
4.5.4 Mutation

Mutation in sets is often similar to mutation in lists. That is, you usually have two tasks: changing
the size of the ruleset (if you’re allowed to), and mutating the rules in the set. The advice we have
to offer here is basically the same as for lists too. For example, one way to change the size is to
sample a small value from the geometric distribution, then either add or delete that number of
rules from the set (you might select victims at random). Likewise, you could mutate rules in the set
in the same manner as bit-flip mutation: mutate each rule with a certain independent probability.

Production rules, as usual, have additional constraints. If you mutate the head of a rule you’ll
need to make sure the resultant symbols match up. You may have created orphans, and will need
to decide if that’s acceptable. Likewise you may want to be very careful about mutating the body
(the primary symbol) of a production rule — you may create orphans or rulesets with more than
one rule with the same symbol in the body.

4.5.5 Recombination

If you have a fixed number of rules, one per production symbol (for example), then recombination
may be easy: just use uniform crossover to swap some subset of the rules. If your number of rules is
arbitrary, you may need to pick a subset of rules in each individual and swap them (see Algorithm
49 to select a subset).

In any case, if you’ve got constraints on your rules (such as in production rules), you need to be
careful about crossover: what happens if you orphan a rule? (Or do you care?) What happens if
you eliminated a rule for which some other rule had an event that triggered it? Who gets triggered
now? One of the biggest issues in crossing over arbitrary-length production rulesets is in merging
the symbols: you may have symbols in one ruleset which don’t match up with symbols in the
other ruleset. As a result, the rulesets are essentially disjoint. How do you merge them? You may
need to go through the rulesets and decide that certain rules in one ruleset will trigger rules in the
crossed-in ruleset in certain ways. This can be a real mess. And there isn’t any good guidance here:
like graphs, it’s fairly ad-hoc.

4.6 Bloat
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Figure 35 Inviable code ex-
ample.

Many of the representations presented here are variable-sized in nature.
One of the interesting problems with variable-sized representations is that,
over time, the individuals in your population may start to increase in size.
This is commonly known as bloat (or “code bloat”, or “code growth”, take
your pick67). Bloat has been studied the most in the context of Genetic
Programming, where it’s a real problem. Bloated individuals are slow
to evaluate. They consume your memory. And worst of all, bloated
individuals tend to be very far from the optimum, which is often not all
that big. It’s a deceptive problem situation.

Early on GP researchers noticed that large, bloated trees contained a lot of subtrees which
didn’t do anything at all. These subtrees were dubbed introns, like their DNA counterparts. Figure
35 shows a particular kind of intron called inviable code. Here, the subtree (+ x x) is worthless
because no matter what it returns, it’s multiplied against zero. Early GP work assumed that these

67Bill Langdon has been known to call it “survival of the fattest”.
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Ðèñ. .35: Ïðèìåð íåæèçíåñïîñîáíîãî êîäà

4.6 Ðàçäóâàíèå êîäà

Ìíîãèå ñïîñîáû êîäèðîâàíèÿ, îïèñàííûå çäåñü, ïî ñâîåé ïðèðîäå èìåþò ïåðåìåííûé ðàçìåð. Ñ
ýòèì ñâÿçàíà îäíà èç èíòåðåñíûõ ïðîáëåì: ñ òå÷åíèåì âðåìåíè îñîáè â ïîïóëÿöèè íà÷èíàþò óâå-
ëè÷èâàòüñÿ â ðàçìåðàõ. Òàêîå ÿâëåíèå ïðèíÿòî íàçûâàòü ðàçäóâàíèå (bloat) (èëè ¾ðàçäóâàíèå
êîäà¿, èëè ¾ðàçðàñòàíèå êîäà¿, âûáåðèòå íàèáîëåå ñèìïàòè÷íûé äëÿ âàñ âàðèàíò1). Áîëüøå âñåãî
ýôôåêò ðàçäóâàíèÿ èçó÷åí äëÿ ãåíåòè÷åñêîãî ïðîãðàììèðîâàíèÿ, â êîòîðîì îí ÿâëÿåòñÿ ñåðüåçíîé
ïðîáëåìîé. Ðàçäóâøèåñÿ îñîáè äîëãî ïðîõîäÿò ïðîöåäóðó îöåíèâàíèÿ. Çàíèìàþò ìíîãî ïàìÿòè. È
÷òî õóæå âñåãî, ðàçäóâøèåñÿ îñîáè, êàê ïðàâèëî, íàõîäÿòñÿ î÷åíü äàëåêî îò îïòèìàëüíîãî ðåøåíèÿ,
êîòîðîå îáû÷íî íå íàñòîëüêî è âåëèêî. Íàëèöî îáìàí÷èâàÿ çàäà÷à.
Ðàíåå èññëåäîâàòåëè ÃÏ çàìåòèëè, ÷òî áîëüøèå, ðàçäóòûå äåðåâüÿ ñîäåðæàò ìíîãî ïîääåðåâüåâ,

êîòîðûå íè÷åãî íå äåëàþò. Òàêèå ïîääåðåâüÿ íàçûâàþò èíòðîíàìè (introns), êàê è èõ àíàëî-
ãè â ÄÍÊ. Íà ðèñ. .35 ïîêàçàí îñîáûé òèï èíòðîíà � íåæèçíåñïîñîáíûé êîä (inviable code).
Ïîääåðåâî (+ x x) áåñïîëåçíî, ò.ê. êàêèì áû íè áûë ðåçóëüòàò åãî âû÷èñëåíèÿ, îí âñå ðàâíî áóäåò
óìíîæåí íà 0. Â ðàííèõ ðàáîòàõ ïî ÃÏ ïîëàãàëîñü, ÷òî èíòðîíû ÿâëÿþòñÿ îñíîâíûì èñòî÷íè-
êîì òðóäíîñòåé. Ýòî ïðèâåëî ê ïîÿâëåíèþ èäåè: áîëüøèíñòâî ðåçóëüòàòîâ îïåðàöèè Tweak âðåäÿò
ïðèñïîñîáëåííîñòè îñîáåé. Ïîýòîìó ÷òîáû âûæèòü íå îáÿçàòåëüíî íóæíî ñåáÿ ñîâåðøåíñòâîâàòü:
äîñòàòî÷íî óìåòü äåðæàòü ãîëîâó íàä âîäîé. Îäèí èç ñïîñîáîâ äîáèòüñÿ ýòîãî � ñäåëàòü òàê, ÷òî-
áû îïåðàöèè Tweak áûëî ñëîæíî ïîâðåäèòü îñîáü, äàæå åñëè ýòî çàòîðìîçèò åå óëó÷øåíèå. Åñëè
èíòðîíîâ ìíîãî, â ÷àñòíîñòè ìíîãî íåæèçíåñïîñîáíîãî êîäà, òî, óâåëè÷èâ âåðîÿòíîñòü èçìåíåíèÿ
îïåðàöèåé Tweak îáëàñòåé, çàíÿòûõ èíòðîíàìè, ïðèñïîñîáëåííîñòü íå áóäåò ìåíÿòüñÿ, âñå ðàâíî
èçìåíåíèÿ â òàêèõ îáëàñòÿõ íå áóäóò èìåòü ñèëû. Âîò òàê çâó÷àëà ýòà èäåÿ. Îäíàêî îíà îêàçàëàñü
íåâåðíîé: óñòðàíåíèå âîçìîæíîñòè äëÿ îïåðàöèè Tweak ðàáîòàòü â îáëàñòÿõ ñ íåæèçíåñïîñîáíûì
êîäîì íå ïðèâåëî ê èñ÷åçíîâåíèþ ðàçäóâàíèÿ2.
Òàêèì îáðàçîì, íà äàííûé ìîìåíò ïðè÷èíà ðàçäóâàíèÿ åùå íå èçâåñòíà. Ó ìåíÿ åñòü ñâîÿ òåî-

ðèÿ íà ýòîò ñ÷åò, ñîãëàñíî êîòîðîé îñíîâíîé ïðè÷èíîé ðàçäóâàíèÿ ÿâëÿþòñÿ îñîáè, êîòîðûì äëÿ
óëó÷øåíèÿ íóæíî èçìåíÿòü âñå áîëåå ãëóáîêèå óðîâíè äåðåâà, ò.ê. èçìåíåíèå îïåðàòîðîâ â òàêèõ
ó÷àñòêàõ îêàçûâàåò âñå ìåíüøèé ýôôåêò íà ïðèñïîñîáëåííîñòü ïîòîìêîâ. Ïðè ýòîì íàëè÷èå ãëóáî-
êî ðàñïîëîæåííûõ îïåðàòîðîâ õîðîøî êîððåëèðóåò ñ ðàçìåðîì äåðåâà. Êîíå÷íî æå, åñòü è äðóãèå
ïðåäïîëîæåíèÿ.
Êàê áû òî íè áûëî, îòñóòñòâèå òâåðäîãî ïîíèìàíèÿ, ÷òî æå âñå-òàêè òâîðèòñÿ íà ñàìîì äåëå,

ïðèâîäèò ê òîìó, ÷òî ñóùåñòâóþùèå ìåòîäû áîðüáû ñ ðàçäóâàíèåì ýâðèñòè÷íû. Ñóùåñòâóåò òðè
ñïîñîáà ñîõðàíèòü íåáîëüøîé ðàçìåð îñîáåé:

� Îãðàíè÷èòü ðàçìåð îñîáåé ïðè ðàáîòå îïåðàöèè Tweak.

� Ðåäàêòèðîâàòü îñîáè, óäàëÿÿ èíòðîíû è äðóãèå ïîäîáíûå ó÷àñòêè.

� Øòðàôîâàòü îñîáåé, åñëè èõ ðàçìåð ñòàíîâèòñÿ áîëüøèì.

Òðàäèöèîííûì äëÿ ãåíåòè÷åñêîãî ïðîãðàììèðîâàíèÿ ñ÷èòàåòñÿ îãðàíè÷åíèå íà ãëóáèíó äåðåâà
(äî 17 óðîâíåé). Íî â íàñòîÿùåå âðåìÿ ñóùåñòâóåò òåíäåíöèÿ íàëàãàíèÿ øòðàôà, êîòîðûé óìåíüøà-

0Ïåðåâîä ðàçäåëà èç êíèãè Luke S. Essentials of Metaheuristics. A Set of Undergraduate Lecture Notes. Zeroth Edition.
Online Version 0.9. July, 2010 (http://cs.gmu.edu/~sean/book/metaheuristics/). Ïåðåâåë � Þðèé Öîé, 2010 ã. Ëþ-
áûå çàìå÷àíèÿ, êàñàþùèåñÿ ïåðåâîäà, ïðîñüáà ïðèñûëàòü ïî àäðåñó yurytsoy@gmail.com
Äàííûé òåêñò äîñòóïåí ïî àäðåñó: http://qai.narod.ru/GA/meta-heuristics_4_6.pdf

1 Áèëë Ëýíãäîí íàçûâàåò ýòî ¾âûæèâàíèå æèðíåéøèõ¿.
2 ß íàïèñàë ñòàòüþ, â êîòîðîé ýòî ïîêàçàíî: Sean Luke, 2000, Code growth is not caused by introns, in DarrellWhitley,
editor, Late Breaking Papers at the 2000 Genetic and Evolutionary Computation Conference, pages 228�235.
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åò øàíñû îñîáåé íà îòáîð. Ýòî íàçûâàåòñÿ äàâëåíèåì ñêóïîñòè (parsimony pressure)3. Íàèáî-
ëåå ïðîñòûì ñïîñîáîì ðåàëèçîâàòü äàâëåíèå ñêóïîñòè ÿâëÿåòñÿ âêëþ÷åíèå ðàçìåðà îñîáè â âû÷èñëå-
íèå ïðèñïîñîáëåííîñòè. Íàïðèìåð, ìîæíî îïðåäåëèòü ïðèïîñîáëåííîñòü îñîáè êàê f = αr−(1−α)s,
ãäå r� ãðóáàÿ (èëè ¾ôàêòè÷åñêàÿ¿) ïðèñïîñîáëåííîñòü îñîáè, à s�ðàçìåð îñîáè. Äàííûé ïîäõîä
øèðîêî èçâåñòåí êàê ëèíåéíîå äàâëåíèå ñêóïîñòè (linear parsimony pressure). Îñíîâíàÿ
åãî ïðîáëåìà çàêëþ÷àåòñÿ â òîì, ÷òî íåîáõîäèìî ðåøèòü íàñêîëüêî ðàçìåð îñîáè âàæíåå åå ïðè-
ñïîñîáëåííîñòè. À, êàê óæå îáñóæäàëîñü ðàíåå, ôóíêöèÿ ïðèñïîñîáëåííîñòè ÷àñòî îïðåäåëÿåòñÿ
äîñòàòî÷íî ïðîèâçâîëüíî. Íåñìîòðÿ íà ýòî, ëèíåéíîå äàâëåíèå ñêóïîñòè âåñüìà íåïëîõî ðàáîòàåò.
Àëüòåðíàòèâíûé ïîäõîä: èñïîëüçîâàòüìåòîä íåïàðàìåòðè÷åñêîãî äàâëåíèÿ ñêóïîñòè (non-

parametric parsimony pressure), êîòîðûé íå ðàññìàòðèâàåò êîíêðåòíûå çíà÷åíèÿ ïðèñïîñîáëåí-
íîñòè èëè æèðíîñòè, à âûáèðàåò íà îñíîâàíèè òîãî, êàêàÿ îñîáü ïðèñïîñîáëåííåå, à êàêàÿ � æèðíåå.
Åñòü ìíîãî ðåàëèçàöèé. Íàïðèìåð, â ëåêñèêîãðàôè÷åñêîì äàâëåíèè ñêóïîñòè (lexicographic
parsimony pressure) ïðåäëàãàåòñÿ ìîäèôèêàöèÿ òóðíèðíîé ñåëåêöèè, â êîòîðîé ïîáåæäàþò áîëåå
ïðèñïîñîáëåííûå îñîáè, íî â ñëó÷àå íè÷üåé, ïîáåäèòåëåì ñ÷èòàåòñÿ áîëåå êîìïàêòíàÿ îñîáü4.

Àëãîðèòì 63 Ëåêñèêîãðàôè÷åñêàÿ òóðíèðíàÿ ñåëåêöèÿ

1: P � ïîïóëÿöèÿ
2: t � ðàçìåð òóðíèðà, t ≥ 1

3: Best← ñëó÷àéíàÿ îñîáü, âûáðàííàÿ èç P ñ çàìåùåíèåì
4: for i îò 2 äî t do
5: Next← ñëó÷àéíàÿ îñîáü, âûáðàííàÿ èç P ñ çàìåùåíèåì
6: if Ïðèñïîñîáëåííîñòü(Next) > Ïðèñïîñîáëåííîñòü(Best), èëè Ïðèñïîñîáëåííîñòü(Next)

= Ïðèñïîñîáëåííîñòü(Best) è Next èìååò ìåíüøèé ðàçìåð then
7: Best← Next
8: end if

9: end for

10: return Best

Äàííûå àëãîðèòì õîðîøî ðàáîòàåò â îêðóæåíèÿõ ñ áîëüøèì êîëè÷åñòâîì íè÷üèõ. Îäíàêî ýòî
ìàëîðàñïðîñòðàíåííûé ñëó÷àé. Äðóãèì ïîäõîäîì ÿâëÿåòñÿ îäíîâðåìåííîå äâèæåíèå â ñòîðîíó
óëó÷øåíèÿ ïðèñïîñîáëåííîñòè è êîìïàêòíîñòè âûáðàííûõ îñîáåé. Â äâîéíîì òóðíèðå (double
tournament) îñóùåñòâëÿåòñÿ òóðíèðíàÿ ñåëåêöèÿ íà îñíîâå ïðèñïîñîáëåííîñòè. Îäíàêî îñîáè â
ýòîò òóðíèð ïîïàäàþò íå èç îñíîâíîé ïîïóëÿöèè, à ïî ðåçóëüòàòàì äðóãîé òóðíèðíîé ñåëåêöèè,
ðàáîòàþùåé ñ êîìïàêòíîñòüþ.
Çäåñü èñïîëüçóþòñÿ äâà òóðíèðà ðàçìåðîì t1 è t2. Ïðåäïîëàãàÿ, ÷òî ìû ñëåäóåì òðàäèöèÿì ÃÏ è

âûáðàëè t1 = 7, õîðîøèì âàðèàíòîì äëÿ t2 ÿâëÿåòñÿ 2. Âîîáùå, íàèëó÷øåå çíà÷åíèå ïðèáëèçèòåëüíî
ðàâíî 1.4: âñïîìíèì, ÷òî äëÿ çíà÷åíèé t ìåíüøèõ, ÷åì 2, ñ âåðîÿòíîñòüþ t − 1.0 îñóùåñòâëÿåòñÿ
òóðíèðíûé îòáîð ðàçìåðîì t = 2, à â ïðîòèâíîì ñëó÷àå âûáèðàåòñÿ ñëó÷àéíàÿ îñîáü. Ðàçóìååòñÿ,
ìîæíî ïîñòóïèòü è íàîáîðîò: ñíà÷àëà äåëàòü îòáîð ïî ïðèñïîñîáëåííîñòè, à ïîòîì ïî êîìïàêòíîñòè.
Åñòü ìíîæåñòâî âàðèàíòîâ äëÿ äàâëåíèÿ ñêóïîñòè, îäíàêî ïðèâåäåííûå äâà ïðèçâàíû ïîêàçàòü
îñíîâíóþ èäåþ (è ê òîìó æå îáà îñíîâàíû íà òóðíèðíîì îòáîðå!).

3 Ëèâüþ Ïàíàèò (Liviu Panait) è ÿ ñäåëàëè ðàáîòó ïî ñðàâíèòåëüíîìó àíàëèçó âñåõ îïèñûâàåìûõ çäåñü ìåòîäîâ
äàâëåíèÿ ñêóïîñòè è äðóãèõ ïîïóëÿðíûõ ïîäõîäîâ â ñòàòüå Sean Luke and Liviu Panait, 2006, A comparison of bloat
control methods for genetic programming, Evolutionary Computation, 14(3), 309�344.

4 Ëåêñèêîãðàôè÷åñêîå äàâëåíèå ñêóïîñòè èçâåñòíî ñ ïðèáëèçèòåëüíî 1994 ã., ïîÿâèâøèñü â äâóõ ñòàòüÿõ: Conor
Ryan, 1994, Pygmies and civil servants, in Kenneth E. Kinnear, Jr., editor, Advances in Genetic Programming, chapter
11, pages 243�263, MIT Press (è) Simon Lucas, 1994, Structuring chromosomes for context-free grammar evolution, in
Proceedings of the First IEEE Conference on Evolutionary Computation, pages 130�135, IEEE.
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Àëãîðèòì 64 Äâîéíàÿ òóðíèðíàÿ ñåëåêöèÿ

1: P � ïîïóëÿöèÿ
2: t1 � ðàçìåð òóðíèðà äëÿ ïðèñïîñîáëåííîñòè, t1 ≥ 1
3: t2 � ðàçìåð òóðíèðà äëÿ êîìïàêòíîñòè, t2 ≥ 1

4: Best← ÒóðíèðÏîÊîìïàêòíîñòè (P, t2)
5: for i îò 2 äî t1 do
6: Next← ÒóðíèðÏîÊîìïàêòíîñòè (P, t2)
7: if Ïðèñïîñîáëåííîñòü(Next) > Ïðèñïîñîáëåííîñòü(Best) then
8: Best← Next
9: end if

10: end for

11: return Best

procedure ÒóðíèðÏîÊîìïàêòíîñòè (P, t2)
12: Best← ñëó÷àéíàÿ îñîáü, âûáðàííàÿ èç P ñ çàìåùåíèåì
13: for i îò 2 äî t2 do
14: Next← ñëó÷àéíàÿ îñîáü, âûáðàííàÿ èç P ñ çàìåùåíèåì
15: if Next êîìïàêòíåå, ÷åì Best then
16: Best← Next
17: end if

18: end for

19: return Best
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