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1 Ââåäåíèå

Ñëó÷àéíûå ÷èñëà èìåþò áîëüøîå êîëè÷åñòâî ïðèìåíåíèé â ðàçëè÷íûõ ñôåðàõ æèçíè: îò
êðèïòîãðàôèè äî êîìïüþòåðíûõ èãð è ëîòåðåé. Ñóùåñòâóåò ìíîãî ñïîñîáîâ èõ ïîëó÷åíèÿ:
ïîäáðàñûâàíèå ìîíåòîê è èãðàëüíûõ êîñòåé, ëîòîòðîíû, ãåíåðàòîðû ïñåâäîñëó÷àéíûõ ÷èñåë
(ÃÏÑ×), àïïàðàòíûå ãåíåðàòîðû ¾èñòèííî¿ ñëó÷àéíûõ ÷èñåë. Ïîñëåäíèå ãåíåðèðóþò ïîñëå-
äîâàòåëüíîñòü ñëó÷àéíûõ ÷èñåë íà îñíîâå èçìåðåíèÿ õàîòè÷åñêè èçìåíÿþùèõñÿ ïàðàìåòðîâ
ôèçè÷åñêèõ ïðîöåññîâ: òåïëîâîãî øóìà, øóìà àóäèîêàðòû, êâàíòîâûõ ýôôåêòîâ, è äðóãèõ.

Äëÿ ïðîâåðêè êà÷åñòâà èñòî÷íèêîâ ñëó÷àéíîñòè èñïîëüçóþòñÿ ñòàòèñòè÷åñêèå òåñòû. Â
äàííîé ðàáîòå èçëîæåíà èäåÿ êîððåêòèðîâêè òåñòîâ ñëó÷àéíîñòè [1]. Êðîìå òîãî, ïðåäñòàâ-
ëåíû ñïîñîá è ðåçóëüòàòû ðåàëèçàöèè ýòîé èäåè íà ïðàêòèêå íà îñíîâå ïîïóëÿðíîãî íàáîðà
òåñòîâ dieharder [2].

2 Òåñòû ñëó÷àéíîñòè

Ïóñòü íåêîòîðûé èñòî÷íèê (ãåíåðàòîð) âûäàë ñòðîêó s äëèíû n (n ∈ N). Íàçîâåì èñòî÷-
íèê (èñòèííî) ñëó÷àéíûì, åñëè ∀n ∈ N s ðàñïðåäåëåíî ðàâíîìåðíî, ò.å. ñóùåñòâóåò ðàâíàÿ
âåðîÿòíîñòü 1/2n âñòðåòèòü íà ìåñòå s ëþáóþ ñòðîêó äëèíû n.

2.1 Ïåðâè÷íûå òåñòû

Ïðîñòåéøèé ñòàòèñòè÷åñêèé òåñò ñëó÷àéíîñòè, ïîëó÷àþùèé íà âõîä ñòðîêè äëèíû n ∈ N, ñ
íóëåâîé ãèïîòåçîé ¾âñå ñòðîêè äëèíû n ðàâíîâåðîÿòíû¿ óñòðîåí ñëåäóþùèì îáðàçîì. Ïóñòü
F ⊂ {0, 1}n - íåáîëüøîå ìíîæåñòâî, âûáðàííîå äî ïðîâåäåíèÿ èçìåðåíèÿ (çàïóñêà ÃÏÑ×).
Åñëè ïîëó÷åííàÿ îò èñòî÷íèêà ïîñëåäîâàòåëüíîñòü ïîïàëà â ìíîæåñòâî F , òî íóëåâàÿ ãèïî-
òåçà îòâåðãàåòñÿ. Åñëè ðàñïðåäåëåíèå íà ñòðîêàõ ðàâíîìåðíî, òî âåðîÿòíîñòü ïîïàäàíèÿ â
ìíîæåñòâî F ðàâíà |F |/2n, ýòî ÷èñëî íàçûâàåòñÿ óðîâíåì çíà÷èìîñòè òåñòà. Òàêæå ýòî âåðî-
ÿòíîñòü îøèáêè ïåðâîãî ðîäà - îòâåðãíóòü âåðíóþ ãèïîòåçó. Ýòà âåðîÿòíîñòü äîëæíà áûòü
ìàëà, ÷òîáû òåñò èìåë ñìûñë.

Â îáùåì ñëó÷àå, â óñëîâèÿõ íóëåâîé ãèïîòåçû ìîæíî ðàññìîòðåòü P = ({0, 1}n,Ω, P ) �
äèñêðåòíîå âåðîÿòíîñòíîå ïðîñòðàíñòâî c ñèãìà àëãåáðîé âñåõ ïîäìíîæåñòâ è âåðîÿòíîñòüþ
ñëó÷àéíîãî èñõîäà P (ω) = 1/2n, ω ∈ {0, 1}n. Ïóñòü ξ : P → R � ñëó÷àéíàÿ âåëè÷èíà íà ýòîì
ïðîñòðàíñòâå. Òîãäà äëÿ êàæäîãî ñëó÷àéíîãî èñõîäà s îïðåäåëåíî:

pvalue(s) = P (ω|ξ(ω) ≥ ξ(s)).

Äëÿ ëþáîãî ε > 0 ìû ïîëó÷àåì ìíîæåñòâî Tε = {ω ∈ {0, 1}n|pvalue(ω) ≤ ε}. Ïðè ýòîì,
âåðîÿòíîñòü ïîïàäàíèÿ â ìíîæåñòâî Tε ðàâíà:

P (Tε) = max{pvalue(ω)|pvalue(ω) ≤ ε}.

Òåïåðü, ïðåäâàðèòåëüíî âûáðàâ íóæíîå ε > 0, ìû ìîæåì ïîñ÷èòàòü çíà÷åíèå pvalue äëÿ s �
ñòðîêè áèòîâ, âûäàííîé ãåíåðàòîðîì. Äàëåå, åñëè pvalue(s) ≤ ε, íóëåâàÿ ãèïîòåçà îòâåðãàåòñÿ,
ñ âåðîÿòíîñòüþ íå ìåíåå (1− ε) èñòî÷íèê íå ÿâëÿåòñÿ ñëó÷àéíûì. Òàêèì îáðàçîì, ïîñòðîåí
òåñò T = (ξ, ε).

Â êà÷åñòâå ïðèìåðà ðàññìîòðèì òåñò T0 = (µ, ε), ãäå µ - ñëó÷àéíàÿ âåëè÷èíà, ðàâíàÿ
÷àñòîòå åäèíèö â ïîñëåäîâàòåëüíîñòè äëèíû n. Ïóñòü h = µ(s) � ÷àñòîòà åäèíèö â âûïàâøåé
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ñòðîêå s. Òîãäà pvalue ìîæíî ïîñ÷èòàòü ñëåäóþùèì îáðàçîì:

pvalue(s) =
n∑

k=h×n

Ck
n

2n

Åñëè pvalue îêàçûâàåòñÿ ìåíüøå âûáðàííîãî íàìè óðîâíÿ çíà÷èìîñòè ε, òî òåñò íå ïðîéäåí,
è èñòî÷íèê ñ âåðîÿòíîñòüþ íå ìåíåå (1− ε) íå ÿâëÿåòñÿ ñëó÷àéíûì.

Ñòîèò îòìåòèòü, ÷òî åñëè èñòî÷íèê ïðîøåë îòäåëüíûé òåñò, ýòî íå îçíà÷àåò, ÷òî îí â äåé-
ñòâèòåëüíîñòè ÿâëÿåòñÿ ñëó÷àéíûì. Òåñò èç ïðåäûäóùåãî ïðèìåðà áóäåò ñ ëåãêîñòüþ ïðîé-
äåí î÷åâèäíî íåñëó÷àéíûì èñòî÷íèêîì, âûäàþùèì ñòðîêè, ÷åðåäóþùèå íóëè è åäèíèöû
(0101010101. . . ). Êîíêðåòíûé òåñò îáû÷íî íàïðàâëåí íà âûÿâëåíèå íåñëó÷àéíîñòåé îïðåäå-
ëåííîãî òèïà è íå ìîæåò â îäèíî÷êó îöåíèòü êà÷åñòâî èñòî÷íèêà ñëó÷àéíîñòè. Ïîýòîìó â
íàèáîëåå èçâåñòíûõ ïðîãðàììàõ òåñòèðîâàíèÿ ñëó÷àéíûõ ÷èñåë (diehard by G. Marsaglia [4] è
åå íàñëåäíèê: dieharder by Robert G Brown [2]) èñïîëüçóþòñÿ íàáîðû ðàçíîîáðàçíûõ òåñòîâ.
Êàæäûé èç íèõ âûäàåò ñâîé ¾âåðäèêò¿ � pvalue. È òîëüêî íà îñíîâå ðåçóëüòàòîâ áîëüøîãî
êîëè÷åñòâà òåñòîâ ìû ìîæåì ñóäèòü î êà÷åñòâå èñòî÷íèêà ñëó÷àéíîñòè.

Ïóñòü èñòî÷íèêîì ïîðîæäåíà ñòðîêà äëèíû 100n è òåñò T çàïóùåí 100 ðàç íà ïîñëåäî-
âàòåëüíûõ íå ïåðåñåêàþùèõñÿ êóñêàõ ýòîé ñòðîêè äëèíû n êàæäûé. Äîïóñòèì, âñå 100 ðàç
òåñò áûë ïðîéäåí, íî âñå pvalue îêàçàëèñü ìåæäó 0.5 è 0.6. Òàêîé èñõîä âûãëÿäèò äîâîëüíî
ïîäîçðèòåëüíûì. Äëÿ ïðîâåðêè ïîäîáíûõ ñèòóàöèé èñïîëüçóþò âòîðè÷íûå òåñòû.

2.2 Âòîðè÷íûå òåñòû

Ðàññìîòðèì ïåðâè÷íûé òåñò (ξ, ε) è ñëó÷àéíóþ âåëè÷èíó:

ψ = pvalue(ξ).

Òîãäà, êàê áûëî ïîêàçàíî âûøå:

P (ψ ≤ x) = P (Tx) = max{pvalue(ω)|pvalue(ω) ≤ x}.

Ïîñêîëüêó ìíîæåñòâî çíà÷åíèé ξ äèñêðåòíî, ôóíêöèÿ ðàñïðåäåëåíèÿ ψ ñòóïåí÷àòàÿ, ïðè
ýòîì âûñîòû ñêà÷êîâ ðàâíû âåðîÿòíîñòÿì îòäåëüíûõ çíà÷åíèé ñëó÷àéíîé âåëè÷èíû ξ, à çíà-
÷åíèÿ â òî÷êàõ ñêà÷êîâ ñîâïàäàþò ñî çíà÷åíèÿìè ôóíêöèè ðàñïðåäåëåíèÿ ðàâíîìåðíîìåðíîé
ñëó÷àéíîé âåëè÷èíû. Òàêèì îáðàçîì, åñëè ó ξ íåò çíà÷åíèé, ïðèíèìàåìûõ ñ áîëüøîé âåðîÿò-
íîñòüþ (íàïðèìåð êîíñòàíòíîé ïî n), òî ðàñïðåäåëåíèå ψ áëèçêî ê ðàâíîìåðíîìó. Ñëó÷àéíàÿ
âåëè÷èíà µ èç íàøåãî ïðèìåðà ïðèíèìàåò íàèáîëåå âåðîÿòíîå çíà÷åíèå n/2 (äëÿ ÷åòíûõ n)
ñ âåðîÿòíîñòüþ:

P (µ = n/2) =
C

n/2
n

2n
∼

√
2

πn
, n→∞

Â äàííîì ñëó÷àå, âçÿâ äîñòàòî÷íî áîëüøîå n, ìîæíî îáåñïå÷èòü áëèçîñòü ðàñïðåäåëåíèÿ
ñëó÷àéíîé âåëè÷èíû ψ (â óñëîâèÿõ íóëåâîé ãèïîòåçû) è òåîðåòè÷åñêîãî ðàâíîìåðíîãî ðàñ-
ïðåäåëåíèÿ.

Åñëè ðàññòîÿíèå ìåæäó äâóìÿ ðàñïðåäåëåíèÿìè óäàëîñü ñäåëàòü äîñòàòî÷íî ìàëûì, èñ-
ïîëüçóþò âòîðè÷íûé òåñò, ïðîâåðÿþùèé, íàñêîëüêî ýìïèðè÷åñêîå ðàñïðåäåëåíèå ñëó÷àéíîé
âåëè÷èíû ψ ïîõîæå íà ðàâíîìåðíîå. Äëÿ ýòîãî â òåñòàõ dieharder íà âõîä ïîäàåòñÿ pn áèò.
Äàëåå, ïåðâè÷íûé òåñò çàïóñêàåòñÿ p ðàç íà íåïåðåñåêàþùèõñÿ, à çíà÷èò, ïðåäïîëîæèòåëüíî,
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íåçàâèñèìûõ n-áèòíûõ êóñêàõ âõîäíîé ïîñëåäîâàòåëüíîñòè. Ïî âûáîðêå èç ïîëó÷åííûõ pvalue
ñòðîèòñÿ ýìïèðè÷åñêàÿ ôóíêöèÿ ðàñïðåäåëåíèÿ è ñðàâíèâàåòñÿ ñ òåîðåòè÷åñêîé ðàâíîìåðíîé
ñ ïîìîùüþ êðèòåðèÿ ñîãëàñèÿ Êîëìîãîðîâà 1 .

Èòàê, îáùàÿ èäåÿ òåñòèðîâàíèÿ äîâîëüíî ïðîñòà. Îäíàêî, ïðè ðåàëèçàöèè ïðîãðàììû,
ïðîâîäÿùåé òåñòèðîâàíèå èñòî÷íèêîâ ñëó÷àéíîñòè, âîçíèêàþò òðóäíîñòè. Ðàññìîòðèì èõ íà
ïðèìåðå íàáîðà òåñòîâ dieharder.

3 Òåñòû dieharder

Çàïóñê dieharder â áàçîâîì ðåæèìå ïîçâîëÿåò ïðîâåðèòü âñòðîåííûé èëè ïîëüçîâàòåëüñêèé
ãåíåðàòîð ñëó÷àéíûõ ÷èñåë íà íåñêîëüêèõ äåñÿòêàõ ðàçëè÷íûõ òåñòîâ. Òàêæå ñóùåñòâóåò âîç-
ìîæíîñòü áðàòü äàííûå èç ôàéëà èëè ñî ñòàíäàðòíîãî ââîäà. ×àñòü òåñòîâ ñ èñïðàâëåíèÿìè
è äîïîëíåíèÿìè óíàñëåäîâàíà èç íàáîðà diehard, òàêæå ïðåäñòàâëåíû èõ îáîáùåíèÿ. Êðîìå
òîãî, äîáàâëåíû òåñòû èç íàáîðà STS [3] . Ðåçóëüòàò ðàáîòû êàæäîãî òåñòà � ôèíàëüíûé
pvalue, ïîëó÷åííûé ñ ïîìîùüþ êðèòåðèÿ ñîãëàñèÿ Êîëìîãîðîâà. Ðàññìàòðèâàåòñÿ çíà÷åíèå

min{pvalue, 1− pvalue}

è ñðàâíèâàåòñÿ ñ äâóìÿ óðîâíÿìè çíà÷èìîñòè. Â çàâèñèìîñòè îò ðåçóëüòàòà âûäàåòñÿ îöåíêà:
PASSED, WEAK èëè FAILED.

3.1 Êîððåêòíîñòü òåñòîâ

Â ëþáîé ïðîãðàììå, êîòîðàÿ òåñòèðóåò èñòî÷íèêè ñëó÷àéíîñòè âñå òåñòû äîëæíû áûòü ðåà-
ëèçîâàíû êîððåêòíî. À èìåííî, ôèíàëüíîå çíà÷åíèå pvalue äîëæíî áûòü ïîñ÷èòàíî íàñòîëüêî
òî÷íî, ÷òîáû ôàêòè÷åñêàÿ âåðîÿòíîñòü îøèáêè ïåðâîãî ðîäà íå ïðåâûøàëà óðîâíÿ çíà÷èìî-
ñòè, çàäàííîãî â òåñòå. Â ïðîòèâíîì ñëó÷àå, òåñò ìîæåò íà÷àòü ñèñòåìàòè÷åñêè îòêëîíÿòü õî-
ðîøèå èñòî÷íèêè ñëó÷àéíîñòè, ÷òî íåäîïóñòèìî. Èçó÷èâ ïðèíöèï ðàáîòû òåñòîâ â dieharder,
ïðèõîäèì ê âûâîäó, ÷òî äëÿ áîëüøèíñòâà èç íèõ êîððåêòíîñòü ïî êðàéíåé ìåðå íå äîêàçàíà.

Âî-ïåðâûõ, êàê áûëî óïîìÿíóòî âûøå, äëÿ âñåõ òåñòîâ, â ñëó÷àå âåðíîñòè íóëåâîé ãèïî-
òåçû, ðàñïðåäåëåíèå pvalue îòëè÷àåòñÿ îò ðàâíîìåðíîãî. Îäíàêî, îòêëîíåíèå îáû÷íî ìîæíî
ñäåëàòü ìàëåíüêèì ïî ñðàâíåíèþ ñ ðàçíèöåé ìåæäó ýìïèðè÷åñêèì è òåîðåòè÷åñêèì ðàñïðå-
äåëåíèåì â êðèòåðèè Êîëìîãîðîâà.

Âî-âòîðûõ, âî ìíîãèõ òåñòàõ dieharder ðàñïðåäåëåíèå áàçîâîé ñòàòèñòèêè â òî÷íîñòè
íåèçâåñòíî. Â íåêîòîðûõ òåñòàõ (�lltree, feeltree2, opso, oqso, tsang_gsd è äð.) äëÿ ïîäñ÷å-
òà pvalue èñïîëüçóþòñÿ ñòàòèñòè÷åñêèå ïàðàìåòðû, êîòîðûå áûëè ïîëó÷åíû ýìïèðè÷åñêè

1Ñóùåñòâóåò äâà òèïà òåñòîâ Êîëìîãîðîâà-Ñìèðíîâà: ñ îäíîé è äâóìÿ âûáîðêàìè. Â àíãëèéñêîì ÿçûêå
èñïîëüçóåòñÿ äîïîëíèòåëüíîå óòî÷íåíèå: one (two) sample KS test. Â ðóññêîì ÿçûêå òèï òåñòà îáû÷íî ïîíè-
ìàåòñÿ èç êîíòåêñòà. Ïîñêîëüêó â äàííîé ðàáîòå ðå÷ü ïîéäåò îá îáîèõ òèïàõ, çäåñü è äàëåå áóäåì îáîçíà÷àòü:

• êðèòåðèé (ñîãëàñèÿ) Êîëìîãîðîâà � êðèòåðèé ïðîâåðêè ãèïîòåçû î ïðèíàäëåæíîñòè âûáîðêè íåêîòî-
ðîìó òåîðåòè÷åñêîìó çàêîíó ðàñïðåäåëåíèÿ (one-sample KS test);

• êðèòåðèé (îäíîðîäíîñòè) Ñìèðíîâà � êðèòåðèé ïðîâåðêè ãèïîòåçû î ïðèíàäëåæíîñòè äâóõ íåçàâèñè-
ìûõ âûáîðîê îäíîìó çàêîíó ðàñïðåäåëåíèÿ (two-sample KS test).
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íà îñíîâå äàííûõ ¾õîðîøèõ¿ (ïî ìíåíèþ îáùåñòâåííîñòè) ÃÏÑ× 2. Åñëè íà ñàìîì äå-
ëå âûáðàííûé äëÿ ýòèõ öåëåé ãåíåðàòîð îêàæåòñÿ íåñëó÷àéíûì, òåñò ìîæåò ñèñòåìàòè÷å-
ñêè îòâåðãàòü ïî-íàñòîÿùåìó ñëó÷àéíûå ãåíåðàòîðû (åñëè òàêîâûå èìåþòñÿ). Äðóãèå òåñòû
(birthdays, min_distr, 2d_sphere, 3d_sphere) èñïîëüçóþò àñèìïòîòè÷åñêèå ñòàòèñòèêè äëÿ
ïîäñ÷åòà pvalue. Íè òîò, íè äðóãîé ïîäõîä íå äàåò îñíîâàíèé äîâåðÿòü ôèíàëüíûì çíà÷åíèÿì
pvalue âòîðè÷íûõ òåñòîâ. Äëÿ ïåðâè÷íûõ òåñòîâ ìû ìîãëè áû îöåíèâàòü pvalue ñâåðõó, òåì ñà-
ìûì óìåíüøàÿ èõ ÷óâñòâèòåëüíîñòü, íî ñîõðàíÿÿ êîððåêòíîñòü, äëÿ âòîðè÷íûõ òåñòîâ òàêèõ
îöåíîê íåäîñòàòî÷íî.

Íåêîòîðûå òåñòû (OPSO, OQSO, DNA) ïî ïðèçíàíèþ àâòîðà dieharder ñèñòåìàòè÷åñêè
îòâåðãàþò ¾õîðîøèå¿ ÃÏÑ× è ïîòîìó ïîìå÷åíû â ñïèñêå òåñòîâ êàê ïîäîçðèòåëüíûå.

3.2 ×óâñòâèòåëüíîñòü è óíèêàëüíîñòü

Ïðåäïîëîæèì òåïåðü, ÷òî íîâûé òåñò ðåàëèçîâàí êîððåêòíî. Äëÿ òîãî ÷òîáû ïðèíÿòü êîð-
ðåêòíûé òåñò â óæå ñóùåñòâóþùèé íàáîð òåñòîâ, ðàçóìíî òðåáîâàòü âûïîëíåíèÿ èì ñëåäó-
þùèõ óñëîâèé:

1. ×óâñòâèòåëüíîñòü. Òåñò õîðîøî âûÿâëÿåò òîò òèï íåñëó÷àéíîñòåé, äëÿ áîðüáû ñ êîòî-
ðûì îí áûë ïðåäíàçíà÷åí;

2. Óíèêàëüíîñòü. Òåñò íàõîäèò íîâûå íåñëó÷àéíîñòè ïî ñðàâíåíèþ ñ óæå èìåþùèìèñÿ
òåñòàìè â íàáîðå.

Ðÿä òåñòîâ (diehard_squeeze, diehard_count_1s_stream) ïî ìíåíèþ àâòîðà dieharder îêà-
çûâàþòñÿ íå÷óâñòâèòåëüíûìè ê óæå èçâåñòíûì íåñëó÷àéíîñòÿì íåêîòîðûõ ÃÏÑ× 3.

Â áàçîâîì íàáîðå åñòü öåëûå ãðóïïû ñõîæèõ òåñòîâ, 4 áîëåå òîãî, ñóùåñòâóþò òåñòû, êîòî-
ðûå ìîãóò áûòü ëèáî ïðîéäåíû, ëèáî íå ïðîéäåíû îäíîâðåìåííî. 5 Ïîìèìî ýòîãî, íåêîòîðûå
òåñòû èç íàáîðà diehard îáúåäèíåíû â áîëåå îáùèå òåñòû 6 , íåñìîòðÿ íà ýòî, â áàçîâûé íàáîð
âêëþ÷åíû è òå, è äðóãèå. Âñå âûøå ïåðå÷èñëåííîå ãîâîðèò î òîì, ÷òî òåñòû â áàçîâîì íàáîðå
dieharder íå ÿâëÿþòñÿ óíèêàëüíûìè è èõ êîëè÷åñòâî ìîæíî ñèëüíî ñîêðàòèòü.

Èòàê, íåñìîòðÿ íà òî, ÷òî òåñòû dieharder äîñòàòî÷íî ðàçíîîáðàçíû, ó íàñ íåäîñòàòî÷íî
îñíîâàíèé äîâåðÿòü èõ ðåçóëüòàòàì. Ïîïðîáóåì óëó÷øèòü ýòè òåñòû. Ïðåäïîëîæèì, ÷òî ó íàñ
åñòü èñòî÷íèê ñëó÷àéíûõ ÷èñåë, êîòîðîìó ìû ìîæåì äîâåðÿòü (ò.å. äëÿ êîòîðîãî íà ñàìîì
äåëå âåðíà íóëåâàÿ ãèïîòåçà). Íàñòðîèì òåñòû ñ ïîìîùüþ ýòîé ¾èñòèííîé¿ ñëó÷àéíîñòè.

2[marsaglia_tsang_gcd test] four ¾good¿ RNGs (gfsr4,mt1993_1999,rndlxs2,taus2) were used to construct a
simulated table of high precision probabilities for k a process that obviously begs the question as to whether or not
THESE generators are ¾good¿.

3from my limited experimentation, this [diehard_squeeze] test is uselessly insensitive on at least the rng's in the
GSL with a few notable exceptions (the worst of the worst).

4The tests BITSTREAM, OPSO, OQSO and DNA are all closely related.
5diehard_count_1s_stream test will fail whenever rgb_bitdist fails at 40 bits and pass when rgb_bitdist passes
6generalized minimum distance test ... utilizes correction terms that are essential in order for the test not to fail

for large numbers of trials. It replaces both diehard_2dsphere and diehard_3dsphere
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4 ¾Èñòèííàÿ¿ ñëó÷àéíîñòü

Åñëè íàäåæíûé èñòî÷íèê ñëó÷àéíîñòè ñóùåñòâóåò, åãî ìîæíî èñïîëüçîâàòü äëÿ èñïðàâëåíèÿ
è óëó÷øåíèÿ èìåþùåãîñÿ íàáîðà òåñòîâ.

4.1 Ïðîâåðêà êîððåêòíîñòè ñóùåñòâóþùèõ òåñòîâ

Çàïóñòèì òåñò íà ¾èñòèííî¿ ñëó÷àéíûõ äàííûõ. Åñëè òåñò èõ ñèñòåìàòè÷åñêè îòâåðãàåò, òî
îí î÷åâèäíî íå ÿâëÿåòñÿ êîððåêòíûì. Òàêîé ïðîâåðêîé ìîæíî áûëî áû îòñåÿòü íåêîððåêòíûå
òåñòû èç ñïèñêà.

4.2 Óëó÷øåíèå òåñòîâ

Äîïóñòèì, ìû õîòèì îöåíèòü êà÷åñòâî ðàáîòû ãåíåðàòîðà ñëó÷àéíûõ ÷èñåë ïðè ïîìîùè íåêî-
òîðîãî òåñòà. Äëÿ ýòîãî ìîæíî ñðàâíèòü ðåçóëüòàòû ðàáîòû òåñòà íà áèòàõ ãåíåðàòîðà è áèòàõ
íåçàâèñèìîãî îò íåãî íàäåæíîãî èñòî÷íèêà ñëó÷àéíîñòè. À èìåííî, ïóñòü äâå ñòðîêè èç pn è
qn áèòîâ ñãåíåðèðîâàíû ñîîòâåòñòâåííî òåñòèðóåìûì è ýòàëîííûì èñòî÷íèêàìè ñëó÷àéíîñòè.
Ïîñòðîèì äâå âûáîðêè èç p è q ýëåìåíòîâ � çíà÷åíèÿ ñòàòèñòèêè òåñòà íà íåïåðåñåêàþùèõñÿ
n-áèòíûõ êóñêàõ ïåðâîé è âòîðîé ñòðîêè ñîîòâåòñòâåííî. Åñëè äëÿ òåñòèðóåìîãî ãåíåðàòîðà
âåðíà íóëåâàÿ ãèïîòåçà, òî çíà÷åíèÿ â îáîèõ ïîëó÷åííûõ âûáîðêàõ ðàñïðåäåëåíû îäèíàêî-
âî. Äëÿ ïðîâåðêè ãèïîòåçû î ïðèíàäëåæíîñòè âûáîðîê îäíîìó çàêîíó ðàñïðåäåëåíèÿ ìîæíî
èñïîëüçîâàòü íàïðèìåð êðèòåðèé îäíîðîäíîñòè Ñìèðíîâà.

Ïëþñîì òàêîãî ïîäõîäà ÿâëÿåòñÿ îòñóòñòâèå íåîáõîäèìîñòè òî÷íîãî ïîäñ÷åòà pvalue. Òå-
ïåðü íåîáÿçàòåëüíî çíàòü ðàñïðåäåëåíèå ñòàòèñòèêè òåñòà ïðè óñëîâèè âûïîëíåíèÿ íóëåâîé
ãèïîòåçû. Äîñòàòî÷íî ïðîâåðèòü, ÷òî ýìïèðè÷åñêîå ðàñïðåäåëåíèå òåñòèðóåìîãî ãåíåðàòîðà
ïîõîæå íà ýìïèðè÷åñêîå ðàñïðåäåëåíèå íàäåæíîãî èñòî÷íèêà ñëó÷àéíîñòè.

Âïðî÷åì, ó ïðèâåäåííîãî âûøå ìåòîäà ñóùåñòâóþò è íåäîñòàòêè: óâåëè÷åíèå íåîáõîäè-
ìîãî êîëè÷åñòâà äàííûõ è âðåìåíè ðàáîòû (òåïåðü ïðîãðàììà äîëæíà ïîñ÷èòàòü çíà÷åíèå
ñòàòèñòèêè íå íà îäíîé, à íà äâóõ âûáîðêàõ). Êðîìå òîãî, äëÿ îäíîãî è òîãî æå óðîâíÿ ïðè-
áëèæåíèÿ ïîòðåáóåòñÿ áîëüøèé ðàçìåð âûáîðîê.

Òàêèì îáðàçîì, åñëè ìû èìååì ¾èñòèííûé¿ èñòî÷íèê ñëó÷àéíîñòè, òî ïðåîáðàçîâàííûå
òåñòû, èñïîëüçóþùèå äàííûå ýòîãî èñòî÷íèêà êàê ýòàëîí, ñòàíîâÿòñÿ êîððåêòíûìè (ñ òî÷-
íîñòüþ äî ðåàëèçàöèè êðèòåðèÿ Ñìèðíîâà). Îäíàêî, äàæå ñóùåñòâîâàíèå òàêîãî èñòî÷íè-
êà íå äîêàçàíî, è ïîýòîìó ýòàëîííûì âïîëíå ìîæåò îêàçàòüñÿ ïëîõîé èñòî÷íèê ñëó÷àéíî-
ñòè. Â òàêîì ñëó÷àå íàø òåñò ìîæåò íà÷àòü ñèñòåìàòè÷åñêè ïðèíèìàòü ïëîõèå èñòî÷íèêè
è, ãëàâíîå, îòâåðãàòü õîðîøèå, ò.å. ñòàíåò íåêîððåêòíûì òåñòîì. Äëÿ òîãî ÷òîáû èçáåæàòü
ýòîé ñèòóàöèè, ìîæíî âîñïîëüçîâàòüñÿ ñëåäóþùèì òðþêîì. Âûøå äëÿ ïîëó÷åíèÿ ýëåìåíòîâ
äâóõ ôèíàëüíûõ âûáîðîê â êðèòåðèè Ñìèðíîâà ìû èñïîëüçîâàëè p íåïåðåñåêàþùèõñÿ êóñêîâ
(x1, . . . xp) îò áèòîâîé ïîñëåäîâàòåëüíîñòè òåñòèðóåìîãî ãåíåðàòîðà è q êóñêîâ (e1, . . . , eq) îò
áèòîâîé ïîñëåäîâàòåëüíîñòè ýòàëîííîãî èñòî÷íèêà. Òåïåðü ðàññìîòðèì óäëèíåííóþ ñòðîêó
è íàáîð åå êóñêîâ (x1, . . . xp, xp+1, . . . xp+q). Çàïóñòèì îïèñàííûé âûøå äâóõâûáîðî÷íûé òåñò
íà (x1, . . . xp) è (xp+1 ⊕ e1, . . . xp+q ⊕ eq) (çäåñü ¾⊕¿ � ïîáèòîâûé XOR).

Óòâåðæäåíèå 1. Ïîëó÷åííûé òåñò ÿâëÿåòñÿ êîððåêòíûì, åñëè òåñòèðóåìûé è ýòàëîí-
íûé èñòî÷íèêè íåçàâèñèìû.
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Äîêàçàòåëüñòâî. Äåéñòâèòåëüíî, ïðåäïîëîæèì, ÷òî òåñòèðóåìûé èñòî÷íèê èñòèííî ñëó÷àé-
íûé. Òîãäà ñòðîêè (x1, . . . xp) è (xp+1, . . . xp+q) íåçàâèñèìû è ðàâíîìåðíî ðàñïðåäåëåíû. Êðîìå
òîãî, èç íåçàâèñèìîñòè èñòî÷íèêîâ ñëåäóåò, ÷òî (e1, . . . , eq) è (xp+1, . . . xp+q) íåçàâèñèìû. Çíà-
÷èò èõ XOR ðàâíîìåðíî ðàñïðåäåëåí (èñïîëüçóåòñÿ ñâîéñòâî XOR ñîõðàíÿòü ðàâíîìåðíîñòü).
Êðîìå òîãî, ðåçóëüòàò XOR íå çàâèñèò îò (x1, . . . xp). Äàëåå òåñò ïðåâðàùàåòñÿ â ïåðâîíà÷àëü-
íûé äâóõâûáîðî÷íûé òåñò, ïðîâåðÿþùèé âåðíóþ ãèïîòåçó, èñïîëüçóÿ íàäåæíûé ýòàëîííûé
èñòî÷íèê ñëó÷àéíîñòè. Ïîýòîìó, îáà òåñòà îòâåðãíóò âåðíóþ ãèïîòåçó ñ îäèíàêîâîé âåðîÿòíî-
ñòüþ, óðîâíè çíà÷èìîñòè â íèõ òîæå ñîâïàäàþò. Ïåðâîíà÷àëüíûé òåñò ñ èñòèííî ñëó÷àéíûì
ýòàëîííûì èñòî÷íèêîì êîððåêòåí, çíà÷èò è íîâûé òåñò òîæå ÿâëÿåòñÿ êîððåêòíûì.

Ñëåäñòâèå 1. Òåñò îñòàåòñÿ êîððåêòíûì äëÿ ëþáûõ ôèêñèðîâàííûõ (çàðàíåå âû÷èñëåí-
íûõ) ýòàëîííûõ äàííûõ, òàê êàê â òàêîì ñëó÷àå íåçàâèñèìîñòü ãàðàíòèðîâàíà.

Òàêèì îáðàçîì, èñïîëüçóÿ â íåçàâèñèìûå ýòàëîííûå äàííûå (êàêèìè áû ïëîõèìè îíè íè
áûëè), ìû ìîæåì áîëüøå íå áåñïîêîèòüñÿ î êîððåêòíîñòè ìîäèôèöèðîâàííîãî òåñòà.

Åñëè æå còðîêà (e1, . . . , eq) ïîðîæäåíà íåçàâèñèìûì èñòèííî ñëó÷àéíûì èñòî÷íèêîì, òî
ðåçóëüòàò XOR îñòàíåòñÿ ðàâíîìåðíî ðàñïðåäåëåííûì è áóäåò èñïîëüçîâàí â êà÷åñòâå ýòà-
ëîííîãî. Òîãäà íîâûé òåñò ïðåâðàòèòñÿ â ïåðâîíà÷àëüíûé äâóõâûáîðî÷íûé òåñò ñ èñòèííûì
èñòî÷íèêîì ñëó÷àéíîñòè (òåïåðü óæå âíå âñÿêèõ ïðåäïîëîæåíèé î òåñòèðóåìîì èñòî÷íèêå).
Â ýòîì ñëó÷àå, ïðè ïåðåõîäå ê ìîäèôèöèðîâàííîìó òåñòó ìû íå ïîòåðÿåì â ÷óâñòâèòåëüíî-
ñòè, ïîýòîìó ÷òîáû ñîõðàíèòü âñå ïðåèìóùåñòâà îáû÷íîãî äâóõâûáîðî÷íîãî òåñòà, â êà÷åñòâå
ýòàëîííîãî âñå ðàâíî ñòîèò âûáèðàòü íàèáîëåå êà÷åñòâåííûé èñòî÷íèê ñëó÷àéíîñòè.

Íèæå áóäóò îïèñàíû ïðîöåññ è ðåçóëüòàòû ðåàëèçàöèè èäåè êîððåêòèðîâêè òåñòîâ íà
îñíîâå îòêðûòîãî êîäà ïðîãðàììû dieharder. Íî ïðåæäå ÷åì çàïóñêàòü äâóõâûáîðî÷íûé òåñò,
íóæíî ïîíÿòü, êàêèå äàííûå ïðèíÿòü çà ýòàëîí.

5 Âûáîð íàäåæíîãî èñòî÷íèêà ñëó÷àéíîñòè

Íàáîðû òåñòîâ âî ìíîãîì âàæíû ñâîèì ïðàêòè÷åñêèì ïðèìåíåíèåì äëÿ ïðîâåðêè êà÷åñòâà ãå-
íåðàòîðîâ ïñåâäîñëó÷àéíûõ ÷èñåë. Ïîýòîìó èíòåðåñíî ðàññìîòðåòü ðåçóëüòàòû ðàáîòû ÃÏÑ×
â ñðàâíåíèè ñ äàííûìè ïîëó÷åííûìè íà îñíîâå ïðèðîäíûõ èñòî÷íèêîâ ñëó÷àéíîñòè. Áîëü-
øèíñòâî èñòî÷íèêîâ, èñïîëüçóþùèõ ýíòðîïèþ îêðóæàþùåé ñðåäû, ðàáîòàþò êðàéíå ìåä-
ëåííî. Ïðè ýòîì, äëÿ çàïóñêà áàçîâîãî íàáîðà òåñòîâ dieharder òðåáóåòñÿ îêîëî 15 ãèãàáàéò
äàííûõ, ïîýòîìó â êà÷åñòâå ýòàëîííûõ áûëè âçÿòû ïðåîáðàçîâàííûå äàííûå çàïèñè àóäèî-
êàðòû, êàê îäèí èç íàèáîëåå áûñòðûõ è ëåãêî îñóùåñòâèìûõ ìåòîäîâ. Äàííûå ñ àóäèîêàðòû
çàïèñûâàëèñü â 2 ïîòîêà ñ ìàêñèìàëüíîé ÷àñòîòîé äèñêðåòèçàöèè � 192êÃö è ìàêñèìàëüíîé
áèòîâîé ãëóáèíîé � 24 áèòà. Â ðåçóëüòàòå çàïèñü øëà ñî îòíîñèòåëüíî íåïëîõîé ñêîðîñòüþ
ïîðÿäêà 1 ìÁ â ñåêóíäó. Âïðî÷åì, ïîëó÷åííûå äàííûå ïåðåä äàëüíåéøèì èñïîëüçîâàíèåì â
òåñòàõ, êîíå÷íî, íóæäàþòñÿ â îáðàáîòêå è ¾ïðîñåèâàíèè¿, ÷òî ïðèâîäèò ê óìåíüøåíèþ èõ
îáúåìà. Âî âðåìÿ çàïèñè, íàñêîëüêî ýòî âîçìîæíî, ïîääåðæèâàëàñü ñóáúåêòèâíàÿ òèøèíà
(ñâåäåíèå ê ìèíèìóìó ãðîìêèõ çâóêîâ ñ âûäåëåííîé ÷àñòîòîé).

5.1 Ïîñëåäíèå áàéòû

Íà ïåðâîì ýòàïå äàííûå áûëè ïðîðåæåíû: èç êàæäîé 24-áèòíîé çàïèñè áûëè îñòàâëåíû íàè-
ìåíåå çíà÷èìûå, ìëàäøèå 8 áèò. Ìîæíî ïðåäïîëîæèòü, ÷òî â ïîëó÷åííûõ äàííûõ åùå ìîãóò
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ïðèñóòñòâîâàòü çàâèñèìîñòè: ìåæäó áëèçêèìè ïî âðåìåíè çàïèñè áàéòàìè îäíîãî êàíàëà,
ìåæäó áèòàìè âíóòðè îäíîãî áàéòà, è ò. ä. Îäíàêî, ïî ðåçóëüòàòàì òåñòèðîâàíèÿ ýòèõ äàí-
íûõ íà áàçîâîì íàáîðå òåñòîâ îêàçûâàåòñÿ, ÷òî îíè óæå äîñòàòî÷íî õîðîøè (ñì. last bytes
òàáëèöû (5) â êîíöå ðàáîòû).

Óâèäåâ òàêèå õîðîøèå ðåçóëüòàòû, ìîæíî áûëî áû îñòàíîâèòü ïîèñêè è âçÿòü çà ýòàëîí
ìëàäøèå áàéòû çàïèñè àóäèîêàðòû. Îäíàêî, êàê ãîâîðèëîñü âûøå, íåò îñíîâàíèé áåçîãî-
âîðî÷íî äîâåðÿòü òåñòàì. Íåêîòîðûå ïðîñòûå çàêîíîìåðíîñòè â äàííûõ âïîëíå ìîãëè áûòü
ïðîïóùåíû èç-çà íå÷óâñòâèòåëüíîñòè òåñòîâ. Â ïîèñêàõ ïîäîáíûõ íåñëó÷àéíîñòåé íóæíî èñ-
õîäèòü èç ñïîñîáà ïîëó÷åíèÿ äàííûõ. Íåîáõîäèìî ñòàðàòüñÿ îáåçîïàñèòü ñåáÿ è èçìåíèòü
äàííûå òàê, ÷òîáû, ïî âîçìîæíîñòè, èñêëþ÷èòü âñå ïîòåíöèàëüíûå çàêîíîìåðíîñòè, êîòîðûå
ìîæíî áûëî áû çàïîäîçðèòü, èñõîäÿ èç ïðèðîäû èñòî÷íèêà ñëó÷àéíîñòè.

Äëÿ äîïîëíèòåëüíîãî ïåðåìåøèâàíèÿ äàííûõ èñïîëüçîâàëñÿ ñëåäóþùèé àëãîðèòì.

5.2 Ñëó÷àéíàÿ òàáëèöà

Ðàññìîòðèì òàáëèöó èç [256×256] áèòîâ, ïðè÷åì â êàæäîé ïîëîñå (ñòðîêå èëè ñòîëáöå) ó íåå
ðàâíîå êîëè÷åñòâî íóëåé è åäèíèö.

Òàêóþ òàáëèöó ìîæíî ïîñòðîèòü,ñ ïîìîùüþ íåêîòîðîãî ìàññèâà äàííûõ. Òàáëèöà çà-
ïîëíÿåòñÿ èñõîäíûìè äàííûìè. Äàëåå íà êàæäîì ñëåäóþùåì øàãå â òàáëèöå ïðîâåðÿåòñÿ
ñîîòíîøåíèå êîëè÷åñòâà íóëåé è åäèíèö âî âñåõ ïîëîñàõ. Åñëè âåçäå óñòàíîâèëîñü ðàâåí-
ñòâî, ïðîöåññ çàêàí÷èâàåòñÿ. Â ïðîòèâíîì ñëó÷àå ñ÷èòûâàåòñÿ áèò äëÿ âûáîðà òèïà ïîëîñû
(ñòðîêè/ñòîëáöà) è áàéò äëÿ îïðåäåëåíèÿ åå íîìåðà íîìåðà. Äàëåå â ïîëîñå ïðîâåðÿåòñÿ ñî-
îòíîøåíèå åäèíèö è íóëåé. Åñëè èõ íå ïîðîâíó, âûáèðàåòñÿ ïîçèöèÿ â ïîëîñå è ìåíÿåòñÿ
áèò â ñòîðîíó óìåíüøåíèÿ ðàçíèöû ìåæäó íóëÿìè è åäèíèöàìè â ýòîé ïîëîñå. Ýòè äåéñòâèÿ
âûïîëíÿþòñÿ äî òåõ ïîð, ïîêà âî âñåõ ïîëîñàõ íå óñòàíîâèòñÿ ðàâåíñòâî. Äëÿ ãåíåðàöèè
òàáëèöû èñïîëüçîâàëèñü ñëó÷àéíûå ÷èñëà, ïîëó÷åííûå G. Marsaglia [4].

Ïðåîáðàçóåì äàííûå àóäèîêàðòû ñ èñïîëüçîâàíèåì ïîëó÷åííîé òàáëèöû. Äëÿ ýòîãî áóäåì
êàæäûé ðàç áðàòü ïàðó ïîñëåäíèõ áàéò èç ñîîòâåòñòâóþùèõ 24-áèòíûõ çàïèñåé äâóõ àóäèî
ïîòîêîâ. Ïî ýòèì äâóì áàéòàì îïðåäåëÿåì ìåñòî â òàáëèöå è çàïèñûâàåì ñîîòâåòñòâóþùèé
áèò â âûõîäíóþ ïîñëåäîâàòåëüíîñòü.

Òàêîå òàáëè÷íîå ïðåîáðàçîâàíèå èñïîëüçóåò èäåþ ïîñòðîåíèÿ äâóõâõîäîãî ýêñòðàêòîðà,
íî íèêàêîãî òåîðåòè÷åñêîãî îáîñíîâàíèÿ íå èìååò. Ñëàáûì ìåñòîì òàêîãî ïîäõîäà ÿâëÿåòñÿ
âîçìîæíàÿ çàâèñèìîñòü ñîñåäíèõ áàéòîâ â îäíîì àóäèî ïîòîêå.

Òåì íå ìåíåå, ïîëó÷åííûå òàêèì îáðàçîì äàííûå òàêæå áûëè ïðîòåñòèðîâàíû íà áàçîâîì
íàáîðå îðèãèíàëüíûõ òåñòîâ dieharder. Â ðåçóëüòàòå âñå òåñòû îêàçàëèñü ïðîéäåíû (ñì. (5)).

Òàêîå ìîæåò ñëó÷èòüñÿ â îäíîì èç äâóõ ñëó÷àåâ. Ëèáî ïîëó÷åííûé èñòî÷íèê ÿâëÿåòñÿ
èñòèííî ñëó÷àéíûì è òåñòû dieharder âûãëÿäÿò êîððåêòíûìè (íå îòâåðãàþò åãî ñèñòåìàòè-
÷åñêè), ëèáî èñòî÷íèê íå ñëó÷àåí, íî òåñòû íå ÷óâñòâèòåëüíû ê ýòîìó òèïó íåñëó÷àéíîñòè.
Åñëè ìû âîçüìåì ýòîò èñòî÷íèê â êà÷åñòâå ýòàëîííîãî äëÿ äâóõâûáîðî÷íîãî òåñòà, òî â
ïåðâîì ñëó÷àå ýòî ïîëíîñòüþ îïðàâäàíî, à âî âòîðîì, ìû âñå ðàâíî íå ñìîæåì äîêàçàòü,
÷òî êàêîé-òî äðóãîé èñòî÷íèê êà÷åñòâåííåå (áåç íàïèñàíèÿ íîâûõ òåñòîâ). Ïîýòîìó ïðè ðåà-
ëèçàöèè äâóõâûáîðî÷íîãî òåñòà â êà÷åñòâå ýòàëîííûõ âîçüìåì èìåííî äàííûå, ïîëó÷åííûå
îïèñàííûì òîëüêî ÷òî ñïîñîáîì.
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6 Ðåàëèçàöèÿ

Çà îñíîâó ðåàëèçàöèè äâóõâûáîðî÷íûõ òåñòîâ áûë âçÿò îòêðûòûé êîä ïðîãðàììû dieharder
íà ÿçûêå C. Òåïåðü åñëè ÷åðåç êîìàíäíóþ ñòðîêó ïåðåäàí ôëàã --two-sample, âûáðàí òå-
ñòèðóåìûé ãåíåðàòîð è ïåðåäàíî èìÿ ôàéëà ñ ýòàëîííûìè äàííûìè. Ïðîãðàììà çàïóñêàåò
íàáîð èç p ïåðâè÷íûõ òåñòîâ íà n-áèòíûõ êóñêàõ ïîñëåäîâàòåëüíîñòè ïîðîæäåííîé òåñòèðó-
åìûì ãåíåðàòîðîì è (p− 1) ïåðâè÷íûõ òåñòîâ ñ òåìè æå ïàðàìåòðàìè íà n-áèòíûõ îòðåçêàõ
äàííûõ ôàéëà. Åñëè ÷åðåç êîìàíäíóþ ñòðîêó áûë ïåðåäàí ôëàã --xor, òî âìåñòî ÷èñòûõ
ýòàëîííûõ äàííûõ èñïîëüçóåòñÿ èõ XOR c åùå íå èñïîëüçîâàííûìè îòðåçêàìè ïîñëåäîâà-
òåëüíîñòè, ïîëó÷åííîé òåñòèðóåìûì ãåíåðàòîðîì. Êàê ãîâîðèëîñü âûøå, â îðèãèíàëüíîì
dieharder êàæäûé ïåðâè÷íûé òåñò âîçâðàùàåò îäíî ÷èñëî pvalue, íàáîð èç êîòîðûõ èñïîëüçó-
åòñÿ â ôèíàëüíîì òåñòå Êîëìîãîðîâà ïðîâåðêè ðàâíîìåðíîñòè ðàñïðåäåëåíèÿ. Òåïåðü ïåð-
âè÷íûå òåñòû âîçðàùàþò åùå è svalue = ξ(s), ãäå ξ � ñëó÷àéíàÿ âåëè÷èíà ïåðâè÷íîãî òåñòà,
s � ñòðîêà, ïîëó÷åííàÿ íà âõîä òåñòà (çíà÷åíèå svalue ÿâëÿåòñÿ ïðîìåæóòî÷íûì, êàê ðàç ïî
íåìó ïîòîì â ïåðâè÷íîì òåñòå ñ÷èòàåòñÿ pvalue). Ïîñëå îêîí÷àíèÿ ðàáîòû ïåðâè÷íûõ òåñòîâ,
åñëè p = 1, âûäàåòñÿ pvalue, ïîñ÷èòàííîå â åäèíñòâåííîì ïåðâè÷íîì òåñòå. Åñëè æå p > 1,
äëÿ äâóõ ïîëó÷åííûõ âûáîðîê svalue ðàçìåðà p è (p − 1) ñîîòâåòñòâåííî çàïóñêàåòñÿ òåñò
îäíîðîäíîñòè Ñìèðíîâà.

6.1 Êðèòåðèé îäíîðîäíîñòè Ñìèðíîâà

Èñïîëüçóåòñÿ äâóñòîðîííèé òåñò îäíîðîäíîñòè Ñìèðíîâà, ðåàëèçîâàííûé íà îñíîâå òåñòà
default two-sided two-sample ks.test áèáëèîòåêè dgof ÿçûêà R [5]. Ïóñòü p è q � ðàçìåðû
âûáîðîê. Òîãäà ôèíàëüíîå pvalue ïîäñ÷èòûâàåòñÿ òî÷íî ïðè pq < 10000 è ïî àññèìïòîòè÷åñêîé
ôîðìóëå, â ïðîòèâíîì ñëó÷àå.

6.2 Ïðîöåññ òåñòèðîâàíèÿ

Íà âñåõ âñòðîåííûõ ÃÏÑ× dieharder áûë çàïóùåí áàçîâûé íàáîð îðèãèíàëüíûõ òåñòîâ. Èñ-
õîäÿ èç ïîëó÷åííûõ ðåçóëüòàòîâ áûëî âûáðàíî íåñêîëüêî ïîêàçàòåëüíûõ ãåíåðàòîðîâ:

• ¾Ïëîõîé¿: transputer (PASSED: 47, WEAK: 2, FAILED: 65).

• ¾Ïëîõîé¿: vax (PASSED: 58, WEAK: 2, FAILED: 54).

• ¾Ñðåäíèé¿: rand48 (PASSED: 110, WEAK: 0, FAILED: 4);

• ¾Õîðîøèé¿: mt19937_1999 (PASSED: 112, WEAK: 2, FAILED: 0).

Äëÿ íèõ áûë äâàæäû çàïóùåí íàáîð íîâûõ äâóõâûáîðî÷íûõ òåñòîâ (ñ èñïîëüçîâàíèåì
XOR è áåç íåãî). Â êà÷åñòâå ýòàëîííûõ áðàëèñü äàííûå, ïîëó÷åííûå ïðè ïîìîùè òàáëèöû
èç ïîñëåäíèõ áàéòîâ àóäèîçàïèñè â ñòåðåî ðåæèìå [192 êÃö, 24 áèò] (èìåííî òå äàííûå, ÷òî
ïðîøëè âñå îðèãèíàëüíûå òåñòû dieharder).

6.3 Ðåçóëüòàòû

Íàçîâåì âòîðè÷íûå òåñòû ðîäñòâåííûìè, åñëè îíè èñïîëüçóþò îäèí è òîò æå ïåðâè÷íûé òåñò.
Äëÿ êàæäîãî èç âûáðàííûõ ãåíåðàòîðîâ â ðåçóëüòàòå òåñòèðîâàíèÿ áûëî ïîëó÷åíî ïî 3×114
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pvalue (114 � ÷èñëî ïåðâè÷íûõ òåñòîâ â áàçîâîé íàáîðå). Íèæå ïðåäñòàâëåíû ãðàôèêè, ñðàâ-
íèâàþùèå ðåçóëüòàòû ðàáîòû ðîäñòâåííûõ òåñòîâ íà êàæäîì ãåíåðàòîðå â îòäåëüíîñòè. Ïî
îñè àáñöèññ îòëîæåíû pvalue îðèãèíàëüíûõ òåñòîâ, ïî îñè îðäèíàò � pvalue äâóõâûáîðî÷íûõ
òåñòîâ (xor èëè regular). Êàæäîìó ïåðâè÷íîìó òåñòó íà ãðàôèêàõ ñîïîñòàâëÿþòñÿ äâà ÷èñëà
� pvalue îðèãèíàëüíîãî è ñîîòâåòñòâóþùåãî äâóõâûáîðî÷íîãî òåñòîâ, èñïîëüçîâàâøèõ ýòîò
ïåðâè÷íûé òåñò äëÿ ïîëó÷åíèÿ âûáîðêè. Â ðåçóëüòàòå êàæäîìó ïåðâè÷íîìó òåñòó, ïðîéäåí-
íîìó ãåíåðàòîðîì áóäåò ñîîòâåòñòâîâàòü òî÷êà íà ãðàôèêå.

Äëÿ òîãî, ÷òîáû ëó÷øå áûëî çàìåòíî ïîâåäåíèå ñòàðûõ è íîâûõ òåñòîâ ïðè pvalue áëèçêèõ
ê íóëþ (åäèíèöå), âìåñòî ñàìîãî çíà÷åíèÿ pvalue îòîáðàæàåòñÿ äåñÿòè÷íûé ëîãàðèôì

log10(min{pvalue, 1− pvalue}).

Dieharder âûäàåò çíà÷åíèÿ pvalue ñ òî÷íîñòüþ 8 çíàêîâ ïîñëå çàïÿòîé, Êîðè÷íåâàÿ ëèíèÿ
íà ãðàôèêå ñîîòâåòñòâóåò ãðàíèöå, íèæå (ëåâåå) êîòîðîé âñå ôàêòè÷åñêèå pvalue ðàâíû íóëþ.
Äëÿ íàãëÿäíîñòè, òî÷êè äëÿ êîòîðûõ õîòÿ áû îäíî èç pvalue ðàâíî íóëþ, ðàçíåñåíû íà íåáîëü-
øîå ñëó÷àéíîå ðàññòîÿíèå, ÷òîáû îíè ïîëíîñòüþ íå ñîâïàäàëè, è ìîæíî áûëî áû îöåíèòü èõ
êîëè÷åñòâî.

Äàëåå, êðàñíûì îáîçíà÷åíà èñïîëüçóåìàÿ â dieharder ãðàíèöà FAILED:

min{pvalue, 1− pvalue} = 10−6,

ñîîòâåòñòâóþùàÿ óðîâíþ çíà÷èìîñòè ε = 2 × 10−6. Â ñâîþ î÷åðåäü, îðàíæåâûì îáîçíà÷åíà
ãðàíèöà WEAK:

min{pvalue, 1− pvalue} = 0.005,

ñîîòâåòñòâóþùàÿ óðîâíþ çíà÷èìîñòè ε = 0.01.
Îáùåå íàáëþäåíèÿ äëÿ âñåõ ãåíåðàòîðîâ:

1. Ãåíåðàòîðû âåäóò ñåáÿ îäèíàêîâî íà áîëüøèíñòâå ðîäñòâåííûõ òåñòîâ. À èìåííî, ïî÷òè
âñå òåñòû ëèáî îäíîâðåìåííî ïðîéäåíû (ïðàâûé âåðõíèé îðàíæåâûé êâàäðàò), ëèáî
îäíîâðåìåííî íå ïðîéäåíû (ëåâûé íèæíèé êîðè÷íåâûé ïóíêòèðíûé êâàäðàò);

2. Áîëüøèíñòâî òî÷åê, íå ëåæàùèõ â ýòèõ êâàäðàòàõ îêàçûâàåòñÿ âûøå ãëàâíîé äèàãî-
íàëè. Ýòî íàáëþäåíèå ïîäòâåðæäàåò, ÷òî îðèãèíàëüíûé, îäíîâûáîðî÷íûé òåñò äîëæåí
áûòü áîëåå ÷óâñòâèòåëåí, ÷åì äâóõâûáîðî÷íûå òåñòû ïðè îäèíàêîâûõ ðàçìåðàõ âûáî-
ðîê.

Òåïåðü äîïîëíèòåëüíî èçó÷èì êàæäûé ãåíåðàòîð â òåõ òî÷êàõ, â êîòîðûõ ñèòóàöèÿ îñòà-
ëàñü íåîïðåäåëåííîé (õîòÿ áû îäèí èç äâóõ pvalue îêàçàëñÿ WEAK). Áóäåì çàïóñêàòü îáà
òåñòà, ñîîòâåòñòâóþùèå êàæäîé òàêîé òî÷êå èñïîëüçóÿ âñå áÎëüøóþ äëèíó âûáîðêè p. Ýòî
äîïîëíèòåëüíîå òåñòèðîâàíèå çàêàí÷èâàåòñÿ, êàê òîëüêî òåñò âûäàñò PASSED èëè FAILED.
Äëÿ êàæäîãî ãåíåðàòîðà ðåçóëüòàòû äîïîëíèòåëüíîãî òåñòèðîâàíèÿ ïðèâåäåíû â ñîîòâåò-
ñòâóþùèõ òàáëèöàõ.
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Ðèñ. 1: Ãåíåðàòîð vax
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original one-sample xor two-sample regular two-sample
test name test type n p pvalue assessment pvalue assessment pvalue assessment
sts_serial 2 100000 100 0.00000000 FAILED 0.00104392 WEAK 0.00008327 WEAK

2 100000 200 0.00000062 FAILED 0.00000305 WEAK
2 100000 300 0.00000000 FAILED
3 100000 100 0.00000000 FAILED 0.00206506 WEAK 0.00000000 FAILED
3 100000 200 0.00000000 FAILED
3 100000 100 0.00000002 FAILED 0.00006660 WEAK 0.00000022 FAILED
3 100000 200 0.00000020 FAILED
4 100000 100 0.00000000 FAILED 0.00022726 WEAK 0.00037206 WEAK

4 100000 200 0.00000004 FAILED 0.00000004 FAILED
5 100000 100 0.00000000 FAILED 0.00000011 FAILED 0.00008637 WEAK
5 10000 200 0.00000000 FAILED

rgb_bitdist 9 100000 100 0.00000000 FAILED 0.00079754 WEAK 0.00000009 FAILED
9 100000 200 0.00010802 WEAK
9 100000 300 0.00000447 WEAK
9 100000 400 0.00000001 FAILED
10 100000 100 0.00297772 WEAK 0.06648670 PASSED 0.15889036 PASSED
10 100000 200 0.00000164 WEAK 0.00006687 WEAK 0.00243367 WEAK
10 100000 300 0.00000009 FAILED 0.00000695 WEAK 0.00009907 WEAK
10 100000 400 0.00000004 FAILED 0.00000027 FAILED

rgb_mindist 2 10000 1000 0.00000001 FAILED 0.00000006 FAILED 0.00001204 WEAK
2 10000 1100 0.00002259 WEAK
2 10000 1200 0.00001850 WEAK
2 10000 1300 0.00000592 WEAK
2 10000 1400 0.00000450 WEAK
2 10000 1500 0.00000544 WEAK
2 10000 1600 0.00000016 FAILED
4 10000 1000 0.00000000 FAILED 0.00000122 WEAK 0.00000171 WEAK
4 10000 1100 0.00000046 FAILED 0.00000009 FAILED
5 10000 1000 0.00000249 WEAK 0.00000403 WEAK 0.00031849 WEAK
5 10000 1100 0.00000082 FAILED 0.00009744 WEAK 0.00014186 WEAK
5 10000 1200 0.00002964 WEAK 0.00005238 WEAK
5 10000 1300 0.00000899 WEAK 0.00002814 WEAK
5 10000 1400 0.00000488 WEAK 0.00003703 WEAK
5 10000 1500 0.00000067 FAILED 0.00000218 WEAK
5 10000 1600 0.00000055 FAILED

rgb_lagged_sum 18 1000000 100 0.51057436 PASSED 0.34723854 PASSED 0.99706176 WEAK
18 1000000 200 0.97566729 PASSED

Òàáëèöà 1: Òàáëèöà äîïîëíèòåëüíîãî òåñòèðîâàíèÿ ãåíåðàòîðà vax
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Ðèñ. 2: Ãåíåðàòîð transputer

(a) xor
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original one-sample xor two-sample regular two-sample
test name test type n p pvalue assessment pvalue assessment pvalue assessment
diehard_birthdays 0 100 100 0.00000001 FAILED 0.00027546 WEAK 0.00016536 WEAK

0 100 200 0.00000122 WEAK 0.00000000 FAILED
0 100 300 0.00000000 FAILED

diehard_2dsphere 2 8000 100 0.00000011 FAILED 0.00466187 WEAK 0.00004271 WEAK
2 8000 200 0.00008219 WEAK 0.00000000 FAILED
2 8000 300 0.00000026 FAILED

rgb_lagged_sum 6 1000000 100 0.56482504 PASSED 0.64133876 PASSED 0.00356811 WEAK
6 1000000 200 0.0570784 PASSED
8 1000000 100 0.65551882 PASSED 0.99742932 WEAK 0.70728762 PASSED
8 1000000 200 0.50074159 PASSED
26 1000000 100 0.99906122 WEAK 0.24381396 PASSED 0.34587801 PASSED
26 1000000 200 0.48123189 PASSED
31 1000000 100 0.00305116 WEAK 0.01215037 PASSED 0.00466191 WEAK
31 1000000 200 0.00002099 WEAK 0.00030402 WEAK 0.00069002 WEAK
31 1000000 300 0.00000010 FAILED 0.00008685 WEAK 0.00000591 WEAK
31 1000000 400 0.00010060 WEAK 0.00000024 FAILED
31 1000000 500 0.00000298 WEAK
31 1000000 600 0.00000012 FAILED
32 1000000 100 0.06513085 PASSED 0.49594738 PASSED 0.00216762 WEAK

0.06004558 PASSED

Òàáëèöà 2: Òàáëèöà äîïîëíèòåëüíîãî òåñòèðîâàíèÿ ãåíåðàòîðà transputer
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Ðèñ. 3: Ãåíåðàòîð rand48
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original one-sample xor two-sample regular two-sample
test name test type n p pvalue assessment pvalue assessment pvalue assessment
diehard_dna 0 2097152 100 0.00000000 FAILED 0.00000003 FAILED 0.00000234 WEAK

0.00000000 FAILED

Òàáëèöà 3: Òàáëèöà äîïîëíèòåëüíîãî òåñòèðîâàíèÿ ãåíåðàòîðà rand48
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Ðèñ. 4: Ãåíåðàòîð mt19937_1999

(a) xor
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original one-sample xor two-sample regular two-sample
test name test type n p pvalue assessment pvalue assessment pvalue assessment
diehard_opso 0 2097152 100 0.13600761 PASSED 0.90976944 PASSED 0.00122795 WEAK

0 2097152 200 0.23960016 PASSED
rgb_lagged_sum 17 1000000 100 0.99964431 WEAK 0.97566729 PASSED 0.52637947 PASSED

17 1000000 200 0.79400432 PASSED
30 1000000 100 0.99504985 WEAK 0.78559719 PASSED 0.97122355 PASSED
30 1000000 200 0.87680649 PASSED

Òàáëèöà 4: Òàáëèöà äîïîëíèòåëüíîãî òåñòèðîâàíèÿ ãåíåðàòîðà mt19937_1999
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Ïî èòîãàì äîïîëíèòåëüíîé ïðîâåðêè âèäíî, ÷òî íåò íè îäíîé ïàðû ðîäñòâåííûõ òåñòîâ,
äëÿ êîòîðûõ èíòåíñèâíàÿ ïðîâåðêà ïðèâåëà áû ê ðàçëè÷íûì ðåçóëüòàòàì (ïîëó÷èëîñü, ÷òî
ëèáî âî âñåõ òðåõ ñëó÷àÿõ ðåçóëüòàò PASSED, ëèáî âî âñåõ òðåõ ñëó÷àÿõ � FAILED). Ñ äðóãîé
ñòîðîíû, çàìåòíî, ÷òî äëÿ ïîëó÷åíèÿ îêîí÷àòåëüíîãî âåðäèêòà äâóõâûáîðî÷íûì òåñòàì, êàê
ïðàâèëî, íóæíû áîëåå äëèííûå âûáîðêè.

7 Çàêëþ÷åíèå

Â äàííîé ðàáîòå áûë èçó÷åí íîâûé ïîäõîä â òåñòèðîâàíèè èñòî÷íèêîâ ñëó÷àéíûõ ÷èñåë,
ïîçâîëÿþùèé áûòü óâåðåííûì â êîððåêòíîñòè ðåçóëüòàòîâ òåñòîâ. Äàëåå îí áûë ðåàëèçîâàí
íà ïðàêòèêå íà îñíîâå íàáîðà òåñòîâ dieharder. Â èòîãå óäàëîñü ïîëó÷èòü êîððåêòíûé íàáîð
äâóõâûáîðî÷íûõ òåñòîâ. Ðåçóëüòàòû òåñòèðîâàíèÿ êàæäîãî èç ÷åòûðåõ ÃÏÑ× ñ ïîìîùüþ
îðèãèíàëüíûõ è íîâûõ òåñòîâ îêàçàëèñü äîñòàòî÷íî ïîõîæè. Îäíàêî äàëüíåéøåå èõ ñðàâíå-
íèå ïîêàçàëî, ÷òî äâóõâûáîðî÷íûå òåñòû ÿâëÿþòñÿ (îæèäàåìî) ìåíåå ÷óâñòâèòåëüíûìè. Òåì
íå ìåíåå, ïðè óâåëè÷åíèè ðàçìåðà âûáîðêè â äâóõâûáîðî÷íîì òåñòå, ðåçóëüòàòû òåñòèðîâà-
íèÿ ôàêòè÷åñêè ñîâïàäàþò. Äëÿ çàïóñêà äâóõâûáîðî÷íûõ òåñòîâ èñïîëüçîâàëèñü ìëàäøèå
áàéòû çàïèñè àóäèîêàðòû, îáðàáîòàííûå ïðè ïîìîùè ñëó÷àéíîé òàáëèöó. Îäíàêî òåêóùàÿ
ìîäèôèêàöèÿ êîäà dieharder ïîçâîëèò â äàëüíåéøåì ýêñïåðèìåíòèðîâàòü, èñïîëüçóÿ ðàçíî-
îáðàçíûå äàííûå â êà÷åñòâå ýòàëîííûõ.
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Òàáëèöà 5: Ðåçóëüòàòû òåñòèðîâàíèÿ ïîñëåäíèõ áàéòîâ è ðåçóëüòàòîâ èñïîëüçîâàíèÿ òàáëèöû
íà áàçîâîì íàáîðå òåñòîâ dieharder

last bytes random table
test name test type n p pvalue assessment pvalue assessment

diehard_birthdays 0 100 100 0.59704751 PASSED 0.91048792 PASSED
diehard_operm5 0 1000000 100 0.06268735 PASSED 0.96510084 PASSED
diehard_rank_32x32 0 40000 100 0.05711303 PASSED 0.79651562 PASSED
diehard_rank_6x8 0 100000 100 0.38706425 PASSED 0.83012762 PASSED
diehard_bitstream 0 2097152 100 0.34112424 PASSED 0.57517285 PASSED
diehard_opso 0 2097152 100 0.23786175 PASSED 0.12747239 PASSED
diehard_oqso 0 2097152 100 0.6113898 PASSED 0.46222722 PASSED
diehard_dna 0 2097152 100 0.15125412 PASSED 0.22245481 PASSED
diehard_count_1s_str 0 256000 100 0.16661297 PASSED 0.91815776 PASSED
diehard_count_1s_byt 0 256000 100 0.92057893 PASSED 0.3932696 PASSED
diehard_parking_lot 0 12000 100 0.54134122 PASSED 0.79488513 PASSED
diehard_2dsphere 2 8000 100 0.31472646 PASSED 0.97993157 PASSED
diehard_3dsphere 3 4000 100 0.8796619 PASSED 0.90594647 PASSED
diehard_squeeze 0 100000 100 0.49266232 PASSED 0.88236123 PASSED
diehard_sums 0 100 100 0.14973035 PASSED 0.51609116 PASSED
diehard_runs 0 100000 100 0.05207538 PASSED 0.11494505 PASSED
diehard_runs 0 100000 100 0.8340073 PASSED 0.52942308 PASSED
diehard_craps 0 200000 100 0.84402954 PASSED 0.17199293 PASSED
diehard_craps 0 200000 100 0.60416821 PASSED 0.75068905 PASSED
marsaglia_tsang_gcd 0 10000000 100 0.15170163 PASSED 0.32597627 PASSED
marsaglia_tsang_gcd 0 10000000 100 0.85067283 PASSED 0.74776691 PASSED
sts_monobit 1 100000 100 0.30561397 PASSED 0.07630919 PASSED
sts_runs 2 100000 100 0.00473648 WEAK 0.13825694 PASSED
sts_serial 1 100000 100 0.45026012 PASSED 0.07630919 PASSED
sts_serial 2 100000 100 0.71727337 PASSED 0.05009488 PASSED
sts_serial 3 100000 100 0.52754826 PASSED 0.76424704 PASSED
sts_serial 3 100000 100 0.5131546 PASSED 0.18908039 PASSED
sts_serial 4 100000 100 0.90731281 PASSED 0.70963343 PASSED
sts_serial 4 100000 100 0.94289569 PASSED 0.59637656 PASSED
sts_serial 5 100000 100 0.01089412 PASSED 0.39024758 PASSED
sts_serial 5 100000 100 0.29484439 PASSED 0.57189941 PASSED
sts_serial 6 100000 100 0.89352244 PASSED 0.93486206 PASSED
sts_serial 6 100000 100 0.03736523 PASSED 0.98285148 PASSED
sts_serial 7 100000 100 0.9903081 PASSED 0.96328495 PASSED
sts_serial 7 100000 100 0.38533772 PASSED 0.33795566 PASSED
sts_serial 8 100000 100 0.82520917 PASSED 0.865799 PASSED
sts_serial 8 100000 100 0.00219122 WEAK 0.89834129 PASSED
sts_serial 9 100000 100 0.94818525 PASSED 0.7537782 PASSED
sts_serial 9 100000 100 0.78996527 PASSED 0.59921688 PASSED
sts_serial 10 100000 100 0.86892905 PASSED 0.64749877 PASSED
sts_serial 10 100000 100 0.46537675 PASSED 0.76730171 PASSED
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Òàáëèöà 5: Ðåçóëüòàòû òåñòèðîâàíèÿ ïîñëåäíèõ áàéòîâ è ðåçóëüòàòîâ èñïîëüçîâàíèÿ òàáëèöû
íà áàçîâîì íàáîðå òåñòîâ dieharder

last bytes random table
sts_serial 11 100000 100 0.8044603 PASSED 0.69513609 PASSED
sts_serial 11 100000 100 0.49469259 PASSED 0.92529968 PASSED
sts_serial 12 100000 100 0.86820169 PASSED 0.81816783 PASSED
sts_serial 12 100000 100 0.31644433 PASSED 0.13522425 PASSED
sts_serial 13 100000 100 0.97845171 PASSED 0.40635603 PASSED
sts_serial 13 100000 100 0.12637731 PASSED 0.90762082 PASSED
sts_serial 14 100000 100 0.478581 PASSED 0.27176003 PASSED
sts_serial 14 100000 100 0.75587196 PASSED 0.53957271 PASSED
sts_serial 15 100000 100 0.69879857 PASSED 0.62967728 PASSED
sts_serial 15 100000 100 0.37030613 PASSED 0.45253469 PASSED
sts_serial 16 100000 100 0.97821158 PASSED 0.99010151 PASSED
sts_serial 16 100000 100 0.98670283 PASSED 0.70930582 PASSED
rgb_bitdist 1 100000 100 0.31185109 PASSED 0.50093562 PASSED
rgb_bitdist 2 100000 100 0.48857632 PASSED 0.8621319 PASSED
rgb_bitdist 3 100000 100 0.83889651 PASSED 0.92106255 PASSED
rgb_bitdist 4 100000 100 0.99702441 WEAK 0.69886074 PASSED
rgb_bitdist 5 100000 100 0.36041696 PASSED 0.94540194 PASSED
rgb_bitdist 6 100000 100 0.88865628 PASSED 0.24891721 PASSED
rgb_bitdist 7 100000 100 0.73102229 PASSED 0.76454683 PASSED
rgb_bitdist 8 100000 100 0.24247897 PASSED 0.73700707 PASSED
rgb_bitdist 9 100000 100 0.90789918 PASSED 0.79774399 PASSED
rgb_bitdist 10 100000 100 0.68332139 PASSED 0.14847339 PASSED
rgb_bitdist 11 100000 100 0.90265534 PASSED 0.65346143 PASSED
rgb_bitdist 12 100000 100 0.94164189 PASSED 0.7428195 PASSED
rgb_minimum_distance 2 10000 1000 0.98840893 PASSED 0.63743138 PASSED
rgb_minimum_distance 3 10000 1000 0.35598821 PASSED 0.7819773 PASSED
rgb_minimum_distance 4 10000 1000 0.52048143 PASSED 0.07832356 PASSED
rgb_minimum_distance 5 10000 1000 0.22511034 PASSED 0.86655063 PASSED
rgb_permutations 2 100000 100 0.99999241 WEAK 0.29794168 PASSED
rgb_permutations 3 100000 100 0.57219024 PASSED 0.93244966 PASSED
rgb_permutations 4 100000 100 0.81727343 PASSED 0.89297478 PASSED
rgb_permutations 5 100000 100 0.86236875 PASSED 0.26694988 PASSED
rgb_lagged_sum 0 1000000 100 0.91174209 PASSED 0.90968012 PASSED
rgb_lagged_sum 1 1000000 100 0.58411368 PASSED 0.00701025 PASSED
rgb_lagged_sum 2 1000000 100 0.12176625 PASSED 0.50783135 PASSED
rgb_lagged_sum 3 1000000 100 0.41412408 PASSED 0.65607831 PASSED
rgb_lagged_sum 4 1000000 100 0.6635429 PASSED 0.77809482 PASSED
rgb_lagged_sum 5 1000000 100 0.3695484 PASSED 0.60894518 PASSED
rgb_lagged_sum 6 1000000 100 0.68083243 PASSED 0.04717042 PASSED
rgb_lagged_sum 7 1000000 100 0.01028799 PASSED 0.79167596 PASSED
rgb_lagged_sum 8 1000000 100 0.38136933 PASSED 0.90905305 PASSED
rgb_lagged_sum 9 1000000 100 0.94334834 PASSED 0.90186072 PASSED
rgb_lagged_sum 10 1000000 100 0.99332932 PASSED 0.92610889 PASSED
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Òàáëèöà 5: Ðåçóëüòàòû òåñòèðîâàíèÿ ïîñëåäíèõ áàéòîâ è ðåçóëüòàòîâ èñïîëüçîâàíèÿ òàáëèöû
íà áàçîâîì íàáîðå òåñòîâ dieharder

last bytes random table
rgb_lagged_sum 11 1000000 100 0.54256666 PASSED 0.66162548 PASSED
rgb_lagged_sum 12 1000000 100 0.01475992 PASSED 0.86288925 PASSED
rgb_lagged_sum 13 1000000 100 0.41345133 PASSED 0.42466245 PASSED
rgb_lagged_sum 14 1000000 100 0.88746908 PASSED 0.29657253 PASSED
rgb_lagged_sum 15 1000000 100 0.69859075 PASSED 0.92716277 PASSED
rgb_lagged_sum 16 1000000 100 0.98461825 PASSED 0.3959812 PASSED
rgb_lagged_sum 17 1000000 100 0.2731385 PASSED 0.73352857 PASSED
rgb_lagged_sum 18 1000000 100 0.99226027 PASSED 0.96794017 PASSED
rgb_lagged_sum 19 1000000 100 0.69773067 PASSED 0.28530183 PASSED
rgb_lagged_sum 20 1000000 100 0.87408082 PASSED 0.97411755 PASSED
rgb_lagged_sum 21 1000000 100 0.71101842 PASSED 0.91255316 PASSED
rgb_lagged_sum 22 1000000 100 0.70942348 PASSED 0.98822082 PASSED
rgb_lagged_sum 23 1000000 100 0.22086778 PASSED 0.9193764 PASSED
rgb_lagged_sum 24 1000000 100 0.86091112 PASSED 0.76983467 PASSED
rgb_lagged_sum 25 1000000 100 0.668027 PASSED 0.33950761 PASSED
rgb_lagged_sum 26 1000000 100 0.64624674 PASSED 0.24095135 PASSED
rgb_lagged_sum 27 1000000 100 0.97939048 PASSED 0.4495364 PASSED
rgb_lagged_sum 28 1000000 100 0.62341756 PASSED 0.68208698 PASSED
rgb_lagged_sum 29 1000000 100 0.75509481 PASSED 0.11867416 PASSED
rgb_lagged_sum 30 1000000 100 0.76727526 PASSED 0.65101584 PASSED
rgb_lagged_sum 31 1000000 100 0.92244891 PASSED 0.54885179 PASSED
rgb_lagged_sum 32 1000000 100 0.13741943 PASSED 0.23286497 PASSED
rgb_kstest_test 0 10000 1000 0.66752604 PASSED 0.19821068 PASSED
dab_bytedistrib 0 51200000 1 0.12310245 PASSED 0.03005138 PASSED
dab_dct 256 50000 1 0.64394681 PASSED 0.23658755 PASSED
dab_�lltree 32 15000000 1 0.90089377 PASSED 0.60767132 PASSED
dab_�lltree 32 15000000 1 0.74466377 PASSED 0.20267544 PASSED
dab_�lltree2 0 5000000 1 0.66179043 PASSED 0.56660694 PASSED
dab_�lltree2 1 5000000 1 0.05282664 PASSED 0.07164338 PASSED
dab_monobit2 12 65000000 1 0.70897206 PASSED 0.91334675 PASSED
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