïóëÿöèè áûñòðî ïðèâîäèò ê ãîìîãåíèçàöèè ãåíîôîíäà.

Àíàëèç âëèÿíèÿ âåðîÿòíîñòè ìóòàöèè ïîêàçàë, ÷òî íèçêèå çíà÷åíèÿ Pm = 0.05
íåýôôåêòèâíû äëÿ ìàëûõ ïîïóëÿöèé � íåäîñòàòî÷íî ðàçíîîáðàçèÿ äëÿ âûõîäà èç
ëîêàëüíûõ ìèíèìóìîâ. Óìåðåííûå çíà÷åíèÿ Pm = 0.2�0.5 äåìîíñòðèðóþò ëó÷øèå
ðåçóëüòàòû, îáåñïå÷èâàÿ áàëàíñ ìåæäó ýêñïëóàòàöèåé íàéäåííûõ ðåøåíèé è èññëå-
äîâàíèåì íîâîãî ïðîñòðàíñòâà ïîèñêà. Âûñîêîå çíà÷åíèå Pm = 0.8 ÷àñòî ïðèâîäèò ê
ðàñõîæäåíèþ àëãîðèòìà, òàê êàê ñëèøêîì ñèëüíûå èçìåíåíèÿ ðàçðóøàþò õîðîøèå
ðåøåíèÿ áûñòðåå, ÷åì àëãîðèòì óñïåâàåò èõ íàéòè (ìíîãèå êîíôèãóðàöèè íå íàøëè
ðåøåíèå çà îòâåäåííîå âðåìÿ).
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6 Îòâåò íà êîíòðîëüíûé âîïðîñ

Âîïðîñ: Òóð â ïîðÿäêîâîì ïðåäñòàâëåíèè, èñïîëüçóåìûå êðîññèíãîâåðû.

Îòâåò: Òóð ïðåäñòàâëÿåòñÿ ñïèñêîì èç N ïîçèöèé; i-é ýëåìåíò ðàâåí èíäåêñó
ãîðîäà â òåêóùåì óïîðÿäî÷åííîì ñïèñêå äîñòóïíûõ ãîðîäîâ. Íàïðèìåð, ïðè îïîðíîì
ñïèñêå C = (1 2 3 4 5 6 7 8 9) òóð 1→ 2→ 4→ 3→ 8→ 5→ 9→ 6→ 7 êîäèðóåòñÿ êàê
l = (1 1 2 1 4 1 3 1 1), ïîñëåäîâàòåëüíî ¾âûáèðàÿ¿ ýëåìåíòû èç C.

Äëÿ ïîðÿäêîâîãî ïðåäñòàâëåíèÿ êîððåêòíîñòü ïîòîìêîâ îáåñïå÷èâàåò êëàññè÷å-
ñêèé îäíîòî÷å÷íûé êðîññîâåð: ëþáûå äâà ðîäèòåëÿ, ðàçðåçàííûå â îäíîé ïîçèöèè
è ñêëååííûå, ïîðîæäàþò äîïóñòèìûõ ïîòîìêîâ (ïîñêîëüêó âûáîð ¾ïî èíäåêñó¿ â
îñòàâøåìñÿ ñïèñêå ãîðîäîâ îñòà¼òñÿ êîððåêòíûì).
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Çàêëþ÷åíèå

Â õîäå òðåòüåé ëàáîðàòîðíîé ðàáîòû áûëà óñïåøíî ðåøåíà çàäà÷à êîììèâîÿæå-
ðà ñ èñïîëüçîâàíèåì ãåíåòè÷åñêèõ àëãîðèòìîâ äëÿ 38 ãîðîäîâ Äæèáóòè:

1. Èçó÷åí òåîðåòè÷åñêèé ìàòåðèàë î ïðåäñòàâëåíèÿõ òóðîâ (ñîñåäñêîå, ïîðÿäêî-
âîå, ïóòåâîå) è ñïåöèàëèçèðîâàííûõ îïåðàòîðàõ êðîññèíãîâåðà è ìóòàöèè äëÿ
çàäà÷è êîììèâîÿæåðà;

2. Ñîçäàíà ïðîãðàììíàÿ áèáëèîòåêà íà ÿçûêå Python ñ ðåàëèçàöèåé ïóòåâîãî
ïðåäñòàâëåíèÿ õðîìîñîì, îïåðàòîðîâ PMX, OX è CX äëÿ êðîññèíãîâåðà, îïå-
ðàòîðîâ swap, inversion è insertion äëÿ ìóòàöèè, à òàêæå ñåëåêöèè ìåòîäîì
ðóëåòêè ñ ïîääåðæêîé ýëèòèçìà;

3. Ïðîâåäåíî èññëåäîâàíèå âëèÿíèÿ ïàðàìåòðîâ ãåíåòè÷åñêîãî àëãîðèòìà íà êà-
÷åñòâî è ñêîðîñòü íàõîæäåíèÿ ðåøåíèÿ äëÿ ïîïóëÿöèé ðàçìåðîì 10, 50, 100 è
500 îñîáåé ñ ðàçëè÷íûìè çíà÷åíèÿìè âåðîÿòíîñòåé êðîññèíãîâåðà è ìóòàöèè;

4. Ïîëó÷åíî ðåøåíèå ñ äëèíîé ìàðøðóòà 6667.03, îòêëîíÿþùååñÿ îò îïòèìàëü-
íîãî çíà÷åíèÿ 6659 âñåãî íà 0.12%.
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Ñïèñîê ëèòåðàòóðûÑïèñîê ëèòåðàòóðû

[1] Ìåòîäè÷åñêèå óêàçàíèÿ ïî âûïîëíåíèþ ëàáîðàòîðíûõ ðàáîò ê êóðñó ¾Ãåíåòè÷å-
ñêèå àëãîðèòìû¿, 119 ñòð.
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