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Àííîòàöèÿ

Â ðàáîòå ïðèâåäåíî îïèñàíèå àëüòåðíàòèâíîãî ãåíåðàòîðà ïñåâäîñëó-
÷àéíûõ ÷èñåë DRNDM, ðàçðàáîòàííîãî äëÿ ìîäåëèðîâàíèÿ äåòåêòîðà
ÑÍÄ. Ïðîãðàììà ìîäåëèðîâàíèÿ äåòåêòîðà ñîçäàåòñÿ íà îñíîâå ïðîãðàì-
ìû GEANT-4, îñíîâíûì ãåíåðàòîðîì ñëó÷àéíûõ ÷èñåë âûáðàí ãåíåðà-
òîð Ranecu. Îäíàêî, äëÿ ïîâûøåíèÿ íàäåæíîñòè ìîäåëèðîâàíèÿ ïîëåçíî
èìåòü âîçìîæíîñòü èñïîëüçîâàòü êàêîé-ëèáî àëüòåðíàòèâíûé ãåíåðàòîð.
Ïðîâåäåííûå ñòàòèñòè÷åñêèå òåñòû ïîçâîëÿþò çàêëþ÷èòü, ÷òî ãåíåðàòîð
DRNDM âïîëíå ïðèãîäåí äëÿ ìîäåëèðîâàíèÿ ýêñïåðèìåíòîâ íà äåòåêòîðå
ÑÍÄ.

Development of random number generator
for simulation of the detector SND

A.D. Bukin
Budker Institute of Nuclear Physics

630090, Novosibirsk, Russia

Abstract

In the paper a pseudo-random number generator DRNDM is described, which
is developed for simulation of the detector SND. The simulation program of
the detector is carried out on the base of the package GEANT-4. As the main
random number generator it was chosen the generator Ranecu. However for
more reliability it is useful to have the possibility to use some alternative
generator. The statistical tests used to check the quality of the generator allow
to conclude that DRNDM generator is good enough to be used to simulate
experiments with SND detector.
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1 Ââåäåíèå
Ìîäåëèðîâàíèå ýêñïåðèìåíòîâ ñ äåòåêòîðîì ÑÍÄ [1] íà êîëëàéäåðå
ÂÝÏÏ-2000 áóäåò ïðîâîäèòüñÿ íà îñíîâå ïðîãðàììû GEANT [2]. Âàæ-
íûì ýëåìåíòîì ëþáîé ïðîãðàììû ìîäåëèðîâàíèÿ ÿâëÿåòñÿ ãåíåðàòîð
ñëó÷àéíûõ ÷èñåë ñ ðàâíîìåðíûì ðàñïðåäåëåíèåì âåðîÿòíîñòåé. Â ïðèí-
öèïå, ïðîãðàììà GEANT4 äîïóñêàåò èñïîëüçîâàíèå ëþáîãî ãåíåðàòîðà.
Îäíàêî, â ìîäåëèðîâàíèè ýêñïåðèìåíòîâ íåìàëîâàæíî, êàê îðãàíèçîâà-
íà ïðîöåäóðà ïðîâåäåíèÿ ñòàòèñòè÷åñêè íåçàâèñèìûõ ðàñ÷¼òîâ îäíîãî
è òîãî æå ïðîöåññà. Â íàñòîÿùèé ìîìåíò ìîäåëèðîâàíèå ÑÍÄ íàñòðîå-
íî íà èñïîëüçîâàíèå ãåíåðàòîðà Ranecu [3]. Äëÿ òîãî, ÷òîáû îáîçíà÷èòü
äëÿ GEANT èñïîëüçîâàíèå êîíêðåòíîé ïðîãðàììû-ãåíåðàòîðà ñëó÷àé-
íûõ ÷èñåë, íàäî âêëþ÷àòü ñòðîêó âèäà

CLHEP::HepRandom::setTheEngine(new CLHEP::RanecuEngine);
Äëÿ òàêîãî îòâåòñòâåííîãî äåëà, êàê ìîäåëèðîâàíèå ýêñïåðèìåíòà,

æåëàòåëüíî èìåòü âîçìîæíîñòü èñïîëüçîâàòü õîòÿ áû îäèí àëüòåðíà-
òèâíûé ãåíåðàòîð. Äàííàÿ ðàáîòà ïîñâÿùåíà ðåàëèçàöèè íà ÿçûêå C++

ãåíåðàòîðà DRNDM [4] ñ èíòåðôåéñîì, ñîâìåñòèìûì ñ òðåáîâàíèÿìè ê
ãåíåðàòîðó ïðè ìîäåëèðîâàíèè ÑÍÄ.

2 Àëãîðèòì
Àëãîðèòì, ðåàëèçîâàííûé â äàííîé ïðîãðàììå, âêëþ÷àåò â ñåáÿ (êàê
÷àñòíûé ñëó÷àé) àëãîðèòì ïðîãðàììû DRNDM, ðåàëèçîâàííûé äëÿ OS
VM, VAX è LINUX íà ÿçûêå Ôîðòðàí.

Äëÿ ðåàëèçàöèè àëãîðèòìà íåîáõîäèìî óìåòü ïîëó÷àòü ìëàäøèå M
äâîè÷íûõ ðàçðÿäîâ â ïðîèçâåäåíèè äâóõ öåëûõ ÷èñåë.

ki+1 = ki ·KR mod 2M , (1)
ãäå ki � i-å ñëó÷àéíîå ÷èñëî (öåëîå), 0 < ki < 2M , KR � ïðîèçâîäÿùàÿ
êîíñòàíòà ðÿäà. Äëÿ ïðàâèëüíîé ðàáîòû àëãîðèòìà ÷èñëà ki, KR äîëæíû
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áûòü íå÷¼òíûìè, è áîëåå òîãî,

KR = 3 èëè KR = 5 mod 23. (2)

Â äàííîé ðåàëèçàöèè ãåíåðàòîðà ÷èñëà M è KR ìîãóò áûòü ìîäè-
ôèöèðîâàíû. Ïðè M = 32 ïî óìîë÷àíèþ ïðîèçâîäÿùàÿ êîíñòàíòà ïðè-
íèìàåòñÿ ðàâíîé KR = K1 = 69069 (òàêîé æå, êàê â ãåíåðàòîðå RNDM
èç áèáëèîòåêè CERN, ïðè M = 63 KR = K2 = 70369817985301 (òàêàÿ
æå, êàê â DRNDM íà Ôîðòðàíå). Â ïðîìåæóòî÷íûõ ñëó÷àÿõ ïðèíèìà-
þòñÿ óðåçàííûå ÷àñòè ýòèõ êîíñòàíò (îòáðàñûâàþòñÿ ñòàðøèå áèòû â èõ
äâîè÷íîì ïðåäñòàâëåíèè). Â äâîè÷íîì âèäå ýòè êîíñòàíòû ðàâíû

K1 = 000100001101110011012 = 10DCD16,

K2 = 0100000000000000010000000000000100000001000101012 =
= 40004001011516

Åñëè M > 63, òî ïî óìîë÷àíèþ êîíñòàíòà K2 íàðàùèâàåòñÿ ¾ñâåð-
õó¿ äâîè÷íûìè ðàçðÿäàìè ïî ñëåäóþùåìó ïðîñòîìó ïðàâèëó: 64-é áèò
ïîëàãàåòñÿ ðàâíûì 1, ñëåäóþùèå 3 áèòà � íóëåâûå, çàòåì ñíîâà îäíà
åäèíèöà, çàòåì 3 íóëÿ è ò.ä., ïîêà íå çàïîëíÿòñÿ 2

3M äâîè÷íûõ ðàçðÿ-
äîâ (ñòàðøèå 1

3M ðàçðÿäîâ îñòàþòñÿ íóëåâûìè). Èìååòñÿ âîçìîæíîñòü
çàäàòü öåëèêîì ïðîèçâîäÿùóþ êîíñòàíòó (ïðèíèìàþòñÿ òîëüêî êîíñòàí-
òû, óäîâëåòâîðÿþùèå óñëîâèþ (2)).

Íà÷àëüíîå ñëó÷àéíîå ÷èñëî ïî óìîë÷àíèþ ïîëàãàåòñÿ ðàâíûì

k1 = 2E[M/4]] + 1, (3)

îäíàêî, ìîæíî ââåñòè ïðîèçâîëüíîå íå÷¼òíîå ÷èñëî. Çäåñü E[x] � öåëàÿ
÷àñòü x.

Â êà÷åñòâå âûõîäíîãî ñëó÷àéíîãî ÷èñëà âûäà¼òñÿ ñëó÷àéíîå ÷èñëî
â èíòåðâàëå (0, 1) ñ äâîéíîé òî÷íîñòüþ. Íåñìîòðÿ íà óñêîðåíèå ðàáîòû
àëãîðèòìà ïðè M < 63 (ñêîðîñòü ðàáîòû àëãîðèòìà ïîâûøàåòñÿ ñ óìåíü-
øåíèåì M), ýòî íàâðÿä ëè ÿâëÿåòñÿ äîñòîéíîé êîìïåíñàöèåé çà óõóäøå-
íèå ñòàòèñòè÷åñêèõ ñâîéñòâ ðÿäà.

Ïåðèîä ðÿäà ïðè ëþáîé ïðîèçâîäÿùåé êîíñòàíòå, óäîâëåòâîðÿþùåé
óñëîâèþ (2), ðàâåí

T = 2M−2 (4)

4



3 Èíòåðôåéñ ïðîãðàììû
Îñíîâîé ãåíåðàòîðà ÿâëÿåòñÿ êëàññ RndDrndmEngine. Ðàçìåð ðàçðÿä-
íîé ñåòêè M çàäà¼òñÿ â êîíñòðóêòîðå ïðè ñîçäàíèè îáúåêòà êëàññà è
íå ìîæåò áûòü èçìåí¼í âïîñëåäñòâèè. Êîíñòðóêòîð ïî óìîë÷àíèþ (áåç
àðãóìåíòîâ) çàäà¼ò M = 63. Åñëè â êîíñòðóêòîðå åñòü àðãóìåíò, òî
îí âîñïðèíèìàåòñÿ, êàê çíà÷åíèå M , êîòîðîå äîëæíî áûòü â èíòåðâà-
ëå (8, 1000).

Ñêðûòûå äàííûå (private):
size_t M; // ðàçðÿäíîñòü öåëî÷èñëåííîé àðèôìåòèêè
size_t Mb; // äëèíà öåëî÷èñëåííûõ ïåðåìåííûõ â ñëîâàõ

(Mb=E[(M+15)/16])
std::vector<size_t> Kr ; // Ïðîèçâîäÿùàÿ êîíñòàíòà
std::vector<size_t> ki ; // Î÷åðåäíîå ñëó÷àéíîå öåëîå ÷èñëî
mutable std::vector<size_t> kr1; // ðàáî÷åå ïîëå
mutable std::vector<size_t> kr2; // ðàáî÷åå ïîëå
mutable std::vector<size_t> kr3; // ðàáî÷åå ïîëå

Êîíñòðóêòîð:

RndDrndmEngine::RndDrndmEngine(size_t M=63) � M çàäà¼ò-
ñÿ â àðãóìåíòå, îñòàëüíûå êîíñòàíòû ôîðìèðóþòñÿ ïî îïèñàííûì
â ïðåäûäóùåì ðàçäåëå ïðàâèëàì.

Ìàññèâû Kr, ki, kr1, kr2, kr3 ïðåäñòàâëÿþò äëèííûå öåëûå ÷èñëà áåç
çíàêà, ïî 16 áèò â êàæäîì ñëîâå. Ñëîâî Kr[0] ñîäåðæèò ñàìûå ìëàäøèå
16 ðàçðÿäîâ ÷èñëà:

Kr[0] = KR mod 216,

ñëåäóþùèå ñëîâà � â ïîðÿäêå âîçðàñòàíèÿ. Ïîñëåäíåå ñëîâî ìîæåò èìåòü
íå âñå áèòû çíà÷àùèìè, ýòî çàâèñèò îò òîãî, äåëèòñÿ ëè M íàöåëî íà 16.
Åñëè íå äåëèòñÿ, òî ñòàðøèå (16−M mod 16) ðàçðÿäîâ ïîñëåäíåãî ñëîâà
âñåãäà ðàâíû íóëþ.

Îáùèå ôóíêöèè (public):

bool setRandomSeed(const std::string& seed) � óñòàíîâèòü íà÷àëü-
íîå ñëó÷àéíîå ÷èñëî. Åñëè òåêñòîâîå ïîëå ñîäåðæèò ïåðâûì ñèì-
âîëîì ¾z¿ èëè ¾Z¿, òî îñòàëüíûå ñèìâîëû ïðåäñòàâëÿþò íà÷àëü-
íîå ñëó÷àéíîå ÷èñëî (öåëîå) â 16-ðè÷íîì ôîðìàòå (èç ñèìâîëîâ
0123456789ABCDEFabcdef), åñëè ïåðâûé ñèìâîë ¾b¿ èëè ¾B¿, òî
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÷èñëî ïðåäñòàâëåíî â äâîè÷íîì ôîðìàòå, èíà÷å � äåñÿòè÷íîå ïðåä-
ñòàâëåíèå. Ïðîáåëû èãíîðèðóþòñÿ (ìîæíî âñòàâëÿòü áåç îãðàíè÷å-
íèé). Îøèáêîé ñ÷èòàåòñÿ, åñëè âñòðåòèëñÿ ñèìâîë, íåäîïóñòèìûé â
äàííîé êîäèðîâêå, èëè ïðèñóòñòâóåò íåíóëåâîé ðàçðÿä ñâûøå ðàç-
ðåø¼ííûõ M äâîè÷íûõ ðàçðÿäîâ, èëè ìëàäøèé äâîè÷íûé ðàçðÿä
ðàâåí íóëþ. Â ýòîì ñëó÷àå ôóíêöèÿ âîçâðàùàåò ¾false¿. Åñëè âñ¼
õîðîøî � âîçâðàùàåòñÿ ¾true¿. Çàïèñü ÷èñëà âñåãäà íà÷èíàåòñÿ ñî
ñòàðøèõ ðàçðÿäîâ!

std::string getCurrentSeed(SeedType = DEC) const � âîçâðà-
ùàåòñÿ óêàçàòåëü íà òåêñòîâóþ ñòðîêó, ñîäåðæàùóþ òåêóùåå
ñëó÷àéíîå öåëîå ÷èñëî â êîäèðîâêå, â òî÷íîñòè ñîîòâåòñòâóþùåå
ïðàâèëàì, îïèñàííûì äëÿ ôóíêöèè setRandomSeed, òàê ÷òî ìîæåò
áûòü áåç èçìåíåíèé èñïîëüçîâàí êàê å¼ âõîäíîé ïàðàìåòð. Ïàðà-
ìåòð SeedType óïðàâëÿåò âûáîðîì êîäèðîâêè (ìîæåò áûòü ðàâåí
DEC, BIN, èëè HEX).

bool setGenerConst(const std::string& genconst) � óñòàíîâèòü íî-
âóþ ïðîèçâîäÿùóþ êîíñòàíòó ðÿäà. Åñëè òåêñòîâîå ïîëå ñîäåðæèò
ïåðâûì ñèìâîëîì ¾z¿ èëè ¾Z¿, òî îñòàëüíûå ñèìâîëû ïðåäñòàâëÿþò
ïðîèçâîäÿùóþ êîíñòàíòó ðÿäà � ÷èñëî (öåëîå) â 16-ðè÷íîì ôîð-
ìàòå (èç ñèìâîëîâ 0123456789ABCDEFabcdef), åñëè ïåðâûé ñèìâîë
¾b¿ èëè ¾B¿, òî ÷èñëî ïðåäñòàâëåíî â äâîè÷íîì ôîðìàòå, èíà÷å �
äåñÿòè÷íîå ïðåäñòàâëåíèå. Ïðîáåëû èãíîðèðóþòñÿ (ìîæíî âñòàâ-
ëÿòü áåç îãðàíè÷åíèé). Îøèáêîé ñ÷èòàåòñÿ, åñëè âñòðåòèëñÿ ñèì-
âîë, íåäîïóñòèìûé â äàííîé êîäèðîâêå, èëè ïðèñóòñòâóåò íåíóëå-
âîé ðàçðÿä ñâûøå ðàçðåø¼ííûõ M äâîè÷íûõ ðàçðÿäîâ, èëè ìëàä-
øèå òðè äâîè÷íûõ ðàçðÿäà íå ðàâíû ÷èñëó 3 èëè 5. Â ýòîì ñëó-
÷àå ôóíêöèÿ âîçâðàùàåò ¾false¿. Åñëè âñ¼ õîðîøî � âîçâðàùàåòñÿ
¾true¿. Çàïèñü ÷èñëà âñåãäà íà÷èíàåòñÿ ñî ñòàðøèõ ðàçðÿäîâ, íî
åñëè ðàçðÿäîâ ìåíüøå, ÷åì îïðåäåëåíî â M , òî àâòîìàòè÷åñêîå
äîïîëíåíèå íóëÿìè ïðîèçâîäèòñÿ â ñòàðøèõ ðàçðÿäàõ!

void skip(size_t n1, size_t n2, size_t n3) � ïðîïóñê çàêàçàííîãî
êîëè÷åñòâà ñëó÷àéíûõ ÷èñåë. Ïîëíîå êîëè÷åñòâî ïðîïóùåííûõ ñëó-
÷àéíûõ ÷èñåë ðàâíî Nskip = n1·n2·n3. Òàê êàê ãåíåðàöèÿ ñëó÷àéíûõ
÷èñåë çàíèìàåò íåïðåíåáðåæèìîå âðåìÿ ïðîöåññîðà, òî îðãàíèçîâû-
âàòü òàêîé ïðîïóñê áîëüøîãî êîëè÷åñòâà ñëó÷àéíûõ ÷èñåë â âèäå
ïðîñòîãî öèêëà ñ âûçîâîì ãåíåðàòîðà íåäîïóñòèìî. Åñòåñòâåííî,
çäåñü èñïîëüçîâàí àëãîðèòì, ïðèìåíèìûé òîëüêî ê ìóëüòèïëèêà-
òèâíûì ãåíåðàòîðàì. Âðåìÿ ñ÷åòà, íåîáõîäèìîå íà ïðîïóñê áîëü-
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øîãî êîëè÷åñòâà Nskip ñëó÷àéíûõ ÷èñåë, â ýòîì àëãîðèòìå ðàñòåò
ïðèìåðíî êàê ln (Nskip).

double �at() � îáðàçóåòñÿ ñëåäóþùåå ñëó÷àéíîå öåëîå ÷èñëî ki è âîç-
âðàùàåòñÿ äðîáíîå ÷èñëî ri = ki/2M

long* getCurrentSeeds() � ïîëó÷åíèå òåêóùåãî öåëîãî ñëó÷àéíîãî
÷èñëà â âèäå ìàññèâà ÷èñåë, òîæäåñòâåííîãî ìàññèâó ki.

void setSeeds(const long* seeds, HepInt ) � óñòàíîâêà íîâîãî öåëî-
ãî ñëó÷àéíîãî ÷èñëà ki. seeds � óêàçàòåëü íà ìàññèâ 16-áèòîâûõ
öåëûõ ÷èñåë ðàçìåðíîñòè Mb. Ýòè ÷èñëà ïåðåíîñÿòñÿ â ki áåç èçìå-
íåíèÿ. Â ýòîì àëãîðèòìå ñëó÷àéíûå ÷èñëà äîëæíû áûòü íå÷¼òíû-
ìè. Åñëè ïðîâåðêà ïîêàçûâàåò, ÷òî ïðåäîñòàâëåíî ÷¼òíîå ÷èñëî, òî
âûäà¼òñÿ ñîîáùåíèå è èñïîëíåíèå àâàðèéíî çàâåðøàåòñÿ. Âòîðîé
àðãóìåíò íå èñïîëüçóåòñÿ � ââåä¼í äëÿ ñîâìåñòèìîñòè ñ Ranecu.

Çàùèù¼ííûå ôóíêöèè (protected):

void multiply(const std::vector<size_t>& n1, const
std::vector<size_t>& n2, std::vector<size_t>& n3) �
óìíîæåíèå öåëûõ ÷èñåë n1 è n2 è çàïèñü ìëàäøèõ M äâîè÷íûõ
ðàçðÿäîâ â n3.

4 Ïðîâåðêà ðàáîòû ïðîãðàììû
Îñíîâîé ïðîâåðêè áóäåò ñðàâíåíèå ñ ðàáîòàþùåé ïðîãðàììîé DRNDM,
íî íå òîëüêî. Ïðèìèòèâíàÿ ïðîâåðêà � öèêë ãåíåðàöèè ñîòíè ÷èñåë ñ
ðàñïå÷àòêîé ýòèõ ÷èñåë ïðîäåëàåì â ïåðâóþ î÷åðåäü.

4.1 Ââîä è âûâîä íà÷àëüíîãî ñëó÷àéíîãî ÷èñëà
Çäåñü, êðîìå òîãî, ÷òî âñ¼ ðàáîòàåò è íå ñáèâàåòñÿ, ïðîâåðèì ââîä è
âûâîä äðóã íà äðóãå: ââåä¼ì íà÷àëüíîå ÷èñëî è òóò æå åãî âûâåäåì �
÷èñëà, åñòåñòâåííî, äîëæíû áûòü îäíè è òå æå.

Ââîä ïðîèçâîäÿùåé êîíñòàíòû ïðîâåðèì òàêèì îáðàçîì: ïðè
M = 80 óñòàíîâèì íà÷àëüíîå ñëó÷àéíîå ÷èñëî, ðàâíîå 1. Óñòàíîâèì ïðî-
èçâîäÿùóþ êîíñòàíòó z1cd2505, ñãåíåðèðóåì ñëó÷àéíîå ÷èñëî è âûâåäåì
òåêóùåå öåëîå ñëó÷àéíîå ÷èñëî. Îíî äîëæíî ñîâïàñòü ñ ïðîèçâîäÿùåé
êîíñòàíòîé.

Âñ¼ ñîâïàëî!
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4.2 Ñðàâíåíèå 10 ñëó÷àéíûõ ÷èñåë è åù¼ äåñÿòè ïî-
ñëå ïðîïóñêà 100000 ÷èñåë

Â ïðîãðàììå DRNDM íà ôîðòðàíå íåò ôóíêöèè ¾ïðîïóñòèòü çàäàííîå
êîëè÷åñòâî ÷èñåë¿, ïîýòîìó òàì ýòî ñäåëàíî ïðîñòî öèêëîì ãåíåðàöèè
100000 ÷èñåë.

Íà÷àëüíîå ñëó÷àéíîå ÷èñëî ðàâíî 1.
Â ïðîãðàììå RndDrndmEngine íà C++ ýòà ïîñëåäîâàòåëüíîñòü ñëó-

÷àéíûõ ÷èñåë ïîëó÷åíà äâóìÿ ñïîñîáàìè: ïåðâûé â òî÷íîñòè ïîâòîðèë
òåñòîâóþ ïðîãðàììó íà Ôîðòðàíå (ïðîñòîé öèêë), âî âòîðîì èñïîëüçî-
âàíà ôóíêöèÿ skip(10, 100, 100). Ðåçóëüòèðóþùèå ñëó÷àéíûå ÷èñëà ïðè-
âåäåíû â òîì âèäå, êàê íàïå÷àíû êîìàíäîé print ∗, ri íà Ôîðòðàíå è
std::cout << ri íà C++.

Íîìåð DRNDM RndDrndmEngine
1 0.000007629 0.00000762951
2 0.129242008 0.129242
3 0.143925196 0.143925
4 0.437236140 0.437236
5 0.461373618 0.461374
6 0.920593861 0.920594
7 0.277040276 0.27704
8 0.487567789 0.487568
9 0.456381667 0.456382

10 0.0624851025 0.0624851
...

100011 0.591521056 0.591521
100012 0.638002876 0.638003
100013 0.891796358 0.891796
100014 0.151137893 0.151138
100015 0.0255085967 0.0255086
100016 0.000103838165 0.000103838
100017 0.176406997 0.176407
100018 0.334234166 0.334234
100019 0.466333743 0.466334
100020 0.425019447 0.425019

Çäåñü êðîìå ñàìîãî àëãîðèòìà ãåíåðàöèè ïðîâåðåíà ôóíêöèÿ ïðîïóñêà
çàäàííîãî êîëè÷åñòâà ÷èñåë ðÿäà.

Ïîñëå èñïðàâëåíèÿ îøèáêè â ôóíêöèè skip âñ¼ çàðàáîòàëî, êàê íàäî.
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4.3 Íåïîñðåäñòâåííàÿ ïðîâåðêà îäíîãî øàãà
ãåíåðàöèè ïðè áîëüøîé ðàçðÿäíîñòè

Äëÿ çàäàííîé ïðîèçâîäÿùåé êîíñòàíòû è èñõîäíîãî ñëó÷àéíîãî ÷èñëà
ïðè M = 80 ïðîâåäåì âû÷èñëåíèÿ íà îäíîì øàãå âðó÷íóþ è ñðàâíèì
ðåçóëüòàò:

00000000011111111112222222222333333333344444444445555555555666666666677777777778
12345678901234567890123456789012345678901234567890123456789012345678901234567890

00000000000000000000000000100000000000010000000000100000000100000010000100101011× 10010000101011110100010010000100010010101110111011000111111010101110111000001011

10010000101011110100010010000100010010101110111011000111111010101110111000001011
0010000101011110100010010000100010010101110111011000111111010101110111000001011
10000101011110100010010000100010010101110111011000111111010101110111000001011
000101011110100010010000100010010101110111011000111111010101110111000001011

+ 101011110100010010000100010010101110111011000111111010101110111000001011
1110100010010000100010010101110111011000111111010101110111000001011
010010000100010010101110111011000111111010101110111000001011
100010010101110111011000111111010101110111000001011
1110111011000111111010101110111000001011
111111010101110111000001011

= 10100011000011011100010000011001010001010101000100011101110101010110011011011001

Ïîëó÷åííàÿ ìàíòèññà ñîîòâåòñòâóåò ñëó÷àéíîìó ÷èñëó
0.636928802651997886. Ïðîâåðêà Drndm äàëà òî÷íî òàêèå ðåçóëüòàòû.

4.4 Âðåìÿ ñ÷¼òà è ðàâíîìåðíîñòü
Ïðåäñòàâëÿåò èíòåðåñ âðåìÿ ñ÷¼òà ïðè ðàçíîé ðàçðÿäíîñòè. Çàîäíî ïðî-
âåðèì è ðàâíîìåðíîñòü ðàñïðåäåëåíèÿ, òàê êàê äëÿ îáåèõ öåëåé íóæíà
áîëüøàÿ ñòàòèñòèêà.

Â òàáë. 1 ïðèâåäåíû ðåçóëüòàòû çàìåðà âðåìåíè ñ÷¼òà ïðîãðàììû
RndDrndmEngine 12 ôåâðàëÿ 2007 ãîäà íà ìàøèíå SNDAS2, ïîëó÷åí-
íûå êîìàíäîé time. Ïðè ïîâòîðåíèè îäíîãî è òîãî æå ñ÷¼òà ðåçóëüòàòû
¾áîëòàþòñÿ¿ â ïðåäåëàõ 5%. Ïî-âèäèìîìó, ýòî ìîæíî ñ÷èòàòü òî÷íîñòüþ
èçìåðåíèÿ. Â ýòîì æå öèêëå ðàáîòàþò êîìàíäû ïîñòðîåíèÿ ãèñòîãðàì-
ìû, íî âðåìÿ, ïîòðåáíîå íà ýòó ïðîöåäóðó, íå ïðåâûøàåò 0.1 ìêñ, ÷åì
âïîëíå ìîæíî ïðåíåáðå÷ü.

Íà ðèñ. 1 ïðåäñòàâëåí ãðàôèê çàâèñèìîñòè âðåìåíè ñ÷¼òà îò êîëè÷å-
ñòâà áèò â ìàíòèññå. Âðåìÿ ñ÷¼òà ïðîãðàììû î÷åíü ñëàáî çàâèñèò îò ïðî-
èçâîäÿùåé êîíñòàíòû è åù¼ ìåíüøå îò íà÷àëüíîãî ÷èñëà. Â òî æå âðåìÿ
ïðîâåðêà ñîãëàñèÿ ðàñïðåäåëåíèÿ ïî ñëó÷àéíûì ÷èñëàì ïî êðèòåðèþ χ2
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Òàáëèöà 1: Âðåìÿ ñ÷¼òà ïðîãðàììû RndDrndmEngine, çàìåðåííîå íà ìà-
øèíå SNDAS2 êîìàíäîé time ïðè ðàçíûõ çíà÷åíèÿõ ïàðàìåòðà M . Nloop
� êîëè÷åñòâî ïîâòîðåíèé öèêëà, ttot � ïîëíîå âðåìÿ ñ÷¼òà, τ � âðåìÿ
íà îäíî ñëó÷àéíîå ÷èñëî, T � ïåðèîä ðÿäà.

M 16 32 45 63 80 150
Nloop 6.2 · 106 3.1 · 106 2.2 · 106 1.5 · 106 1.2 · 106 0.6 · 106

ttot, ñåê 4.30 4.94 5.87 6.78 8.22 13.62
τ , µñåê 0.69 1.59 2.67 4.52 6.85 22.7

Ïåðèîä T 1.6 · 104 1.1 · 109 8.8 · 1012 2.3 · 1018 3.0 · 1023 3.6 · 1044

χ2 1 31.06 98.12 89.51 78.59 91.73 112.23
P99(χ

2) 1.0000 0.5061 0.7420 0.9352 0.6852 0.1715
χ2 2 31.09 106.62 74.37 90.59 80.41 96.10

P99(χ
2) 1.0000 0.2825 0.9694 0.7149 0.9140 0.5638

Ðèñ. 1: Èñïîëüçîâàíèå ïðîöåññîðíîãî âðåìåíè ìàøèíû SNDAS2 íà îäíî
ñëó÷àéíîå ÷èñëî â ïðîãðàììå RndDrndmEngine â çàâèñèìîñòè îò ïàðà-
ìåòðà M (÷èñëî áèò â öåëî÷èñëåííîé àðèôìåòèêå).

(ïðèâåäåíî â òîé æå òàáë. 1) ñèëüíî çàâèñèò îò ïðîèçâîäÿùåé êîíñòàí-
òû è ðàçðÿäíîñòè (äëÿ ëþáîé ðàçðÿäíîñòè ìîæíî íàéòè ìíîãî ¾î÷åíü
ïëîõèõ êîíñòàíò¿) è ïðè ðàçíûõ íà÷àëüíûõ ñëó÷àéíûõ ÷èñëàõ ïîäâåð-
æåíà ñòàòèñòè÷åñêèì ôëóêòóàöèÿì (¾ïñåâäîñëó÷àéíûå¿ ÷èñëà, îäíàêî!).
Ìîæíî áûëî áû ñîñòàâèòü ñïèñîê ¾õîðîøèõ¿ ïðîèçâîäÿùèõ êîíñòàíò
äëÿ íåñêîëüêèõ M , íî ýòî îáøèðíàÿ ðàáîòà. Ïîýòîìó âñå ýòè ïðîâåðêè
ïðîâåäåíû äëÿ ïðîèçâîäÿùèõ êîíñòàíò, óñòàíàâëèâàåìûõ ïî óìîë÷àíèþ,
è äëÿ äâóõ âàðèàíòîâ íà÷àëüíûõ ñëó÷àéíûõ ÷èñåë. Åñëè óñòàíàâëèâàåòñÿ
¾íåñòàíäàðòíàÿ¿ ïðîèçâîäÿùàÿ êîíñòàíòà, äëÿ íå¼ íåîáõîäèìà îòäåëü-
íàÿ ïðîâåðêà ñòàòèñòè÷åñêèõ ñâîéñòâ (â ïðèíöèïå!).
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Èç òàáëèöû ÿâíî âèäíî, ÷òî ïðè M = 16 ñòåïåíü ñîãëàñèÿ íåäîïóñòè-
ìà âûñîêà. Ýòî ïîíÿòíî, ïî÷åìó � ñòàòèñòèêà ñîáûòèé â ãèñòîãðàììå âî
ìíîãî ðàç áîëüøå ïåðèîäà ðÿäà. Âî âñåõ îñòàëüíûõ ñëó÷àÿõ ïåðèîä ìíîãî
áîëüøå èñïîëüçîâàííîé ñòàòèñòèêè, ïîýòîìó ïîâåäåíèå χ2 óêëàäûâàåòñÿ
â ðàçóìíûå ñòàòèñòè÷åñêèå ïðåäåëû.

Íàøà ñòàðàÿ äîáðàÿ ïðîãðàììà DRNDM òðàòèò 0.16 ìêñ íà îäíî ÷èñ-
ëî. Ïðîãðàììà Ranecu, êîòîðàÿ â íàñòîÿùèé ìîìåíò èñïîëüçóåòñÿ íà-
ìè â GEANT4, íà îäíî îáðàùåíèå òðàòèò 0.12 ìêñ (ïåðèîä ðÿäà â ýòîé
ïðîãðàììå, íàâåðíî, ðàâåí 2 · 1018). Ïîëó÷àåòñÿ, ÷òî RndDrndmEngine
â íåñêîëüêî ðàç ïðîèãðûâàåò ïî âðåìåíè ñ÷¼òà ýòèì äâóì ïðîãðàììàì.
Âñ¼ æå å¼ ïàðàëëåëüíîå èñïîëüçîâàíèå ñ ãåíåðàòîðîì Ranecu íå ëèøåíî
ñìûñëà. Íàïðèìåð, ïîëîâèíó ñòàòèñòèêè ìîäåëèðîâàòü ñ îäíèì ãåíåðà-
òîðîì, äðóãóþ ïîëîâèíó � ñ äðóãèì. Ñðàâíåíèå ðåçóëüòàòîâ ïîìîæåò
îöåíèòü ñèñòåìàòè÷åñêóþ îøèáêó, ñâÿçàííóþ ñ íåèäåàëüíûìè ñòàòèñòè-
÷åñêèìè ñâîéñòâàìè ãåíåðàòîðîâ. Ðàçëè÷èå â ñêîðîñòè ðàáîòû ïðîãðàìì
ìîæåò ñèëüíî ìàñêèðîâàòüñÿ äðóãèìè âû÷èñëåíèÿìè (íàïðèìåð, ðàáîòà
ãåîìåòðè÷åñêèõ ïðîãðàìì), ïîýòîìó ñðàâíåíèå ñêîðîñòåé ðàáîòû æåëà-
òåëüíî ïðîâåñòè åù¼ è äëÿ ïîëíîé ïðîãðàììû ìîäåëèðîâàíèÿ ÑÍÄ.

Ðèñ. 2 ïðåäñòàâëÿåò ãèñòîãðàììû ðàñïðåäåëåíèÿ ïî ñëó÷àéíîìó ÷èñ-
ëó â ðàçíûõ âàðèàíòàõ RndDrndmEngine.

Ðèñ. 2: Ðàñïðåäåëåíèå âåðîÿòíîñòåé ïî ñëó÷àéíûì ÷èñëàì r ãåíåðàòîðà
RndDrndmEngine ïðè ðàçíûõ çíà÷åíèÿõ ïàðàìåòðà M

Ðàñïðåäåëåíèå âåðîÿòíîñòåé ïî ñëó÷àéíûì ÷èñëàì îò Ranecu ïðèâå-
äåíî íà ðèñ. 3. Ïî êðèòåðèþ χ2 çíà÷åíèå χ2/nD = 106.96/99 ñîîòâåòñòâó-
åò P = 0.2748.
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Ðèñ. 3: Ðàñïðåäåëåíèå âåðîÿòíîñòåé ïî ñëó÷àéíûì ÷èñëàì r ãåíåðàòîðà
RndRanecuEngine

4.5 Ïàðíûå êîððåëÿöèè
Èñòèííûå ñëó÷àéíûå ÷èñëà äîëæíû èìåòü íóëåâûå ïàðíûå êîýôôèöè-
åíòû êîððåëÿöèè ri è ri+k:

qk = 12 ·
〈(

ri − 1
2

)(
ri+k − 1

2

)〉
= 0. (5)

Äëÿ ïñåâäîñëó÷àéíûõ ÷èñåë òàêîå òî÷íîå ðàâåíñòâî ìàëîâåðîÿòíî, íî
âåëè÷èíà êîýôôèöèåíòà äëÿ õîðîøèõ ãåíåðàòîðîâ äîëæíà áûòü ìàëåíü-
êîé. Ïðè ïðîâåðêå ìû âû÷èñëÿåì ñðåäíåå çíà÷åíèå:

qk ≈ 12
N

N∑

i=1

(
ri − 1

2

)(
ri+k − 1

2

)
, (6)

è ïîëó÷åííûé ðåçóëüòàò èìååò äâå ñîñòàâëÿþùèå îøèáêè: ñèñòåìàòè÷åñ-
êóþ èç-çà îøèáîê îêðóãëåíèÿ è ñòàòèñòè÷åñêóþ. Ñòàòèñòè÷åñêàÿ îøèáêà
ìîæåò áûòü îöåíåíà êàê

∆qstat =
1√
N

(7)

è óìåíüøàåòñÿ ñ ðîñòîì ñòàòèñòèêè, ñèñòåìàòè÷åñêàÿ æå íå óìåíüøàåòñÿ
ñ ðîñòîì N : ïðè êàæäîé îïåðàöèè äîáàâëåíèÿ íîâîãî ñëàãàåìîãî â ñóììó
îøèáêà ñîñòàâëÿåò ïîðÿäêà 10−15, è ó÷èòûâàÿ, ÷òî ñàìà ñóììà áëèçêà ê
íóëþ, à îøèáêà çíàêîïåðåìåííàÿ è íàêîïëåííàÿ ñóììà â èòîãå äåëèòñÿ íà
êîëè÷åñòâî ñëàãàåìûõ, ìîæíî íàäåÿòüñÿ, ÷òî ñèñòåìàòè÷åñêàÿ îøèáêà íå
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ðàñò¼ò è ñîñòàâëÿåò êàê ðàç ýòè 10−15. Íî åñëè êîýôôèöèåíò êîððåëÿöèè
íå ðàâåí íóëþ, òî ñóììà ðàñò¼ò

N∑

i=1

(
ri − 1

2

)(
ri+k − 1

2

)
∼ 1

12
N · q,

è îøèáêà ïðèáàâëåíèÿ i-ãî ñëàãàåìîãî óæå ñîñòàâëÿåò ïðèìåðíî
1
12 i · q · 10−15, ÷òî äëÿ âñåé ñóììû ñîîòâåòñòâóåò ïðèìåðíî

∆qsyst ≈ N

2
|q| · 10−15 < N · 10−15. (8)

Åñòåñòâåííî, õî÷åòñÿ, ÷òîáû ñèñòåìàòè÷åñêàÿ îøèáêà áûëà ïðåíåáðåæè-
ìî ìàëà ïî ñðàâíåíèþ ñî ñòàòèñòè÷åñêîé, ò.å.

∆qstat À ∆qsyst =⇒ N3/2 ¿ 1015 =⇒ N ¿ 1010. (9)
Ýòî îçíà÷àåò, ÷òî ìû íå ìîæåì ïðîâåðèòü òàêîé êîýôôèöèåíò êîððåëÿ-
öèè íà ðàâåíñòâî íóëþ òî÷íåå, ÷åì 10−5.

Äàëåå áóäåì èñïîëüçîâàòü ¾áåçðàçìåðíûé¿ êîýôôèöèåíò êîððåëÿ-
öèè:

Qk =
qk

∆qstat
=

12√
N

N∑

i=1

(
ri − 1

2

) (
ri+k − 1

2

)
, (10)

îòëè÷èå êîòîðîãî îò íóëÿ ñðàçó ïðåäñòàâëåíî â åäèíèöàõ ñòàíäàðòíîãî
îòêëîíåíèÿ.

Êðîìå ãåíåðàòîðîâ Ranecu è Drndm áóäåì òàêæå èñïûòûâàòü çàâåäî-
ìî ïëîõîé ãåíåðàòîð RANDU, êîòîðûé òîæå ÿâëÿåòñÿ ìóëüòèïëèêàòèâ-
íûì ãåíåðàòîðîì, íî ñ ïëîõîé ïðîèçâîäÿùåé êîíñòàíòîé: KR = 65539 =
z10003 äëÿ M = 29 (ïðîäóêò ôèðìû IBM íà çàðå ðàçâèòèÿ íàóêè ìîäå-
ëèðîâàíèÿ).

Â òàáë. 2 ïðåäñòàâëåíû ðåçóëüòàòû ïðîâåðêè ïàðíûõ êîððåëÿöèé äëÿ
ðàçíûõ ãåíåðàòîðîâ.

Âèäíî, ÷òî âñå ãåíåðàòîðû, â òîì ÷èñëå è RANDU, âûãëÿäÿò íåïëîõî
â ýòîì òåñòå. Ñòàòèñòèêà âûñîêàÿ, íîðìèðîâî÷íàÿ ∆qstat = 0.001, ïîýòî-
ìó ìîæíî ñêàçàòü, ÷òî êîýôôèöèåíòû êîððåëÿöèè îòëè÷àþòñÿ îò íóëÿ íå
áîëüøå, ÷åì íà íåñêîëüêî òûñÿ÷íûõ â àáñîëþòíîì èçìåðåíèè. Ïðîâåðèì,
êàê èçìåíèòñÿ äëÿ ñëó÷àÿ M = 80 ìàêñèìàëüíîå îòêëîíåíèå Q6 = 3.19,
åñëè ñòàòèñòèêó óâåëè÷èòü â 10 ðàç.Â ýòîì ñëó÷àå ìàêñèìàëüíûé êî-
ýôôèöèåíò êîððåëÿöèè ñòàë Q6 = 2.08. Èçìåíèì íà÷àëüíîå ñëó÷àéíîå
÷èñëî íà zFFF . Ïîñëå ýòîãî ïîëó÷àåì Q6 = −0.72, à íîâûé ìàêñèìóì
ñòàë Q5 = −1.89. Ýòî ñîãëàñóåòñÿ ñ òåì, ÷òî íàáëþäàåìûå ìàêñèìàëüíûå
çíà÷åíèÿ ìîãóò áûòü ñòàòèñòè÷åñêèìè âûáðîñàìè.
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Òàáëèöà 2: Íîðìèðîâàííûé íà ñòàò. îøèáêó êîýôôèöèåíò êîððåëÿöèè
Qk äëÿ ðàçíûõ ãåíåðàòîðîâ è k = 1 ÷ 10. Ñòàòèñòèêà âåçäå N = 106

ñîáûòèé.
Çíà÷åíèÿ QkÃåíåðàòîð k = 1 k = 2 k = 3 k = 4 k = 5 k = 6 k = 7 k = 8 k = 9 k = 10

RANDU:
M = 29
KR = z10003

1.79 0.33 0.93 0.37 0.85 0.51 -2.42 0.63 1.68 0.78

Drndm:
M = 16
KR = zDCD

0.27 3.52 -0.28 -0.20 -0.67 -0.09 -0.30 0.51 0.11 0.74

Drndm:
M = 32
KR =
z10DCD

-0.21 0.65 1.08 0.46 -2.00 0.13 -1.68 -0.37 -0.01 -1.18

Drndm:
M = 45
KR =
z40010115

-0.39 -1.12 1.11 0.51 -1.81 0.65 -0.73 0.21 0.71 0.86

Drndm:
M = 63
KR =
z400040010115

-0.99 0.24 -3.78 -1.44 1.46 1.37 0.64 -1.79 -0.10 -0.78

Drndm:
M = 80
KR =
z400040010115

-0.20 0.13 1.26 0.28 -1.21 3.19 0.80 0.30 2.18 -1.06

Drndm:
M = 150
KR =
z888888888888
↪→ 000400040010115

-0.83 -0.94 -0.98 -0.35 -0.69 2.60 -0.74 -0.45 -0.23 0.42

Ranecu 1.39 -2.66 1.37 1.02 -0.61 -0.55 1.84 0.08 0.14 -0.55
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4.6 Êîððåëÿöèè â ìíîãîìåðíîì ïðîñòðàíñòâå
Îäèí èç ìîùíûõ òåñòîâ � ïðîâåðêà, êàê âûãëÿäèò ôóíêöèÿ ðàñïðåäå-
ëåíèÿ â n-ìåðíîì ïðîñòðàíñòâå (ñïåêòðàëüíûé àíàëèç).

Ïóñòü òî÷êè â n-ìåðíîì êóáå ñî ñòîðîíîé, ðàâíîé åäèíèöå, èìåþò êî-
îðäèíàòû, îáðàçîâàííûå ïîñëåäîâàòåëüíûìè ÷èñëàìè ïñåâäîñëó÷àéíîãî
ðÿäà. Åñëè áû îíè áûëè èñòèííî ñëó÷àéíûìè ÷èñëàìè, òî ðàñïðåäåëåíèå
âåðîÿòíîñòåé çàïèñûâàëîñü áû â ñëåäóþùåì âèäå
dW = F (r1, r2, . . . , rn) dr1 dr2 · · · drn, F (r1, r2, . . . , rn) = 1. (11)

Ðàçëîæåíèå ôóíêöèè ïëîòíîñòè âåðîÿòíîñòè â n-ìåðíûé ðÿä Ôóðüå
âûãëÿäèò ñëåäóþùèì îáðàçîì:

F (r1, r2, . . . , rn) =
+∞∑

kj=−∞
A(
−→
k ) exp

[
2πi

−→
k −→r

]
. (12)

Àìïëèòóäà A â ýòîì ðàçëîæåíèè ðàâíà

A(
−→
k ) =

∫
F (r1, r2, . . . , rn) d−→r · exp

[
−2πi

−→
k −→r

]
. (13)

Ýòè ñîîòíîøåíèÿ î÷åâèäíû, íåî÷åâèäíî òîëüêî, ÷òî ëþáàÿ ôóíêöèÿ
ìîæåò áûòü îäíîçíà÷íî ïðåäñòàâëåíà â âèäå òàêîãî ðÿäà, íî ýòî âûõîäèò
çà ðàìêè äàííîé ðàáîòû. Åñëè ôóíêöèÿ ðàñïðåäåëåíèÿ òîæäåñòâåííî
ðàâíà åäèíèöå, òî ðåçóëüòàò òðèâèàëüíûé:

A(
−→
0 ) = 1, A(

−→
k 6= 0) = 0. (14)

Åñëè êàêàÿ-òî àìïëèòóäà ñóùåñòâåííî îòëè÷íà îò íóëÿ, òî â n-ìåðíîì
ïðîñòðàíñòâå ïëîòíîñòü âåðîÿòíîñòè èìååò âîëíîîáðàçíóþ ñòðóêòóðó.

Ïîñìîòðèì, êàê îöåíèòü àìïëèòóäû ïî çíà÷åíèÿì ñëó÷àéíûõ ÷èñåë
ðÿäà.

A(
−→
k ) =

∫
dW · exp

[
−2πi

−→
k −→r

]
=

〈
exp

[
−2πi

−→
k −→r

]〉
≈

≈ 1
N

N∑
j=1

exp
[
−2πi

−→
k −→rj

]
= 1

N

N∑
j=1

[
cos

(
2π
−→
k −→rj

)
− i sin

(
2π
−→
k −→rj

)]
.

(15)
Åñëè îöåíèòü ñòàòèñòè÷åñêèå îøèáêè ðåàëüíîé è ìíèìîé ÷àñòåé ýòîãî

âûðàæåíèÿ â ïðåäïîëîæåíèè èñòèííî ñëó÷àéíûõ ÷èñåë, òî îíè îêàçûâà-
þòñÿ ðàâíûìè

∆ARe = ∆AIm = ∆A =
1√
2N

äëÿ −→k 6= 0. (16)
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Äëÿ àíàëèçà îòëè÷èÿ ýòèõ àìïëèòóä îò íóëÿ óäîáíî âû÷èñëÿòü ñðàçó
íîðìèðîâàííûå íà ñòàò. îøèáêó àìïëèòóäû:

AN (
−→
k ) =

√
2
N

N∑

j=1

[
cos

(
2π
−→
k −→rj

)
− i sin

(
2π
−→
k −→rj

)]
. (17)

Ñóùåñòâåííî îñëîæíÿåò ïðèìåíåíèå ýòîãî òåñòà òî, ÷òî àìïëèòóä áåñ-
êîíå÷íî ìíîãî. Ñ äðóãîé ñòîðîíû, íåïðèÿòíû íåíóëåâûå àìïëèòóäû êàê
ðàç ïðè ìàëûõ çíà÷åíèÿõ kj . Èññëåäóåì áîëåå ïîäðîáíî ñâîéñòâà ýòî-
ãî òåñòà íà ãåíåðàòîðå RANDU, ïëîõèå ñâîéñòâà êîòîðîãî äîëæíû ïðî-
ÿâèòüñÿ èìåííî â ìíîãîìåðíûõ êîððåëÿöèÿõ. Òàáë. 3 ïðåäñòàâëÿåò ðå-
çóëüòàòû ýòèõ ðàñ÷¼òîâ. Íè îäíà àìïëèòóäà ïî ìîäóëþ íå ïðåâûñèëà
òð¼õ. Àìïëèòóäà A(0, 0) íå â ñ÷¼ò � îíà è íå äîëæíà áûòü íóëåâîé. Åñëè
ïðîàíàëèçèðîâàòü àìïëèòóäû ñ −10 ≤ kj ≤ +10, òî ñðåäè íèõ íàéä¼òñÿ
íåñêîëüêî øòóê, ïðåâûøàþùèõ ïî ìîäóëþ 3. Ìàêñèìàëüíîå îòêëîíåíèå
îò íóëÿ â AN (6, 1) = −3.25+0.69i. Ýòî êàê-òî òðóäíî ñ÷èòàòü íåïðîéäåí-
íûì òåñòîì.

Íåòðóäíî çàìåòèòü â òàáëèöå, ÷òî A∗N (k1, k2) = AN (−k1,−k2), êàê
è äîëæíî áûòü â ðàçëîæåíèè â ðÿä äåéñòâèòåëüíîé ôóíêöèè, íî ýòî
ïîçâîëÿåò ñîêðàòèòü ÷èñëî àíàëèçèðóåìûõ àìïëèòóä âñåãî â äâà ðàçà.

Ïîñìîòðèì, êàêèå ðåçóëüòàòû ïîëó÷àòñÿ â òð¼õìåðíîì ïðîñòðàíñòâ
(òàáë. 4). Ñþðïðèç! Ãàðìîíèêà −→k = (9,−6, 1) îêàçàëàñü áîëüøå, ÷åì íà
1000 ñòàíäàðòíûõ îòêëîíåíèé îòëè÷íîé îò íóëÿ. Ïîñìîòðèì, êàê äîëæåí
áûòü ðàñïðåäåë¼í ïàðàìåòð

µ = k1r1 + k2r2 + k3r3 = 9r1 − 6r2 + r3 (18)
äëÿ èñòèííî ñëó÷àéíûõ íåçàâèñèìûõ ÷èñåë r1, r2, r3, èìåþùèõ ðàâíî-
ìåðíîå ðàñïðåäåëåíèå â (0, 1).

Õàðàêòåðèñòè÷åñêàÿ ôóíêöèÿ ýòîãî ðàñïðåäåëåíèÿ ëåãêî âû÷èñëÿåò-
ñÿ:

ϕ(t) = (eitk1−1)(eitk2−1)(eitk3−1)
(it)3k1k2k3

=

= 1
(it)3k1k2k3

(
eit(k1+k2+k3) − eit(k1+k2) − eit(k1+k3) − eit(k2+k3) +

+eitk1 + eitk2 + eitk3 − 1
)
.

(19)

Òåïåðü ìû ìîæåì âû÷èñëèòü ôóíêöèþ ðàñïðåäåëåíèÿ âåðîÿòíîñòåé
F (µ):

F (µ) =
1
2π

+∞∫

−∞
ϕ(t)e−itµ dt. (20)
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Òàáëèöà 3: Àìïëèòóäû ðàçëîæåíèÿ ôóíêöèè ðàñïðåäåëåíèÿ ñëó÷àéíûõ
÷èñåë îò ãåíåðàòîðà RANDU â 2-ìåðíîì ïðîñòðàíñòâå â ðÿä Ôóðüå (èñ-
ïîëüçîâàíî 106 ñîáûòèé).

k1 k2 AN k1 k2 AN k1 k2 AN

-5 -5 -0.58-0.72i -2 -3 -0.10+0.98i 1 -1 0.83+0.36i
-4 -5 -2.29+0.27i -1 -3 -1.56-1.43i 2 -1 0.59+0.57i
-3 -5 -1.11+0.54i 0 -3 -0.13-0.30i 3 -1 0.02-0.03i
-2 -5 -1.51-0.45i 1 -3 0.51-1.68i 4 -1 -1.53+0.32i
-1 -5 -1.44+0.825i 2 -3 -1.17-1.20i 5 -1 -0.67-0.95i
0 -5 1.06-0.39i 3 -3 -1.28+1.83i -5 0 0.87+0.44i
1 -5 0.49+1.13i 4 -3 -0.33-0.03i -4 0 -1.72-0.00i
2 -5 -0.77+0.28i 5 -3 0.04+2.20i -3 0 -0.97-1.16i
3 -5 0.46-0.36i -5 -2 -0.64+0.40i -2 0 0.50+0.63i
4 -5 -0.28+1.68i -4 -2 0.51-0.23i -1 0 0.73+0.63i
5 -5 0.63-2.65i -3 -2 -2.26+0.72i 0 0 1414+0.00i
-5 -4 0.43-0.37i -2 -2 -0.15-1.55i 1 0 0.73-0.63i
-4 -4 -0.98-1.39i -1 -2 0.29+0.65i 2 0 0.50-0.63i
-3 -4 -0.20-0.05i 0 -2 -1.35-0.15i 3 0 -0.97+1.16i
-2 -4 -1.83-0.93i 1 -2 0.56-1.22i 4 0 -1.72+0.00i
-1 -4 -0.82-0.05i 2 -2 -0.24+0.09i 5 0 0.87-0.44i
0 -4 0.57-0.03i 3 -2 0.36+0.39i -5 1 -0.67+0.95i
1 -4 1.68+1.01i 4 -2 -0.33+1.78i -4 1 -1.53-0.32i
2 -4 -0.84+0.92i 5 -2 -0.19+0.46i -3 1 0.02+0.03i
3 -4 0.77+0.84i -5 -1 -1.09-1.17i -2 1 0.59-0.57i
4 -4 0.94-0.46i -4 -1 -0.08-1.54i -1 1 0.83-0.36i
5 -4 0.69-1.01i -3 -1 -1.00-0.50i 0 1 1.24+0.33i
-5 -3 -2.07-0.84i -2 -1 -0.55-0.48i 1 1 -0.09+0.17i
-4 -3 1.17-1.33i -1 -1 -0.09-0.17i 2 1 -0.55+0.48i
-3 -3 -1.11-1.51i 0 -1 1.24-0.33i 3 1 -1.00+0.50i
4 1 -0.08+1.54i -4 4 0.94+0.46i 5 1 -1.09+1.17i
-3 4 0.77-0.84i -5 2 -0.19-0.46i -2 4 -0.84-0.92i
-4 2 -0.33-1.78i -1 4 1.68-1.01i -2 2 -0.24-0.09i
1 4 -0.82+0.05i -3 2 0.36-0.39i 0 4 0.57+0.03i
-1 2 0.56+1.22i 2 4 -1.83+0.93i 0 2 -1.35+0.15i
3 4 -0.20+0.05i 1 2 0.29-0.65i 4 4 -0.98+1.39i
2 2 -0.15+1.55i 5 4 0.43+0.37i 3 2 -2.26-0.72i
-5 5 0.63+2.65i 4 2 0.51+0.23i -4 5 -0.28-1.68i
5 2 -0.64-0.40i -3 5 0.46+0.36i -5 3 0.04-2.20i
-2 5 -0.77-0.28i -4 3 -0.33+0.03i -1 5 0.49-1.13i
-3 3 -1.28-1.83i 0 5 1.06+0.39i -2 3 -1.17+1.20i
1 5 -1.43-0.25i -1 3 0.51+1.68i 2 5 -1.51+0.45i
0 3 -0.13+0.30i 3 5 -1.11-0.54i 1 3 -1.56+1.43i
4 5 -2.29-0.27i 2 3 -0.10-0.88i 5 5 -0.58+0.72i
3 3 -1.11+1.51i 4 3 1.17+1.33i 5 3 -2.07+0.84i
-5 4 0.69+1.01i
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Òàáëèöà 4: Àìïëèòóäû ðàçëîæåíèÿ ôóíêöèè ðàñïðåäåëåíèÿ ñëó÷àéíûõ
÷èñåë îò ãåíåðàòîðà RANDU â 3-ìåðíîì ïðîñòðàíñòâå â ðÿä Ôóðüå (èñ-
ïîëüçîâàíî 106 ñîáûòèé). Ïðèâåäåíû òîëüêî ãàðìîíèêè ñ |AN | > 3 è
k1 ≥ 0.
k1 k2 k3 AN k1 k2 k3 AN k1 k2 k3 AN

0 0 0 1414.2+0i 5 8 0 -2.92-0.80i 9 -6 1 1414.2+0i
3 -2 7 1.59-2.69i -6 4 6 1.59-2.69i

Êîìïëåêñíàÿ ôóíêöèÿ ϕ(t) àíàëèòè÷åñêàÿ âî âñ¼ì ïðîñòðàíñòâå, ïîýòî-
ìó çíà÷åíèå èíòåãðàëà (20) íå èçìåíèòñÿ, åñëè ìû ìîäèôèöèðóåì ïóòü
èíòåãðèðîâàíèÿ C òàêèì îáðàçîì, ÷òîáû îí ïðîõîäèë íèæå òî÷êè t = 0.
Òîãäà çíà÷åíèÿ âîñüìè ñëàãàåìûõ â ýòîì èíòåãðàëå ëåãêî âû÷èñëÿþòñÿ
ìåòîäîì âû÷åòîâ:

∫

C

eit(a−µ) dt

t3
=

{
2πi res

t=0

eit(a−µ)

t3 , µ < a

0, µ > a
= −πi (a− µ)2+ , (21)

Ðèñ. 4: Ãèñòîãðàììû ðàñïðåäåëåíèé ïî ïàðàìåòðó µ = 9r1− 6r2 + r3, ãäå
r1, r2, r3 � ñëó÷àéíûå ÷èñëà, ïîëó÷åííûå ñîîòâåòñòâóþùèì ãåíåðàòîðîì
(ïîäïèñü ê ãèñòîãðàììå). Ãëàäêàÿ êðèâàÿ � òåîðåòè÷åñêîå ðàñïðåäåëå-
íèå, ñïðàâåäëèâîå, êîãäà âñå ÷èñëà èñòèííî ñëó÷àéíûå è íåçàâèñèìûå.
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ãäå ââåäåíî îáîçíà÷åíèå äëÿ ôóíêöèè

(x)+ =
{

x, x > 0,
0, x < 0.

(22)

Â èòîãå ïîëó÷àåì:

F (µ) = 1
2k1k2k3

·
[
(k1 + k2 + k3 − µ)2+ − (k1 + k2 − µ)2+−

− (k1 + k3 − µ)2+ − (k2 + k3 − µ)2+ +

+ (k1 − µ)2+ + (k2 − µ)2+ + (k3 − µ)2+ − (0− µ)2+
]

(23)

Íåòðóäíî óáåäèòüñÿ, ÷òî ïîëó÷åííàÿ ôóíêöèÿ íîðìèðîâàíà íà åäèíèöó.
Íà ðèñ. 4 ïðåäñòàâëåí ãðàôèê ýòîé òåîðåòè÷åñêîé ôóíêöèè, à òàêæå

ãèñòîãðàììû ðàñïðåäåëåíèé ïî ýòîìó ïàðàìåòðó, ïîëó÷åííûå ñ ãåíåðà-
òîðàìè RANDU, Drndm(M=29), Drndm(M=63), Drndm(M=80), Ranecu.
×òî îçíà÷àåò ýòî ëþáîïûòíîå ðàñïðåäåëåíèå äëÿ ãåíåðàòîðà RANDU?
Ýòî � èëëþñòðàöèÿ òîãî, ÷òî â òð¼õìåðíîì ïðîñòðàíñòâå â åäèíè÷íîì
êóáå âñå âåêòîðà, êîîðäèíàòû êîòîðûõ îáðàçîâàíû ïîñëåäîâàòåëüíûìè
ñëó÷àéíûìè ÷èñëàìè ãåíåðàòîðà RANDU, ïàäàþò íà ïàðàëëåëüíûå ýê-
âèäèñòàíòíûå ïëîñêîñòè, ðàññòîÿíèå ìåæäó êîòîðûìè ïðèìåðíî ðàâíî

1√
92+62+12 = 0.09. Âñåãî â êóáå ïîìåùàåòñÿ 15 òàêèõ ïëîñêîñòåé. Íàèáî-

ëåå î÷åâèäíîå ñëåäñòâèå ýòîãî äåôåêòà � ïðè èíòåãðèðîâàíèè ìåòîäîì
Ìîíòå-Êàðëî ñ ïîìîùüþ ãåíåðàòîðà RANDU ïèêîâàííîé ôóíêöèè òð¼õ
àðãóìåíòîâ ñ ðàçìåðîì ïèêà ìåíüøå 0.1 ñèñòåìàòè÷åñêàÿ îøèáêà áóäåò
áëèçêà ê 100%.

Èíòåðåñíî � òàêîãî ñèëüíîãî ýôôåêòà íå áûëî â äâóìåðíîì ïðî-
ñòðàíñòâå. Ìîæåò, ýôôåêò ïðîïàä¼ò ïðè ïåðåõîäå ê á�îëüøèì ðàçìåðíî-
ñòÿì? Â òàáë. 5 ïðèâåäåíû íàèáîëüøèå àìïëèòóäû ðàçëîæåíèÿ ôóíêöèè
ðàñïðåäåëåíèÿ â 4-ìåðíîì ïðîñòðàíñòâå.

Ìîæíî áûëî îæèäàòü, ÷òî äåôåêòíûìè îêàæóòñÿ àìïëèòóäû, ãäå
îäèí èç êîýôôèöèåíòîâ kj íóëåâîé (òî åñòü íåêîòîðîå 3-ìåðíîå ïîäïðî-
ñòðàíñòâî), îäíàêî, ñðåäè äåôåêòíûõ îêàçàëèñü è èñòèííî 4-ìåðíûå àì-
ïëèòóäû. Ìîæíî îæèäàòü, ÷òî è äëÿ á�îëüøèõ ðàçìåðíîñòåé íàéäóòñÿ
ïëîõèå ãàðìîíèêè (òàáë. 6). Ê ñîæàëåíèþ, ïîòðåáëåíèå ïðîöåññîðíîãî
âðåìåíè è, ÷òî íå ìåíåå âàæíî, îïåðàòèâíîé ïàìÿòè, ýêñïîíåíöèàëüíî
ðàñò¼ò ñ óâåëè÷åíèåì ðàçìåðíîñòè ïðîñòðàíñòâà. Íèêàêèõ óõèùðåíèé
ïî âû÷èñëåíèþ òîëüêî íóæíûõ àìïëèòóä îêàçûâàåòñÿ íåäîñòàòî÷íî (çà-
ðàíåå íåèçâåñòíî, êàêàÿ ãàðìîíèêà îêàæåòñÿ ¾ïëîõîé¿). Íàïðèìåð, â 6-
ìåðíîì ïðîñòðàíñòâå ïðè |kj | ≤ 10 ïðèõîäèòñÿ àíàëèçèðîâàòü áîëåå 4·107
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Òàáëèöà 5: Àìïëèòóäû ðàçëîæåíèÿ ôóíêöèè ðàñïðåäåëåíèÿ ñëó÷àéíûõ
÷èñåë îò ãåíåðàòîðà RANDU â 4-ìåðíîì ïðîñòðàíñòâå â ðÿä Ôóðüå (èñ-
ïîëüçîâàíî 104 ñîáûòèé). Ïðèâåäåíû òîëüêî ãàðìîíèêè ñ |AN | > 4 è
k1 ≥ 0.

−→
k AN

−→
k AN

−→
k AN

1,-1,-4,-10 1.78+3.61i 10,-7,-3,-10 1.78+3.61i 6,-3,5,-10 1.30+4.23i
1,8,-10,-9 1.78+3.61i 10,2,-9,-9 1.78+3.61i 6,6,-1,-9 1.30+4.23i
7,2,-2,-5 -0.37+4.03i 8,-8,-9,-4 2.74-3.32i 3,-10,-7,-4 -3.50+1.99i
3,0,-7,-2 3.73-1.96i 0,1,-3,-2 -0.38+4.15i 9,-5,-2,-2 -0.38+4.15i
0,10,-9,-1 -0.38+4.15i 9,4,-8,-1 -0.38+4.15i 0,0,0,0 141.4+0i
0,9,-6,1 141.4+0i 9,3,-5,1 141.4+0i 9,-7,4,2 -0.38-4.15i
3,-2,-10,3 -3.56-1.84i 0,8,-3,3 -0.38-4.15i 9,2,-2,3 -0.38-4.15i
3,6,6,3 4.17-1.29i 6,4,8,4 -3.50-1.99i 1,2,10,4 2.74+3.32i
10,5,5,5 2.74+3.32i 2,1,-3,6 -0.37-4.03i 2,10,-9,7 -0.37-4.03i
8,-5,5,10 1.78-3.61i 1,8,-10,-9 1.78+3.61i 7,-7,4,-6 -0.37+4.03i
3,-9,-1,-3 3.73-1.96i 6,5,5,-2 -3.56+1.84i 9,-6,1,0 141.4+0i
6,-6,8,2 3.72+1.96i 6,3,2,3 3.73+1.96i 2,-8,3,5 -0.37-4.03i
3,-3,-4,10 1.30-4.23i

Òàáëèöà 6: Ìàêñèìàëüíûå àìïëèòóäû ðàçëîæåíèÿ ôóíêöèè ðàñïðå-
äåëåíèÿ ñëó÷àéíûõ ÷èñåë îò ãåíåðàòîðà RANDU â n-ìåðíîì ïðîñò-
ðàíñòâå â ðÿä Ôóðüå.

n Nev max |kj | −→
k AN

2 106 10 6,1 -3.25 + 0.69i
0,0 1414 + 0i

3 106 10 9,-6,1 1414.2 + 0i
0,0,0 1414.2 + 0i

4 104 10 9,3,-5,1 141.4 + 0i
0,0,0,0 141.4 + 0i

5 103 10 9,-6,-8,6,-1 44.7+0i
0,0,0,0,0 44.7 + 0i

6 103 10 9,-6,1,9,-6,1 44.7 +0i
0,0,0,0,0,0 44.7 +0i

7 102 7 3,5,-5,7,7,6,-3 0 + 10i
0,0,0,0,0,0,0 14.14 + 0i

8 102 6 3,2,-1,-3,-2,-5,-4,2 0 + 14.14i
0,0,0,0,0,0,0,0 14.14 + 0i

9 102 5 3,-1,3,5,4,-5,-2,-5,2 0 + 10i
0,0,0,0,0,0,0,0,0 14.14 + 0i

10 102 5a 4,3,3,1,-2,-2,4,-1,-5,-5 0 + 14.14i
0,0,0,0,0,0,0,0,0,0 14.14 + 0i

aÍå âåñü íàáîð êîìáèíàöèé èíäåêñîâ ïåðåáðàí � òîëüêî 6.6 · 109.
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Òàáëèöà 7: Ìàêñèìàëüíûå àìïëèòóäû ðàçëîæåíèÿ ôóíêöèè ðàñïðå-
äåëåíèÿ ñëó÷àéíûõ ÷èñåë îò ãåíåðàòîðà Ranecu â n-ìåðíîì ïðîñòðàíñòâå
â ðÿä Ôóðüå.

n Nev max |kj | −→
k AN

2 106 10 9,-6 3.02-0.34i
0,0 1412.2+i

3 106 10 7,10,4 2.14 - 3.47i
0,0,0 1414.2 + 0i

4 104 10 9,-4,4,-2 -5.07 + 0.60i
0,0,0,0 141.4 + 0i

5 103 10 4,-2,-3,3,-3 5.37 - 0.06i
0,0,0,0,0 44.7 + 0i

6 102 10 10,-8,-2,-10,-3,2 -4.94 + 2.94i
0,0,0,0,0,0 14.14+0i

7 102 8 4,-6,2,0,-2,1,3 -1.05 + 5.81i
0,0,0,0,0,0,0 14.14 + 0i
8,7,-6,3,-6,2,-7 -5.11 + 2.74i

8 102 6 1,1,-3,2,-6,5,-1,-1 -2.25 - 5.72i
0,0,0,0,0,0,0,0 14.14 +0i

9 102 5 5,-1,0,-5,5,-5,-3,0,-5 1.63 + 5.81i
0,0,0,0,0,0,0,0,0 14.14 + 0i

3,-3,-5,-5,3,-3,-5,-5,-5 3.93 - 3.76i
10 102 4a 1,-2,-4,4,4,-1,3,-2,-4,-1 -5.1+4.0i

0,0,0,0,0,0,0,0,0,0 14.14 + 0i

aÍå âåñü íàáîð êîìáèíàöèé èíäåêñîâ ïåðåáðàí � òîëüêî 9.3 · 108.

êîìïëåêñíûõ àìïëèòóä. Ïîýòîìó ïðèøëîñü ñîêðàùàòü èíòåðâàë çíà÷å-
íèé èíäåêñîâ kj äëÿ áîëüøèõ ðàçìåðíîñòåé ïðîñòðàíñòâà. ×åì ýòî ÷ðå-
âàòî, âèäíî íà ïðèìåðå 5-ìåðíîãî ïðîñòðàíñòâà: åñëè áû ìû èññëåäîâàëè
àìïëèòóäû òîëüêî ñ |kj | < 9, òî ìû íå îáíàðóæèëè áû ýòó äåôåêòíóþ
ãàðìîíèêó.

Äî ñèõ ïîð ìû èçó÷àëè ðåçóëüòàò ïðèìåíåíèÿ òåñòà íà êîððåëÿöèè
â ìíîãîìåðíîì ïðîñòðàíñòâå íà ïðèìåðå çàâåäîìî ïëîõîãî ãåíåðàòîðà.
Òåïåðü ïðèìåíèì åãî ê ðàáî÷èì âåðñèÿì ãåíåðàòîðîâ Ranecu (òàáë. 7) è
Drndm (òàáë. 8 è 9).

Äëÿ ãåíåðàòîðîâ ìóëüòèïëèêàòèâíîãî òèïà èçâåñòåí òåîðåòè÷åñêèé
ðåçóëüòàò � â n-ìåðíîì ïðîñòðàíñòâå âåêòîðà ñ êîîðäèíàòàìè, îáðàçî-
âàííûìè èç ïîñëåäîâàòåëüíûõ ñëó÷àéíûõ ÷èñåë, ëåæàò íà ïàðàëëåëüíûõ
ýêâèäèñòàíòíûõ ïëîñêîñòÿõ [5]. Òåîðåòè÷åñêèé ïðåäåë NM äëÿ êîëè÷å-
ñòâà ïëîñêîñòåé Nh ðàâåí

Nh < NM =
(
n! 2M

)1/n
.
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Òàáëèöà 8: Ìàêñèìàëüíûå àìïëèòóäû ðàçëîæåíèÿ ôóíêöèè ðàñïðå-
äåëåíèÿ ñëó÷àéíûõ ÷èñåë îò ãåíåðàòîðà Drndm (M = 63, KR =
z400040010115) â n-ìåðíîì ïðîñòðàíñòâå â ðÿä Ôóðüå.

n Nev max |kj | −→
k AN

2 106 10 3,9 1.64 - 2.97i
0,0 1414.2 + 0i

3 106 10 8,-8,7 3.84 - 2.53i
0,0,0 1414.2 + 0i

4 104 10 7,2,8,-2 1.95 + 4.46i
0,0,0,0 141.4 + 0i

5 103 10 6,1,2,4,1 -5.66 + 0.49i
0,0,0,0,0 44.7 + 0i

6 102 10 0,5,0,7,-8,4 5.24 + 3.03i
5,-8,-4,-3,-2,-5 -1.37 + 5.73i
0,0,0,0,0,0 14.14 + 0i

7 102 7 7,-3,-3,3,5,2,6 -5.71 + 1.81i
0,0,0,0,0,0,0 14.14 + 0i

8 102 5 5,-1,5,4,-1,-5,-2,3 4.49 + 3.88i
0,0,0,0,0,0,0,0 14.14 + 0i

9 102 3 1,2,-1,-1,2,-2,3,-2,1 2.80 + 5.28i
0,0,0,0,0,0,0,0,0 14.14 + 0i

10 102 4 3,4,-2,-3,-2,-3,3,-4,1,-1 4.43-4.95i
0,0,0,0,0,0,0,0,0,0 14.14 + 0i

Ýòî äîñòàòî÷íî äàë¼êèé ïðåäåë. Íàïðèìåð, äëÿ M = 63, n = 10 ïîëó÷àåì
NM =

(
10! 263

)1/10 = 357. Ýòî êîëè÷åñòâî ïëîñêîñòåé ìîæíî ïåðåñ÷èòàòü
â ìèíèìàëüíîå ðàññòîÿíèå hM ìåæäó ïëîñêîñòÿìè

hM =
√

n

NM
=

√
n

(n! 2M )1/n
=⇒

M=63,n=10

0.009

Â ñâîþ î÷åðåäü, ýòî ìîæåò áûòü èñïîëüçîâàíî äëÿ îöåíêè ìàêñèìàëüíîãî
çíà÷åíèÿ ìîäóëÿ

∣∣∣−→k
∣∣∣ ¾ïëîõîé¿ ãàðìîíèêè:

∣∣∣−→k
∣∣∣ <

1
hM

=⇒
M=63,n=10

113. (24)

Äðóãèìè ñëîâàìè, åñëè áû ìû ïåðåáèðàëè âñå àìïëèòóäû ñ |kj | < 113
äëÿ ãåíåðàòîðà DRNDM, òî ïëîõàÿ ãàðìîíèêà â 10-ìåðíîì ïðîñòðàíñòâå
îáÿçàòåëüíî áû íàøëàñü. Î÷åâèäíî, ÷òî ýòî íåïîñèëüíàÿ çàäà÷à äëÿ ïîë-
íîãî ïåðåáîðà (÷èñëî êîìáèíàöèé ïîðÿäêà 11310 = 3.4 · 1020). Â òî æå
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Òàáëèöà 9: Ìàêñèìàëüíûå àìïëèòóäû ðàçëîæåíèÿ ôóíêöèè ðàñïðå-
äåëåíèÿ ñëó÷àéíûõ ÷èñåë îò ãåíåðàòîðà Drndm (M = 80, KR =
z400040010115) â n-ìåðíîì ïðîñòðàíñòâå â ðÿä Ôóðüå.

n Nev max |kj | −→
k AN

2 106 10 3,2 0.10 - 2.97i
0,0 1414.2+0i

3 106 10 5,-4,0 -1.29 + 4.06i
6,-3,-9 -1.33 + 3.29i
0,0,0 1414.2 + 0i

4 104 10 6,7,-10,8 -4.47 + 1.70i
0,0,0,0 141.4 + 0i

5 103 10 2,-2,1,-10,-3 5.22 + 1.38i
0,0,0,0,0 44.7 + 0i

6 102 10 2,8½4,-7,5,-7 5.30 + 2.83i
0,0,0,0,0,0 14.14 + 0i

7 102 7 7,-3,3,2,4,5,-6 2.89 - 4.95i
0,0,0,0,0,0,0 14.14 + 0i

8 102 5 3,5,5,-2,-3,1,1,5 -3.44 + 5.22i
0,0,0,0,0,0,0,0 14.14 + 0i

9 102 3 2,-3,0,1,1,3,2,0,1 -2.82 + 4.87i
2,1,1,2,3,-2,-1,-3,-3 -4.69 - 0.90i
0,0,0,0,0,0,0,0,0 14.14 + 0i

10 102 4 1,-2,-1,1,3,-2,-4,2,-3,-3 -3.31 - 5.32i
0,0,0,0,0,0,0,0,0,0 14.14 + 0i

âðåìÿ, èñïîëüçóÿ òåîðåòè÷åñêèå çíàíèÿ, ìîæíî ïðîñòî ïûòàòüñÿ ïðîâå-
ñòè ïàðàëëåëüíûé íàáîð ïëîñêîñòåé ÷åðåç íàáîð òî÷åê â n-ìåðíîì ïðî-
ñòðàíñòâå, ïîëó÷åííûé ñ ïîìîùüþ ìóëüòèïëèêàòèâíîãî ãåíåðàòîðà, ÷òî
è áûëî ñäåëàíî â ðàáîòå [4] äëÿ ãåíåðàòîðà DRNDM. Ðåçóëüòàòû ìîæíî
ñâåñòè â òàáë. 10. Â îòëè÷èå îò ïîèñêà íåèçâåñòíîé ¾ïëîõîé¿ ãàðìîíè-
êè, å¼ ïðîâåðêà â ïðîöåäóðå ñïåêòðàëüíîãî àíàëèçà ïðîâîäèòñÿ áûñòðî.
Âñå ãàðìîíèêè, ïðèâåä¼ííûå â òàáë. 10, äåéñòâèòåëüíî îêàçàëèñü ïëîõè-
ìè. È êàê è äîëæíî áûòü, âñå ñîñåäíèå, îòëè÷àþùèåñÿ â ëþáîì èíäåêñå
kj õîòÿ áû íà åäèíèöó, ïîêàçàëè íîðìàëüíîå ñòàòèñòè÷åñêîå îòêëîíå-
íèå îò íóëÿ. Íàïðèìåð, ñðåäè (310 − 1) = 59048 àìïëèòóä ñ èíäåêñàìè,
îòêëîíÿþùèìèñÿ îò óêàçàííûõ â òàáëèöå íå áîëåå, ÷åì íà åäèíèöó, íàè-
áîëüøåå îòêëîíåíèå îò íóëÿ ïîëó÷èëîñü 4.4 (ñòàíäàðòíûõ îòêëîíåíèé),
â òî âðåìÿ êàê ïðîâåðÿåìàÿ ¾ïëîõàÿ¿ àìïëèòóäà îòêëîíèëàñü îò íóëÿ
íà 45 ñòàíäàðòíûõ îòêëîíåíèé.
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Òàáëèöà 10: Ïàðàìåòðû ïëîõèõ àìïëèòóä â ðàçëîæåíèè â ðÿä Ôóðüå âå-
ðîÿòíîñòè ðàñïðåäåëåíèÿ ñëó÷àéíûõ âåêòîðîâ, ïîëó÷åííûõ ñ ãåíåðàòî-
ðîì DRNDM â åäèíè÷íîì êóáå.

n
−→
k n

−→
k

3 1002845,-409088, 56635 7 220, 151, 76, 39, -192, 244, -122
-12794, 6116, 4837, -10611 6, 99, -43, 13, -34, -58, 105, 244 14952, -3664, -6499, -32161 8 11, -88, -73, -26, -24, 18, 113, 105
1215, 1195, 2928, 90, 504 -9, 36, -39, 15, -25, -66, -35, -31, -465 1898, 1880, 70, 2177, -1141 9 100, 13, -18, 9, -40, -20, 35, -18, 19

6 71, -222, 350, 232, -306, 15 10 -12, 21, -17, 57, 2, 11, 4, 4, -29, -9

4.7 Èíòåãðàë îò ôóíêöèè ñ óçêèì ïèêîì
Ïîñìîòðèì, êàê ìîæíî îáíàðóæèòü äåôåêò ãåíåðàòîðà ñëó÷àéíûõ ÷èñåë,
ñðàâíèâàÿ èíòåãðàë îò ôóíêöèè ñ óçêèì ïèêîì, âçÿòûé ìåòîäîì Ìîíòå-
Êàðëî, ñ èçâåñòíûì îòâåòîì. Ðàññìîòðèì ôóíêöèþ F (−→x ) ñ óçêèì ïèêîì
òàêîãî âèäà, ÷òî èíòåãðàë ëåãêî âû÷èñëÿåòñÿ

R =
1∫
0

dx1 · · ·
1∫
0

dxn F (−→x ) = A ·
n∏

k=1

1∫
0

dxk

β2+(xk−pk)2
=

= A
βn

n∏
k=1

arcctg
(
β − (1−pk)pk

β

)
,

(25)

ãäå −→p � òî÷êà â n-ìåðíîì êóáå, 0 < pk < 1. Åñëè âûáðàòü êîíñòàíòó

A =
n∏

k=1

β

arcctg
(
β − (1−pk)pk

β

) , (26)

òî çíà÷åíèå èíòåãðàëà äîëæíî áûòü ðàâíî åäèíèöå. Åñëè âû÷èñëÿòü èí-
òåãðàë ìåòîäîì Ìîíòå-Êàðëî

R =
A

N

N∑

j=1

(
n∏

k=1

1
β2 + (xj,k − pk)2

)
, (27)

òî ñòàòèñòè÷åñêè çíà÷èìîå îòêëîíåíèå ýòîãî çíà÷åíèÿ îò 1 ìîæåò ñâèäå-
òåëüñòâîâàòü î äåôåêòå ãåíåðàòîðà ñëó÷àéíûõ ÷èñåë. Äèñïåðñèÿ ìîæåò
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áûòü âû÷èñëåíà àíàëèòè÷åñêè:

D(R) = A2

N

n∏
k=1

[
x−pk

2β2[(x−pk)2+β2] −
1

2β3 arcctgx−pk

β

]x=1

x=0

− 1
N =

= 1
N

{
n∏

k=1

1

arcctg2
�

β− (1−pk)pk
β

� [
1−pk

2[(1−pk)2+β2] + pk

2[p2
k+β2]+

+ 1
2β arcctg

(
β − pk(1−pk)

β

)]
− 1

}
(28)

Â ïðåäåëå β →∞ âûðàæåíèå ïðåâðàùàåòñÿ â

D(R) ≈
β→∞

1
N

{
n∏

k=1

[
1 + 4−15pk(1−pk)

45tg2β

]
− 1

}
≈

≈ 1
N

n∑
k=1

4−15pk(1−pk)
45tg2β .

(29)

Â îáðàòíîì ñëó÷àå β → 0, êîòîðûé íàñ áîëüøå èíòåðåñóåò, ïîëó÷àåì

D(R) ≈
β→0

1
(2πβ)n

N
(30)

Äëÿ íàä¼æíîãî îáíàðóæåíèÿ äåôåêòà íàì íóæíî D(R) ¿ 1, èëè
N À 1

(2πβ)n . Äëÿ ãåíåðàòîðà RANDU â òð¼õìåðíîì ïðîñòðàíñòâå êðè-
òè÷åñêèé ðàçìåð (ðàññòîÿíèå ìåæäó ïëîñêîñòÿìè) ðàâåí β ∼ 0.09 è
N À (

1
0.58

)3 = 5.2. Äëÿ ýòîãî æå ãåíåðàòîðà â 10-ìåðíîì ïðîñòðàíñòâå
íåîáõîäèìà ñòàòèñòèêà N À (

1
2π0.1

)10 = 168. Âèäíî, ÷òî äëÿ ýòîãî ãåíå-
ðàòîðà òàêîé òåñò îêàçàëñÿ áû êðèòè÷åñêèì ïðè âïîëíå äîñòóïíîé ñòà-
òèñòèêå. Äëÿ ãåíåðàòîðà DRNDM â 10-ìåðíîì ïðîñòðàíñòâå ñòàòèñòèêà
ïîòðåáóåòñÿ ãîðàçäî áîëüøå: N À (

1
2π0.014

)10 = 4·1010, ÷òî óæå íàõîäèòñÿ
íà ãðàíè âîçìîæíîãî. Ïîñìîòðèì, êàê ýòîò òåñò âûãëÿäèò íà ïðàêòèêå.
Òàáë. 11 ïîêàçûâàåò ðåçóëüòàòû òåñòà â 3-ìåðíîì ïðîñòðàíñòâå.

Â òàáëèöó ââåäåíû òàêæå äàííûå ïî ãåíåðàòîðó RANLUX, êîòî-
ðûé èìååò ïåðèîä ðÿäà 10165, ÷òî äëÿ ãåíåðàòîðà Drndm ñîîòâåòñòâóåò
M = 550. Ïî-âèäèìîìó, äëÿ ýòîãî ãåíåðàòîðà äåôåêò ïðè èíòåãðèðî-
âàíèè ôóíêöèè ñ óçêèì ïèêîì íå äîëæåí íàáëþäàòüñÿ. Èíòåðåñíî, ÷òî
äëÿ ýòîãî ãåíåðàòîðà îñîáåííîñòüþ ðàñ÷¼òà ÿâëÿåòñÿ ïîâûøåííàÿ îöåíêà
îøèáêè. Âî âñåõ ðàñ÷¼òàõ äèñïåðñèÿ îöåíèâàëàñü ïî ñàìîìó ðàñïðåäåëå-
íèþ, ÷òî íå î÷åíü õîðîøî ïðè áîëüøèõ äèñïåðñèÿõ. Ïîñìîòðèì, êàêóþ
îöåíêó äà¼ò ôîðìóëà (30):
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β 0.1 10−2 10−3 10−4 10−5

n 3 3 3 3 3
N 106 106 107 108 109

σR 2 · 10−3 0.063 0.63 6.3 63.5

Òàáëèöà 11: Ðåçóëüòàòû èíòåãðèðîâàíèÿ ôóíêöèè òð¼õ ïåðåìåííûõ ñ óç-
êèì ïèêîì ìåòîäîì Ìîíòå-Êàðëî ñ ðàçíûìè ãåíåðàòîðàìè ñëó÷àéíûõ
÷èñåë. pk = 0.3.

Ãåí-òîð Nev β R R−1
σR

106 1.0 1.00004± 0.00019 0.23
106 0.2 0.9993± 0.0014 −0.47

RANDU 106 0.1 1.0063± 0.0031 2.05
106 0.02 1.057± 0.025 2.34
106 1

200
0.650± 0.044 −7.9

106 10−1 1.0048± 0.0031 1.57
106 10−2 0.947± 0.056 −0.96

RANECU 107 10−3 1.54± 0.66 0.82
108 10−4 0.131± 0.052 −16.9
109 10−5 0.0084± 0.0039 −257

106 10−1 1.0010± 0.0030 0.31
106 10−2 0.956± 0.056 −0.78

RANLUX 107 10−3 1.66± 0.78 0.85
109 10−4 11.3± 7.8 1.3
1010 10−5 0.042± 0.032 −29.5

106 10−1 0.9940± 0.0030 −1.98
106 10−2 1.095± 0.070 1.35

Drndm 107 10−3 0.89± 0.42 −0.26
(M=32) 108 10−4 0.039± 0.011 −84.9

109 10−5 1.28± 0.26
103 −3886

106 10−1 0.9966± 0.0030 -1.13
106 10−2 1.060± 0.072 0.83

Drndm 107 10−3 0.43± 0.13 −4.4
(M=63) 108 10−4 0.105± 0.028 −31.5

109 10−5 0.0041± 0.0015 −676

106 10−1 0.9971± 0.0030 -0.96
106 10−2 1.001± 0.065 0.016

Drndm 107 10−3 1.73± 0.84 0.88
(M=80) 108 10−4 1.43± 0.65 0.65

109 10−5 0.0032± 0.0017 −570
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Âèäíî, ÷òî ïðè î÷åíü óçêèõ ïèêàõ ôóíêöèè (ìàëîå β) ñòàòèñòè÷å-
ñêàÿ òî÷íîñòü îöåíêè èíòåãðàëà ñòàíîâèòñÿ íåóäîâëåòâîðèòåëüíîé. Ïðè
óâåëè÷åíèè ðàçìåðíîñòè ïðîñòðàíñòâà òðóäíîñòè áóäóò òîëüêî óâåëè÷è-
âàòüñÿ.

4.8 Òåñò ¾ñëó÷àéíûå áëóæäàíèÿ¿
Â àíãëèéñêîé ëèòåðàòóðå ýòîò òåñò íàçûâàåòñÿ �Random walk� [6]. Ôàê-
òè÷åñêè, ñ ïîìîùüþ èññëåäóåìîãî ãåíåðàòîðà ìîäåëèðóåòñÿ äèñêðåòíîå
ðàñïðåäåëåíèå âåðîÿòíîñòåé âåëè÷èíû r è ñðàâíèâàåòñÿ ñ èñòèííûì ðàñ-
ïðåäåëåíèåì. Ïàðàìåòðîì ðàñïðåäåëåíèÿ ÿâëÿåòñÿ êîíñòàíòà α ∈ (0, 1).
Àëãîðèòì ãåíåðàöèè:

1. r = 0.
2. Âûáèðàåòñÿ î÷åðåäíîå ñëó÷àéíîå ÷èñëî ξ.
3. Åñëè ξ > α, òî öèêë ãåíåðàöèè ïðåêðàùàåòñÿ. Òåêóùåå çíà÷åíèå

r ÿâëÿåòñÿ íîâûì çíà÷åíèåì ñëó÷àéíîé ïåðåìåííîé, êîòîðóþ ìû
ìîäåëèðóåì.

4. Åñëè æå ξ < α, òî â r äîáàâëÿåòñÿ åäèíèöà è äåëàåòñÿ ïåðåõîä íà
ïóíêò 2.

Âîçìîæíûå çíà÷åíèÿ ïåðåìåííîé r � öåëûå ÷èñëà îò 0 äî áåñêîíå÷-
íîñòè. Ðàñïðåäåëåíèå âåðîÿòíîñòåé ëåãêî âû÷èñëÿåòñÿ:

Wr = αr · (1− α), r = 0, 1, 2, 3, . . . (31)

Åñëè èñïîëüçîâàòü ãèñòîãðàììó ðàñïðåäåëåíèÿ ïî r ñ ïîëíûì ÷èñëîì
ñîáûòèé N , òî óäîáíî ââåñòè ìåðó îòêëîíåíèÿ R ôàêòè÷åñêîãî ðàñïðå-
äåëåíèÿ îò òî÷íîãî òåîðåòè÷åñêîãî:

R(r) =
nr

N ·Wr
− 1, σR =

√
1−Wr

N ·Wr
(32)

Âîçüìåì α = 31
32 è ïîñìîòðèì, êàêèå áóäóò çíà÷åíèÿ R(r) äëÿ

0 < r < 64 äëÿ ðàçíûõ ãåíåðàòîðîâ (ðèñ. 5, 6, 7, 8, 9, 10).
Êàê âèäíî, ïî ðåçóëüòàòàì ýòîãî òåñòà ãåíåðàòîðû Ranecu è DRNDM

(M=32, 63,80) âûãëÿäÿò äîñòîéíî. Íåêîòîðûå ñîìíåíèÿ âûçûâàåò ãåíå-
ðàòîð Ranlux, à ãåíåðàòîð RANDU îäíîçíà÷íî íå ïðîõîäèò ýòîò òåñò.

Èçìåíèì òåïåðü ïàðàìåòð α = 63
64 è ïîñìîòðèì, êàêèå áóäóò çíà÷åíèÿ

R(r) äëÿ 0 < r < 128 äëÿ ðàçíûõ ãåíåðàòîðîâ (ðèñ. 11, 12, 13, 14, 15, 16).
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Ðèñ. 5: Îòêëîíåíèå R(r) ãåíåðèðîâàííîãî ïî r ðàñïðåäåëåíèÿ îò òåîðå-
òè÷åñêîãî, α = 31/32. Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë RANDU. χ2/nD =
14781.8/64, 108 ñîáûòèé.

Ðèñ. 6: Îòêëîíåíèå R(r) ãåíåðèðîâàííîãî ïî r ðàñïðåäåëåíèÿ îò òåîðå-
òè÷åñêîãî, α = 31/32. Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë RANECU. χ2/nD =
66.1/64, 108 ñîáûòèé.
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Ðèñ. 7: Îòêëîíåíèå R(r) ãåíåðèðîâàííîãî ïî r ðàñïðåäåëåíèÿ îò òåîðå-
òè÷åñêîãî, α = 31/32. Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë RANLUX. χ2/nD =
90.0/64, 108 ñîáûòèé.

Ðèñ. 8: Îòêëîíåíèå R(r) ãåíåðèðîâàííîãî ïî r ðàñïðåäåëåíèÿ îò òåîðå-
òè÷åñêîãî, α = 31/32. Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë DRNDM, M = 32.
χ2/nD = 75.3/64, 108 ñîáûòèé.
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Ðèñ. 9: Îòêëîíåíèå R(r) ãåíåðèðîâàííîãî ïî r ðàñïðåäåëåíèÿ îò òåîðå-
òè÷åñêîãî, α = 31/32. Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë DRNDM, M = 63.
χ2/nD = 65.5/64, 108 ñîáûòèé.

Ðèñ. 10: Îòêëîíåíèå R(r) ãåíåðèðîâàííîãî ïî r ðàñïðåäåëåíèÿ îò òåî-
ðåòè÷åñêîãî, α = 31/32. Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë DRNDM, M = 80.
χ2/nD = 75.3/64, 108 ñîáûòèé.

30



Ðèñ. 11: Îòêëîíåíèå R(r) ãåíåðèðîâàííîãî ïî r ðàñïðåäåëåíèÿ îò òåî-
ðåòè÷åñêîãî, α = 63/64. Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë RANDU. χ2/nD =
18135.7/128, 108 ñîáûòèé.

Ðèñ. 12: Îòêëîíåíèå R(r) ãåíåðèðîâàííîãî ïî r ðàñïðåäåëåíèÿ îò òåîðå-
òè÷åñêîãî, α = 63/64. Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë RANECU. χ2/nD =
121.0/128, 108 ñîáûòèé.
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Ðèñ. 13: Îòêëîíåíèå R(r) ãåíåðèðîâàííîãî ïî r ðàñïðåäåëåíèÿ îò òåîðå-
òè÷åñêîãî, α = 63/64. Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë RANLUX. χ2/nD =
105.0/128, 108 ñîáûòèé.

Ðèñ. 14: Îòêëîíåíèå R(r) ãåíåðèðîâàííîãî ïî r ðàñïðåäåëåíèÿ îò òåî-
ðåòè÷åñêîãî, α = 63/64. Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë DRNDM, M = 32.
χ2/nD = 429.1/128, 108 ñîáûòèé.
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Ðèñ. 15: Îòêëîíåíèå R(r) ãåíåðèðîâàííîãî ïî r ðàñïðåäåëåíèÿ îò òåî-
ðåòè÷åñêîãî, α = 63/64. Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë DRNDM, M = 63.
χ2/nD = 111.5/128, 108 ñîáûòèé.

Ðèñ. 16: Îòêëîíåíèå R(r) ãåíåðèðîâàííîãî ïî r ðàñïðåäåëåíèÿ îò òåî-
ðåòè÷åñêîãî, α = 63/64. Ãåíåðàòîð ñëó÷àéíûõ ÷èñåë DRNDM, M = 80.
χ2/nD = 128.6/128, 108 ñîáûòèé.
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Êàê âèäíî, ãåíåðàòîð DRNDM ïðè M = 63, 80 èìååò, íàðÿäó ñ ãå-
íåðàòîðàìè Ranecu è RANLUX, õîðîøèå ðåçóëüòàòû ïðîõîæäåíèÿ òåñòà
¾Random walk¿.

5 Çàêëþ÷åíèå
Ðàçðàáîòàí ãåíåðàòîð ñëó÷àéíûõ ÷èñåë RndDrndmEngine íà ÿçûêå C++,
ïî èíòåðôåéñó ñîâìåñòèìûé ñ ãåíåðàòîðîì RndRanecuEngine è ïðèãîä-
íûé äëÿ èñïîëüçîâàíèÿ â ïðîãðàììå ìîäåëèðîâàíèÿ äåòåêòîðà ÑÍÄ â
êà÷åñòâå àëüòåðíàòèâíîãî.

Ñòàòèñòè÷åñêèå ñâîéñòâà ýòîãî ãåíåðàòîðà îïðåäåëÿþòñÿ ïàðàìåòðîì
M � êîëè÷åñòâî áèò â öåëî÷èñëåííîé àðèôìåòèêå. Íà÷èíàÿ ñ M = 63,
åãî ñòàòèñòè÷åñêèå ñâîéñòâà íå õóæå, ÷åì ó ãåíåðàòîðà Ranecu. Ñòàòè-
ñòè÷åñêèå ñâîéñòâà òàêîãî ãåíåðàòîðà ìîãóò áûòü çíà÷èòåëüíî óõóäøåíû
íåóäà÷íûì âûáîðîì ïðîèçâîäÿùåé êîíñòàíòû ðÿäà, êîòîðàÿ ìîæåò çà-
äàâàòüñÿ ïî óìîë÷àíèþ, íî ìîæåò áûòü è ââåäåíà ñ ïîìîùüþ ôóíêöèè
setGenerConst.

Óõóäøèòü ïåðèîä ðÿäà (óìåíüøèòü) íåóäà÷íîé êîíñòàíòîé íåâîç-
ìîæíî � ïðè ââîäå ïðîèçâîäèòñÿ êîíòðîëü, ÷òîáû íîâàÿ êîíñòàíòà ðÿäà
ðàâíÿëàñü 3 èëè 5 ïî ìîäóëþ 8. Äëÿ ýòèõ êîíñòàíò ïåðèîä ðàâåí 2M−2.

Ïðàâèëüíîñòü ðàáîòû ãåíåðàòîðà ïðè íåñêîëüêèõ çíà÷åíèÿõ M =
16, 32, 63, 80 ïðîâåðÿëàñü íà íåñêîëüêèõ ñòàòèñòè÷åñêèõ òåñòàõ. Îòñóò-
ñòâèå îïå÷àòîê â ïðîãðàììå ïðîâåðÿëîñü, âî-ïåðâûõ, ïî ïîëíîìó ñîâïà-
äåíèþ ðÿäà ñëó÷àéíûõ ÷èñåë ñ ãåíåðàòîðîì DRNDM (M = 63) íà Ôîð-
òðàíå, êîòîðûé áûë òùàòåëüíî èçó÷åí ðàíåå è èñïîëüçîâàëñÿ ïðè ìî-
äåëèðîâàíèè ÑÍÄ ïðîãðàììîé UNIMOD, âî-âòîðûõ, íåïîñðåäñòâåííîé
ïðîâåðêîé âñåãî öèêëà ïîëó÷åíèÿ îäíîãî î÷åðåäíîãî ñëó÷àéíîãî ÷èñëà
ïðè M = 80.

Â ïðèíöèïå, îáà ãåíåðàòîðà ìîæíî èñïîëüçîâàòü â GEANT4 äëÿ ìîäå-
ëèðîâàíèÿ ÑÍÄ. Òàê êàê ëþáîé ðàñ÷åò ìåòîäîì Ìîíòå-Êàðëî ÿâëÿåòñÿ
òåñòîì ñòàòèñòè÷åñêèõ ñâîéñòâ ãåíåðàòîðà, òî â íåêîòîðûõ îñîáî âàæíûõ
ñëó÷àÿõ ìîæíî ïðîâåñòè ðàñ÷åò äâàæäû ñ èñïîëüçîâàíèåì ðàçíûõ ãå-
íåðàòîðîâ. Åñëè ðåçóëüòàòû ñòàòèñòè÷åñêè ñîâìåñòíû, òî â äàëüíåéøåì
ìîæíî âûáîðêè ñîáûòèé îáúåäèíÿòü. Åñëè æå ðåçóëüòàòû ñòàòèñòè÷åñêè
íåñîâìåñòèìû, òî íåîáõîäèìû äàëüíåéøèå èññëåäîâàíèÿ. Êñòàòè, ðàçðà-
áîòàííûé ãåíåðàòîð ìîæíî ðàññìàòðèâàòü, êàê íàáîð áîëüøîãî ÷èñëà
ðàçíûõ ãåíåðàòîðîâ, òàê êàê ïðè èçìåíåíèè ïðîèçâîäÿùåé êîíñòàíòû
ðÿäà ñâîéñòâà ãåíåðàòîðà ñóùåñòâåííî ìåíÿþòñÿ.

Àâòîð áëàãîäàðåí Áóêèíó Ä.À. çà ïîëåçíûå îáñóæäåíèÿ è ïîìîùü â
ðàáîòå.
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A Èñõîäíûå òåêñòû êëàññà
RndDrndmEngine

#ifndef _RNDUTIL_RNDDRNDMENGINE_H
#define _RNDUTIL_RNDDRNDMENGINE_H 1
/**
* @file RndUtil/RndDrndmEngine.h
*
* Declaration of class RndDrndmEngine
* and related functions
*
* @author Alexander D. Bukin
* @date Jan 29, 2007
*
* Copyright (C) BINP, 2007
*
* $Id: RndDrndmEngine.h,v 1.1 2007/02/26
* 09:04:59 bukin Exp $
*/

// iostream forward declarations
#include <iosfwd>
#include <string>
#include <vector>
#include <cassert>

// Base classes declarations

#include "RndUtil/RndVEngine.h"

/**
* Example class.
*
* Full description...
*/

class RndDrndmEngine: public RndVEngine
{
public:

explicit RndDrndmEngine( size_t M = 63 );
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/// Destructor
virtual ~RndDrndmEngine();

/// Output method
virtual std::ostream&
print(std::ostream& s) const;

/// set Random Seed
bool setRandomSeed

( const std::string& seed );

/// set Generation constant
bool setGenerConst( const std::string& genconst );

typedef enum {
DEC = 10,
BIN = 2,
HEX = 16

} SeedType;

/// get Current random integer number
std::string getCurrentSeed( SeedType = DEC ) const;

/// skip specified number of random numbers
void skip( size_t n1, size_t n2, size_t n3);

/// Output of next random number in (0,1)
virtual double flat();

/// Fills an array "vect" of specified size
// with flat random values.
virtual void flatArray( const HepInt size,

HepDouble* vect );

// Should initialise the status
// of the algorithm according to seed.
virtual void setSeed( long, HepInt ) {
std::cout <<
"RndDrndmEngine: setSeed function not implemented "
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<< std::endl;
::abort();

}

// Should initialise the status of the algorithm according
// to the zero terminated array of seeds.
// It is allowed to ignore one or many seeds in this array.
virtual void setSeeds( const long*, HepInt );

// --- extension of the interface

/// get the number of randoms per single skip.
/// The values allowed here are 1 -- 10^9
virtual size_t randomsPerSkip() const {
return 1;

}

/// get the state of the engine as a new vector of longs,
/// suitable for setSeeds(). Must be deleted []
virtual long* getCurrentSeeds() const ;

protected:
/// Auxilliary function for n3 = n1 * n2 mod 2**M
// integer arithmetics
void multiply( const std::vector< size_t >& n1,

const std::vector< size_t >& n2,
std::vector< size_t >& n3 );

private:

/// moved to private, DONT USE IT
virtual void saveStatus( const char* )
const {
::abort();

}
/// moved to private, DONT USE IT
virtual void restoreStatus( const char* )
{
::abort();

}
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/// moved to private, DONT USE IT
virtual void showStatus() const {
::abort();

}

/// Assigment operator,
// avoid default implementation
RndDrndmEngine& operator=

(const RndDrndmEngine&);

/// Copy constructor,
// avoid default implementation
RndDrndmEngine(const RndDrndmEngine&);

private:
size_t M; // Number of bits in

// integer arithmetics
size_t Mb; // Number of words in
// long integer numbers Mb=(M+15)/16
std::vector<size_t> Kr; // Generation

// constant
std::vector<size_t> ki; // current
// random integer number in (0,2**M)
mutable std::vector<size_t> kr1;
// working field - 1
mutable std::vector<size_t> kr2;
// working field - 2
mutable std::vector<size_t> kr3;
// working field - 3

};

#endif // _RNDUTIL_RNDDRNDMENGINE_H

// Local Variables: ***
// mode: c++ ***
// End: ***
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RndDrndmEngine.cc
/**
* @file RndUtil/RndDrndmEngine.cc
*
* Implementation of class RndDrndmEngine.
*
* @see RndUtil/RndDrndmEngine.h
* @author Alexander D. Bukin
* @date Jan 29, 2007
* Copyright (C) BINP, 2007
*
* $Id: RndDrndmEngine.cc,v 1.1 2007/02/26
* 09:04:58 bukin Exp $
*/

// ----- includes ------

// standard C headers
#include <cstdlib>

// standard C++ headers
#include <iostream>
#include <algorithm>

// Experiment.h must be in any implementation file
#include "Experiment/Experiment.h"

// this class header
//#include "RndUtil/RndDrndmEngine.h"
#include "RndDrndmEngine.h"

// other packages headers

// ----- methods definition ------

namespace {

bool getNumber( const std::string& string,
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const size_t M,
const size_t Mb,
std::vector< size_t >& ki )

{
// preparation
// remove spaces
std::string seed( string.size(),' ');
std::remove_copy( string.begin(),
string.end(), seed.begin(), ' ');

// to lower case
std::transform( seed.begin(), seed.end(),

seed.begin(), ::tolower );

assert( ! seed.empty() );

size_t Base = 10;
size_t i = 0;
if ( seed[0] == 'z' ) {
// hexadecimal system
Base = 16;
++i;

} else if ( seed[0] == 'b' ) {
Base = 2;
++i;

}

const std::string
Figs = "0123456789abcdef";

for ( size_t j=0; j<Mb; j++) ki[j] = 0;

for ( ; i < seed.size(); ++i ) {
// loop on input symbols

const size_t
found = Figs.find( seed[i] );

if ( found == std::string::npos ) {
// not found
return false;

}
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if ( found >= Base ) {
// wrong symbol
return false;

}

size_t m = found;
for( size_t j=0; j<Mb; j++) {

// taking into account this figure
size_t k = ki[j] * Base + m;
m = k / 65536;
k = k - m * 65536;
ki[j] = k;

}

if(m > 0) {
// extra bits !
return false;

}

} // loop over seed chars

size_t k = ki[Mb-1]; // Check the highest digit:
if((k >> (M - Mb * 16 + 16)) > 0)
{// Non zero extra bits in highest digit!

return false;
}

else
{// Okay !

k = ki[0]; // Lowest digit should be odd!
size_t m = k / 2;
k = k - m * 2;
if(k == 0)

{// Even number !
return false;

}
}

return true;
}

} // namespace
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// default constructor
/*
*/

// constructor with specified M
RndDrndmEngine::RndDrndmEngine( size_t Mout ) :
RndVEngine( RndEngineType( RndEngineType::Drndm ) ),
M(Mout),
Mb( (Mout+15)/16 ),
Kr(Mb,0),
ki(Mb,0),
kr1(Mb,0),
kr2(Mb,0),
kr3(Mb,0)
{

if(Mout < 8 || Mout >1000 )
{// abort

std::cerr <<
"Invalid M for RndDrndmEngine Mout=" << Mout <<
"(see file " __FILE__ << " )" << std::endl;
::abort();

}
ki[0] = 1;
size_t k = M / 4;
size_t i = 0;
while( k >= 16 )
{

k = k - 16; i++;
}

ki[i] = ki[i] | (1 << k);
if(M > 32)
{// Generation constant from DRNDM

Kr[0] = 277; Kr[1] = 16385;
if(Mb > 2)

{// More than 2 words
Kr[2] = 16384;
if(Mb > 3)
{// More than 3 words
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Kr[3] = 0;
if(M > 63)

{// More bits than in DRNDM
Kr[3] = 32768;
for (size_t i=4; i<Mb; i++)
{

Kr[i] = 0x8888;
}

int Mx = M / 3; int i = Mb - 1;
while (Mx > 0){// set to zero extra bits
if(Mx >= 16){// Current word should be zero

Kr[i] = 0;
}
else {

Kr[i] = Kr[i] & ( 0xFFFF >> Mx);
}
i = i - 1; Mx = Mx - 16;

}
}
}

}
}

else
{// Generation constant of RNDM from CERN

Kr[0] = 3533;
if(Mb > 1)

{// More than 1 word
Kr[1] = 1;

}
}

size_t kw = 0xFFFF;
i = Mb * 16 - M; // Number of unused bits
kw = kw >> i;
Kr[Mb-1] = Kr[Mb-1] & kw; // Mask used to

// reset higher bits
}

// destructor
RndDrndmEngine::~RndDrndmEngine()
{
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}

// just an example -- please, override
std::ostream& RndDrndmEngine::print

(std::ostream& s) const
{

return s <<
static_cast<const void*>(this) <<
"(file " __FILE__ " )";

}

// Multiplication of long integer numbers
void RndDrndmEngine::multiply(

const std::vector<size_t>& n1,
const std::vector<size_t>& n2,
std::vector<size_t>& n3 )

{
size_t nw, ns, nr1, nr2;
for ( size_t i=0; i<Mb; i++)
{

n3[i] = 0;
}

ns = 0; // Shifted from lower part
for ( size_t k=0; k<Mb; k++)
{// Main loop on digits of n3

for ( size_t i=0; i<= k; i++)
{// Product of two digits of operands

ns = ns + n1[i] * n2[k - i];
if(ns > 65536 || i == k)
{// Necessary to distribute

// accumulated sum
size_t m = k;
while (ns > 0 && m < Mb)

{//
nr1 = (ns + n3[m]) & 0xFFFF;
nr2 = (ns + n3[m]) >> 16;
n3[m] = nr1;
ns = nr2;
m = m + 1;

}
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ns = 0;
}

}
}// All digits of n3 are defined

nw = 0xFFFF >> (Mb * 16 - M);
// Mask for highest digit

n3[Mb-1] = n3[Mb-1] & nw;
}

// Output of next random number
double RndDrndmEngine::flat()
{// First generation of next integer

// random number
for ( size_t i=0; i<Mb; i++)
{

kr1[i] = ki[i];
}

multiply(Kr, kr1, ki);
double Ri;
int knz = 0; size_t nw;
size_t i = 0;
double Rn = 0.;
nw = 1 << (M - Mb * 16 + 16);
double Rb = static_cast<double>( nw );
while(i<Mb && knz < 4)
{// Taking into account one digit after another

nw = ki[Mb - i - 1];
if(nw > 0 || knz > 0) knz++;
Ri = static_cast<double>( nw );
Rn = Rn + Ri / Rb;
Rb = Rb * 65536.;
i++;

}
return Rn;

}

void RndDrndmEngine::flatArray( const HepInt size,
HepDouble* vect )

{
for ( size_t i = 0; i < size_t(size); ++i ) {
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vect[i] = flat();
}

}

// Skip the specified number of
// random numbers N=n1*n2*n3

void RndDrndmEngine::skip( size_t n1,
size_t n2, size_t n3)

{//
std::vector< size_t > kIn(3,1);
if(n1 == 0 || n2 == 0 || n3 == 0 ) return;
kIn[0] = n1;
kIn[1] = n2;
kIn[2] = n3;
for ( size_t i=0; i< Mb; i++ )
{

kr1[i] = 0;
kr2[i] = Kr[i];

}
kr1[0] = 1;
int nr1;
for( size_t i=0; i<3; i++)
{// Loop on input numbers

nr1 = kIn[i];
while (nr1 > 0)

{// Loop on kIn[i]
if((nr1 & 1) == 1)
{// This power of Kr should be included

multiply(kr1, kr2, kr3);
for (size_t j=0; j < Mb; j++)

kr1[j] = kr3[j];
}

multiply(kr2,kr2,kr3); // Squared k**n
for (size_t j=0; j<Mb; j++)

kr2[j] = kr3[j];
nr1 = nr1 >> 1;

}
for( size_t j=0; j<Mb; j++)

{// New base
kr2[j] = kr1[j]; kr1[j] = 0;
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}
kr1[0] = 1;

}
// Now kr1 = Kr**(n1*n2*n3)
multiply(ki,kr2,kr3);
for ( size_t j=0; j<Mb; j++)

ki[j] = kr3[j];
}

/// set Random Seed
bool RndDrndmEngine::setRandomSeed

(const std::string& string )
{// Set specified Random seed

bool res = ::getNumber( string,M,Mb,ki);
if(res) {// OKAY !
size_t k = ki[0];
// The number should be odd!
size_t m = k/2;
if(m *2 != k){// it is odd

return true;
}

}
return false;

}

/// set Generation constant
bool RndDrndmEngine::setGenerConst

( const std::string& string )
{

bool res = ::getNumber( string, M, Mb, Kr );
if ( res ) {
// Okay !
size_t k = Kr[0];
// Check if lowest digit = 3 or 5 mod 8
size_t m = k / 8;
k = k - m * 8;
if ( k == 3 || k == 5 )

{// Okay !
return true;

}
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}
return false;

}

/// get Current random integer number
std::string RndDrndmEngine::getCurrentSeed(

SeedType atype ) const
{

assert( atype == DEC ||
atype == BIN || atype == HEX );

const size_t Base =
static_cast< size_t >( atype );

std::ostringstream string;
const char* Figs = "0123456789ABCDEF";
kr1 = ki;
size_t knz = Mb - 1;
// remove the most-significant zeros
while (knz > 0 && kr1[knz] == 0) knz = knz - 1;
while (knz > 0 || kr1[0] > 0) {
// Extraction of successive digits

// starting from the lowest ones
size_t m = 0; // Transfer from higher digits
int j = (int) knz;
if(j>0 && kr1[j] == 0) knz = knz - 1;
while( j >= 0 )

{// Division by Base
size_t n1 = kr1[j] + m * 65536;
size_t n2 = n1 / Base;
size_t n3 = n1 - n2 * Base;
kr1[j] = n2;
m = n3;
j = j - 1;

}
// m equals residue of division by Base
string << Figs[m];
}

if ( Base == 16 ) {
string << "Z";

} else if ( Base == 2 ) {
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string << "B";
}

// reverse
const std::string& seed = string.str();
std::string res( seed.size(), ' ' );
std::copy( seed.rbegin(),

seed.rend(), res.begin() );
return res;

}
// --> Set seed from long array <-----<<<
void RndDrndmEngine::setSeeds

( const long* seeds, HepInt )
{

for (size_t i=0; i<Mb; i++){
ki[i] = seeds[i];

}
// Check for being odd
if( ki[0] / 2 * 2 == ki[0]){
std::cout <<
"RndDrndmEngine::setSeeds : invalid seed"

<< std::endl
<< " Initial random number must be odd !"
<< std::endl
<< "Entered seed =";

for(size_t i=0; i<Mb; i++)
std::cout << " " << seeds[i] ;

std::cout << std::endl;
::abort();

}
}
// --> get Current Seeds as long array < --- <<
long* RndDrndmEngine::getCurrentSeeds() const
{

long* rpointer = new long [Mb];
for(size_t i=0; i<Mb; i++){
rpointer[i] = ki[i];

}
return rpointer;

}
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