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Êîäû ñ ñóììèðîâàíèåì, îáíàðóæèâàþùèå
ëþáûå ñèììåòðè÷íûå îøèáêè

Ðàññìîòðåíû îñîáåííîñòè îøèáîê, âîçíèêàþùèõ â èíôîðìàöèîííûõ âåêòîðàõ ðàçäåëèìûõ
êîäîâ. Ñôîðìèðîâàíà êëàññèôèêàöèÿ êîäîâ, îðèåíòèðîâàííûõ íà 100%-íîå îáíàðóæåíèå
îøèáîê îïðåäåëåííîãî âèäà. Ïðîàíàëèçèðîâàíû ðàçäåëèìûå êîäû, îáíàðóæèâàþùèå ëþáûå
ñèììåòðè÷íûå îøèáêè â èíôîðìàöèîííûõ âåêòîðàõ. Îïðåäåëåíû óñëîâèÿ ïîñòðîåíèÿ êîäîâ,
îáíàðóæèâàþùèõ ëþáûå ñèììåòðè÷íûå îøèáêè, è ïðèâåäåíû èõ ïðèìåðû.

Ê ë þ ÷ å â û å ñ ë î â à: òåõíè÷åñêàÿ äèàãíîñòèêà äèñêðåòíûõ ñèñòåì, ðàçäåëèìûé êîä,
êîä Áåðãåðà, êëàññèôèêàöèÿ îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ.

Ðîçãëÿíóòî îñîáëèâîñò³ ïîõèáîê, ÿê³ ç’ÿâëÿþòüñÿ â ³íôîðìàö³éíèõ âåêòîðàõ ðîçä³ëèìèõ
êîä³â. Ñôîðìîâàíî êëàñèô³êàö³þ êîä³â, îð³ºíòîâàíèõ íà 100%-íå âèÿâëåííÿ ïîõèáîê
âèçíà÷åíîãî òèïó. Ïðîàíàë³çîâàíî ðîçä³ëèì³ êîäè, ùî âèÿâëÿþòü áóäü-ÿê³ ñèìåòðè÷í³
ïîõèáêè â ³íôîðìàö³éíèõ âåêòîðàõ. Âèçíà÷åíî óìîâè ïîáóäîâè êîä³â, ùî âèÿâëÿþòü
áóäü-ÿê³ ñèìåòðè÷í³ ïîõèáêè, òà íàâåäåíî ¿õ ïðèêëàäè.

Ê ë þ ÷ î â ³ ñ ë î â à: òåõí³÷íà ä³àãíîñòèêà äèñêðåòíèõ ñèñòåì, ðàçä³ëèìèé êîä, êîä
Áåðãåðà, êëàñèô³êàö³ÿ ïîõèáîê â ³íôîðìàö³éíèõ âåêòîðàõ.

Ïðè ïîñòðîåíèè íàäåæíûõ äèñêðåòíûõ ñèñòåì ÷àñòî èñïîëüçóþò ïðèí-
öèïû îáíàðóæåíèÿ îòêàçîâ. Íà ðèñ. 1 ïðèâåäåíà ñòðóêòóðíàÿ ñõåìà ñèñòå-
ìû ðàáî÷åãî (ôóíêöèîíàëüíîãî) êîíòðîëÿ (ÑÔÊ) [1, 2], â êîòîðîé áëîê
îñíîâíîé ëîãèêè F (x), âû÷èñëÿþùèé çíà÷åíèÿ ñèñòåìû ðàáî÷èõ ôóíêöèé
f f f m1 2, ,..., , ñíàáæåí ñïåöèàëüíûì êîíòðîëüíûì îáîðóäîâàíèåì, ïîçâî-
ëÿþùèì êîíòðîëèðîâàòü íåèñïðàâíîñòè ïî èõ ïðîÿâëåíèÿì â âèäå èñêà-
æåíèé çíà÷åíèé ðàáî÷èõ ôóíêöèé [3]. Îñíîâîé ÑÔÊ, êàê ïðàâèëî, ÿâëÿåòñÿ
êàêîé-ëèáî ðàçäåëèìûé êîä, èëè ( , )m k -êîä, ãäå m è k — äëèíû èíôîðìà-
öèîííûõ è êîíòðîëüíûõ âåêòîðîâ [4—8]. Èíôîðìàöèîííûé âåêòîð âûáðàí-
íîãî ( , )m k -êîäà îòîæäåñòâëÿþò ñ âåêòîðîì çíà÷åíèé ðàáî÷èõ ôóíêöèé,
âû÷èñëÿåìûõ áëîêîì F (x), è ñîãëàñíî ïðàâèëàì ôîðìèðîâàíèÿ çíà÷åíèé
êîíòðîëüíûõ ôóíêöèé ñòðîÿò êîíòðîëüíîå îáîðóäîâàíèå.
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Â ñîñòàâ êîíòðîëüíîãî îáîðóäîâàíèÿ âõîäèò áëîê êîíòðîëüíîé ëîãè-

êè G (x) è òåñòåð TSC. Íà âûõîäàõ áëîêà G (x) âû÷èñëÿþòñÿ çíà÷åíèÿ êîíò-

ðîëüíûõ ôóíêöèé g g g k1 2, ,..., , à òåñòåð ïðîâåðÿåò ôàêò ïðèíàäëåæíîñòè

êîäîâîãî ñëîâà < f f f m1 2 ... g g g k1 2 ... > ñëîâó âûáðàííîãî ( , )m k -êîäà. Ïðè

óñòàíîâëåíèè ïðèíàäëåæíîñòè ïîñòóïàþùåãî âåêòîðà íà âõîäû òåñòåðà

êîäîâîìó ñëîâó âûáðàííîãî ( , )m k -êîäà íà êîíòðîëüíûõ âûõîäàõ z0 è z1

ÑÔÊ ôîðìèðóåòñÿ ïàðàôàçíûé ñèãíàë <01> èëè <10>. Íàðóøåíèå ïàðà-

ôàçíîñòè çíà÷åíèé âûõîäîâ z0 è z1 ÿâëÿåòñÿ ñèãíàëîì îøèáêè [9].

Ñâîéñòâà îáíàðóæåíèÿ îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ ( , )m k -

êîäà îïðåäåëÿþò õàðàêòåðèñòèêè ÑÔÊ ïî îáíàðóæåíèþ îøèáîê â âåêòîðå

çíà÷åíèé ðàáî÷èõ ôóíêöèé, êîòîðûå âëèÿþò òàêæå íà ìåòîäû ñèíòåçà

ÑÔÊ ñ çàðàíåå óñòàíîâëåííûìè ïîêàçàòåëÿìè (íàïðèìåð, íà âîçìîæíîñòü

ïîñòðîåíèÿ ÑÔÊ ñ îáíàðóæåíèåì 100 % îäèíî÷íûõ êîíñòàíòíûõ íåèñï-

ðàâíîñòåé íà âûõîäàõ ëîãè÷åñêèõ ýëåìåíòîâ ñòðóêòóðû áëîêà F (x) ïðè

óìåíüøåííîé ñòðóêòóðíîé èçáûòî÷íîñòè) [10, 11].

Îøèáêè â èíôîðìàöèîííûõ âåêòîðàõ. Ðàçëè÷íûå ( , )m k -êîäû èìåþò

ðàçëè÷íûå õàðàêòåðèñòèêè îáíàðóæåíèÿ îøèáîê â èíôîðìàöèîííûõ âåê-

òîðàõ. Íà ñâîéñòâàõ îáíàðóæåíèÿ îøèáîê ( , )m k -êîäàìè îñíîâàíû àëãî-

ðèòìû ïîñòðîåíèÿ ëîãè÷åñêèõ óñòðîéñòâ ñî 100 %-íîé èäåíòèôèêàöèåé

îäèíî÷íûõ íåèñïðàâíîñòåé íà âûõîäàõ ýëåìåíòîâ âíóòðåííåé ñòðóêòóðû

[12, 13].

Îøèáêè â èíôîðìàöèîííûõ âåêòîðàõ ( , )m k -êîäîâ ïðèíÿòî äåëèòü íà

÷åòûðå êëàññà (ðèñ. 2): îäèíî÷íûå (single errors), ìîíîòîííûå (unidirec-

tional errors), ñèììåòðè÷íûå (symmetrical errors) è àñèììåòðè÷íûå (asym-

metrical errors) [14].
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Ðèñ. 1. Ñòðóêòóðíàÿ ñõåìà ÑÔÊ íà îñíîâå ( , )m k -êîäà



Ïðè ðàçëè÷íîé äëèíå èíôîðìàöèîííûõ âåêòîðîâ m äîëè îøèáîê ðàç-
ëè÷íûõ âèäîâ îò îáùåãî ÷èñëà îøèáîê ðàçëè÷íû (ðèñ. 3). Íàïðèìåð, ïðè
m = 4 îøèáêè ðàçëè÷íûõ âèäîâ ðàñïðåäåëÿþòñÿ ïðèìåðíî ïîðîâíó. Ïðè
m < 4 äîìèíèðóþò îäèíî÷íûå îøèáêè, à ïðè m > 4 — àñèììåòðè÷íûå. Ïðè
ýòîì äîëÿ àñèììåòðè÷íûõ îøèáîê îò îáùåãî ÷èñëà îøèáîê ñ óâåëè÷åíèåì
äëèíû èíôîðìàöèîííîãî âåêòîðà ñóùåñòâåííî âîçðàñòàåò. Ïðè m = 10 áîëåå
70 % ñîñòàâëÿþò àñèììåòðè÷íûå îøèáêè, áîëåå 17 % — ñèììåòðè÷íûå è
íåìíîãî áîëåå 10 % — ìîíîòîííûå îøèáêè. Íà äîëþ îäèíî÷íûõ îøèáîê
ïðèõîäèòñÿ ìåíåå 1 % îáùåãî ÷èñëà îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ.
Ïðè äàëüíåéøåì óâåëè÷åíèè äëèíû èíôîðìàöèîííîãî âåêòîðà äîëÿ àñèì-
ìåòðè÷íûõ îøèáîê ñîõðàíÿåòñÿ, òîãäà êàê äîëè îøèáîê âñåõ îñòàëüíûõ
âèäîâ ïîñòåïåííî óìåíüøàþòñÿ: íàèáîëåå áûñòðî ñîêðàùàåòñÿ äîëÿ îäè-
íî÷íûõ îøèáîê, çàòåì — ìîíîòîííûõ, à çàòåì — ñèììåòðè÷íûõ îøèáîê.
Òàê, ïðè m = 20 àñèììåòðè÷íûå îøèáêè ñîñòàâëÿþò ïðèáëèçèòåëüíî 87 %
îáùåãî ÷èñëà îøèáîê, íà ñèììåòðè÷íûå îøèáêè ïðèõîäèòñÿ áîëåå 12 %
îáùåãî ÷èñëà îøèáîê, à ìîíîòîííûå è îäèíî÷íûå îøèáêè â ñóììå ñîñòàâ-
ëÿþò ìåíåå 1%.

Êîäû, îáíàðóæèâàþùèå ëþáûå îäèíî÷íûå îøèáêè â èíôîðìàöèîííûõ
âåêòîðàõ, íàçûâàþòñÿ ïîìåõîóñòîé÷èâûìè ( , )m k -êîäàìè (error-detection co-
des). Äàëåå áóäåì ðàññìàòðèâàòü òîëüêî ïîìåõîóñòîé÷èâûå ( , )m k -êîäû.

Ïðè ðåøåíèè çàäà÷ òåõíè÷åñêîé äèàãíîñòèêè äèñêðåòíûõ ñèñòåì íàè-
áîëåå ÷àñòî èñïîëüçóþòñÿ ðàçäåëèìûå êîäû ñ îñîáûìè ñâîéñòâàìè, íà-
ïðèìåð, ñâÿçàííûìè ñ îáíàðóæåíèåì ëþáûõ îøèáîê îïðåäåëåííîãî âèäà
èëè ëþáûõ îøèáîê îïðåäåëåííîãî âèäà äî óñòàíîâëåííîãî çíà÷åíèÿ èõ êðàò-
íîñòè. Ïðèìåðîì ÿâëÿåòñÿ êëàññè÷åñêèé êîä Áåðãåðà [15], èëè S m k( , )-êîä,
èäåíòèôèöèðóþùèé 100 % ìîíîòîííûõ è àñèììåòðè÷íûõ îøèáîê â èí-
ôîðìàöèîííûõ âåêòîðàõ [16]. Âîçíèêàþùàÿ ïðè ýòîì èçáûòî÷íîñòü îïðå-
äåëÿåòñÿ âûðàæåíèåì � �k m� �log ( )2 1 , ãäå � �� îçíà÷àåò öåëîå ñâåðõó îò
âû÷èñëÿåìîãî çíà÷åíèÿ. Äëÿ êëàññà êîäîâ, íàïðèìåð Áîóçà—Ëèíà, èëè
S m k4( , )- è S m k8( , )-êîäîâ, ãäå 4 è 8 — ìîäóëè âû÷èñëåíèÿ âåñà èíôîðìà-
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Ðèñ. 2. Êëàññèôèêàöèÿ îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ ( , )m k -êîäîâ



öèîííîãî âåêòîðà [17], óñòàíîâëåíî çíà÷åíèå ìèíèìàëüíîé êðàòíîñòè äëÿ
íåîáíàðóæèâàåìûõ ìîíîòîííûõ è àñèììåòðè÷íûõ îøèáîê [10, 18]. Ñíè-
æåíèå ýôôåêòèâíîñòè îáíàðóæåíèÿ ìîíîòîííûõ è àñèììåòðè÷íûõ îøè-
áîê S m k4( , )- è S m k8( , )-êîäàìè ñâÿçàíî ñ òåì, ÷òî äëÿ íèõ ÷èñëî ðàçðÿäîâ â
êîíòðîëüíûõ âåêòîðàõ ñîñòàâëÿåò ñîîòâåòñòâåííî k = 2 è k = 3 è íå çàâèñèò
îò äëèíû èíôîðìàöèîííîãî âåêòîðà. Ñëåäóåò, îäíàêî, çàìåòèòü, ÷òî êîäà-
ìè Áåðãåðà è Áîóçà—Ëèíà íå îáíàðóæèâàþòñÿ 100 % ñèììåòðè÷íûõ îøè-
áîê â èíôîðìàöèîííûõ âåêòîðàõ [10, 19].

Ñðåäè íåîäèíî÷íûõ îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ âûäåëÿþòñÿ
ìîíîòîííûå îøèáêè. Èõ äîëÿ â îáùåì êîëè÷åñòâå îøèáîê â èíôîðìà-
öèîííûõ âåêòîðàõ, íà÷èíàÿ ñ m = 7 — ñàìàÿ íèçêàÿ, à ïðè äàëüíåéøåì óâå-
ëè÷åíèè çíà÷åíèÿ m îíà óìåíüøàåòñÿ. Èçâåñòíî áîëüøîå ÷èñëî ( , )m k -
êîäîâ, îðèåíòèðîâàííûõ íà îáíàðóæåíèå òîëüêî ìîíîòîííûõ îøèáîê [17,
18, 20—25]. Ïîñòðîèòü òàêèå êîäû îòíîñèòåëüíî ïðîñòî. Êîäîâ, îðèåíòè-
ðîâàííûõ íà 100 %-íîå îáíàðóæåíèå àñèììåòðè÷íûõ èëè ñèììåòðè÷íûõ
îøèáîê, çíà÷èòåëüíî ìåíüøå. Íà ðèñ. 4 ïðåäñòàâëåíû êëàññû ( , )m k -êîäîâ,
îáëàäàþùèå ñâîéñòâîì 100%-íîãî îáíàðóæåíèÿ îäíîãî èç âèäîâ îøèáîê:
UED ( , )m k -êîäû (unidirectional error-detection codes), AED ( , )m k -êîäû (asym-
metrical error-detection codes) è SED ( , )m k -êîäû (symmetrical error-detection
codes).
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Ðèñ. 3. Ñîîòíîøåíèÿ ìåæäó ðàçëè÷íûìè âèäàìè îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ
( , )m k -êîäîâ ðàçëè÷íîé äëèíû: � — îäèíî÷íûå îøèáêè; — ìîíîòîííûå; � — àñèììåò-
ðè÷íûå; 	 — ñèììåòðè÷íûå



Êîä, îáíàðóæèâàþùèé 100 % ñèììåòðè÷íûõ îøèáîê â èíôîðìà-

öèîííûõ âåêòîðàõ, èëè SED ( , )m k -êîä, ïîñòðîèòü íàìíîãî ñëîæíåå, ÷åì

êîä, îáíàðóæèâàþùèé îøèáêè ëþáûõ äðóãèõ âèäîâ. Ýòî ñëåäóåò èç òîãî

ôàêòà, ÷òî ïðè ïîñòðîåíèè SED ( , )m k -êîäà äëÿ âñåõ èíôîðìàöèîííûõ

âåêòîðîâ ñ îäèíàêîâûì âåñîì r ïîòðåáóåòñÿ âûäåëèòü ðàçëè÷íûå êîíò-

ðîëüíûå âåêòîðû. Ïðè ðàçëè÷íûõ çíà÷åíèÿõ âåñà r ðàñïðåäåëåíèå âñåõ C m
r

èíôîðìàöèîííûõ âåêòîðîâ ìåæäó êîíòðîëüíûìè âåêòîðàìè áóäåò ðàç-

ëè÷íûì. Ïî ýòîé ïðè÷èíå â ïåðâóþ î÷åðåäü ïðè ïîñòðîåíèè SED ( , )m k -

êîäà íåîáõîäèìî âûáðàòü ìàêñèìàëüíîå ïîäìíîæåñòâî èíôîðìàöèîííûõ

âåêòîðîâ ñ îäíèì è òåì æå êîíòðîëüíûì âåêòîðîì è äëÿ êàæäîãî èíôîð-

ìàöèîííîãî âåêòîðà ýòîãî ïîäìíîæåñòâà âûäåëèòü ñîáñòâåííûé êîíò-

ðîëüíûé âåêòîð. Ìàêñèìàëüíîå ÷èñëî èíôîðìàöèîííûõ âåêòîðîâ ñ îäèíà-

êîâûì âåñîì ðàâíî C m
r , ãäå 
 �r m� /2 . Òàêèì îáðàçîì, äëÿ ðàñïðåäåëåíèÿ

ïî ðàçëè÷íûì êîíòðîëüíûì ãðóïïàì âñåõ âåêòîðîâ ñ îäèíàêîâûì âåñîì

íåîáõîäèìî, êàê ìèíèìóì, ïðèñâîèòü ðàçëè÷íûå êîíòðîëüíûå âåêòîðû

ñëåäóþùåìó êîëè÷åñòâó èíôîðìàöèîííûõ âåêòîðîâ:


 �N Cg
m

m

min

/� 2
. (1)

Ñ ó÷åòîì (1) ìîæíî îïðåäåëèòü íèæíþþ ãðàíèöó ÷èñëà ðàçðÿäîâ â

êîíòðîëüíûõ âåêòîðàõ, íåîáõîäèìûõ äëÿ ðåàëèçàöèè îïåðàöèè ðàñïðåäå-

ëåíèÿ ðàâíîâåñíûõ âåêòîðîâ ïî ðàçëè÷íûì êîíòðîëüíûì ãðóïïàì:


 �� �k C m
m

min

/
log� 2

2
.

Îòñþäà âûòåêàåò ñëåäóþùåå óòâåðæäåíèå.

Óòâåðæäåíèå. Íåâîçìîæíî ïîñòðîèòü SED ( , )m k -êîä, èñïîëüçóÿ ïà-

ðàìåòðû m è k òàêèå, ÷òî 
 �� �k C m
m� log

/
2

2
.

Ðàññ÷èòàåì çíà÷åíèÿ kmin äëÿ ïîòåíöèàëüíûõ SED ( , )m k -êîäîâ (òàáë. 1).

Èç òàáë. 1 ñëåäóåò, ÷òî êîä ñ âîçìîæíîñòüþ 100%-íîãî îáíàðóæåíèÿ ñèì-

ìåòðè÷íûõ îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ ìîæåò áûòü ïîñòðîåí
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UED (m ,k)-êîäû

(m , k )-êîäû

AED (m , k)-êîäû SED (m,k )-êîäû

Ðèñ. 4. Êëàññèôèêàöèÿ ( , )m k -êîäîâ



òîëüêî ïðè äîñòàòî÷íî áîëüøîé èçáûòî÷íîñòè (áëèçêîé ê äâîéíîé, êàê ó

êîäà ñ ïîâòîðåíèåì). Ýòî îáñòîÿòåëüñòâî ñóæàåò ïåðñïåêòèâû ïðèìåíåíèÿ

SED( , )m k -êîäîâ, â òîì ÷èñëå ïðè ðåøåíèè çàäà÷ òåõíè÷åñêîé äèàãíîñòèêè

äèñêðåòíûõ ñèñòåì, â êîòîðûõ ñóùåñòâóåò çàâèñèìîñòü ìåæäó ÷èñëîì ðàç-

ðÿäîâ â êîíòðîëüíûõ âåêòîðàõ è ñòðóêòóðíîé èçáûòî÷íîñòüþ äèñêðåòíûõ

ñèñòåì. Íàïðèìåð, â òåõíè÷åñêîé äèàãíîñòèêå ÷àñòî èñïîëüçóþò êîäû Áåðãå-

ðà, ÷èñëî ðàçðÿäîâ â èõ êîíòðîëüíûõ âåêòîðàõ � �k m� �log ( )2 1 ) è èõ ìîäèôè-

êàöèè (÷èñëî ðàçðÿäîâ â êîíòðîëüíûõ âåêòîðàõ òàêèõ êîäîâ, êàê ïðàâèëî,

� �k m �log ( )2 1 ).

Íà ðèñ. 5 ïðåäñòàâëåíû ãðàôèêè çàâèñèìîñòè êîäîâîé ñêîðîñòè

R m m k� �/ ( ) îò äëèíû èíôîðìàöèîííîãî âåêòîðà m äëÿ êëàññè÷åñêèõ

êîäîâ Áåðãåðà è àáñòðàêòíûõ SED ( , )m k -êîäîâ. Òîëüêî â äâóõ ñëó÷àÿõ, ïðè

m = 3 è m = 4, çíà÷åíèÿ R äëÿ ðàçëè÷íûõ êîäîâ ñîâïàäàþò. Ïðè m > 4

âåëè÷èíà êîäîâîé ñêîðîñòè äëÿ êîäà Áåðãåðà óâåëè÷èâàåòñÿ è ïðè m � �
ñòðåìèòñÿ ê åäèíèöå, à äëÿ SED ( , )m k -êîäà — ê 0,5. Òàêèì îáðàçîì, SED

( , )m k -êîä äëÿ ðåàëüíîãî èñïîëüçîâàíèÿ íà ïðàêòèêå, ìîæåò áûòü ïîñòðîåí

òîëüêî ïðè íåáîëüøîé äëèíå èíôîðìàöèîííîãî âåêòîðà.
Ïðèìåðû êîäîâ, îáíàðóæèâàþùèõ ëþáûå ñèììåòðè÷íûå îøèáêè.

Èç òàáë. 1 ñëåäóåò, ÷òî ëþáîé SED ( , )m k -êîä èìååò èçáûòî÷íîñòü, áëèçêóþ ê
èçáûòî÷íîñòè êîäà ñ ïîâòîðåíèåì (íà åãî îñíîâå ñòðîèòñÿ ñèñòåìà äóáëè-
ðîâàíèÿ). Â [26] ïðåäëîæåí WT ( , )m k -êîä ñ ñóììèðîâàíèåì âçâåøåííûõ
ïåðåõîäîâ ìåæäó ðàçðÿäàìè, çàíèìàþùèìè ñîñåäíèå ïîçèöèè â èíôîð-
ìàöèîííûõ âåêòîðàõ, ïîñëåäîâàòåëüíîñòü âåñîâûõ êîýôôèöèåíòîâ êîòî-
ðîãî îáðàçóåò ðÿä âîçðàñòàþùèõ ñòåïåíåé ÷èñëà 2: 20, 21, 22, …, 2 1m� , íà÷è-
íàÿ ñ ìëàäøåãî ðàçðÿäà. Äàííûé êîä èìååò k = m – 1 ðàçðÿäîâ â êîíòðîëü-
íîì âåêòîðå (íà åãî îñíîâå ñòðîèòñÿ ñèñòåìà «ïî÷òè äóáëèðîâàíèå») è ïî
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R

0,7

0,65

0,60

0,55

0,50
3 4 5 6 7 8 9 m

Ðèñ. 5. Êîäîâàÿ ñêîðîñòü ( , )m k -êîäîâ: � — SED ( , )m k ; 	 — êîä Áåðãåðà



ñâîèì ïàðàìåòðàì (çàâèñèìîñòè ÷èñëà êîíòðîëüíûõ ðàçðÿäîâ îò ÷èñëà èí-
ôîðìàöèîííûõ) áëèçîê ê ñîîòâåòñòâóþùåìó SED ( , )m k -êîäó. WT ( , )m k -
êîäîì íå îáíàðóæèâàåòñÿ 100 % îøèáîê ìàêñèìàëüíîé êðàòíîñòüþ d = m
â èíôîðìàöèîííûõ âåêòîðàõ, ò.å. 2m îøèáîê. Ïðè íå÷åòíûõ çíà÷åíèÿõ m
WT( , )m k -êîäîì èäåíòèôèöèðóþòñÿ âñå ñèììåòðè÷íûå îøèáêè. Ïðè ÷åòíûõ
çíà÷åíèÿõ m WT ( , )m k -êîä èìååò íåêîòîðóþ äîëþ ñèììåòðè÷íûõ îøèáîê
ñ ìàêñèìàëüíîé êðàòíîñòüþ (òàáë. 2). Îäíàêî ýòà äîëÿ íåñóùåñòâåííà, à
ñèììåòðè÷íûå îøèáêè ñ ìàêñèìàëüíîé êðàòíîñòüþ íà âûõîäàõ ðåàëüíûõ
ñõåì âîçíèêàþò íå ÷àñòî: íåîáõîäèìî, ÷òîáû â èõ ñòðóêòóðàõ ñóùåñòâî-
âàëè ëîãè÷åñêèå ýëåìåíòû, âûõîäû êîòîðûõ ñâÿçàíû ïóòÿìè ñî âñåìè
âûõîäàìè ñõåìû, è m/2 èç íèõ èìåëè áû ÷åòíîå ÷èñëî èíâåðñèé, à m/2 —
íå÷åòíîå.

Òàêèì îáðàçîì, WT ( , )m k -êîä ïðè íå÷åòíûõ çíà÷åíèÿõ m ÿâëÿåòñÿ
SED ( , )m k -êîäîì, à ïðè ÷åòíûõ çíà÷åíèÿõ m — êîäîì, áëèçêèì ïî ñâîèì
õàðàêòåðèñòèêàì ê SED ( , )m k -êîäó.

Èç óòâåðæäåíèÿ è ðèñ. 5 ñëåäóåò, ÷òî SED ( , )m k -êîäû ñ íåáîëüøîé

äëèíîé êîíòðîëüíîãî âåêòîðà, íàïðèìåð ïðè � �k m �log ( )2 1 , ìîãóò áûòü

ïîñòðîåíû òîëüêî ïðè ìàëîé äëèíå èíôîðìàöèîííîãî âåêòîðà. Ïîñòðîèì

îäèí èç SED ( , )m k -êîäîâ ïðè m = 4. Äëÿ ïîñòðîåíèÿ èñïîëüçóåì òàáëè÷-

íóþ ôîðìó çàäàíèÿ ðàçäåëèìîãî êîäà (òàáë. 3), ãäå âñå èíôîðìàöèîííûå

âåêòîðû ðàñïðåäåëåíû â êîíòðîëüíûå ãðóïïû, ñîîòâåòñòâóþùèå êîíò-

ðîëüíûì âåêòîðàì. Ðàñïðåäåëèì â ðàçëè÷íûå êîíòðîëüíûå ãðóïïû èí-

Êîäû ñ ñóììèðîâàíèåì, îáíàðóæèâàþùèå ëþáûå ñèììåòðè÷íûå îøèáêè
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m k

×èñëî îøèáîê Äîëÿ îøèáîê îò îáùåãî èõ ÷èñëà

Îáùåå
Íåîáíàðó-
æèâàåìûõ

Íåîáíà-
ðóæèâàåìûõ

ñèììåòðè÷íûõ

Íåîáíàðó-
æèâàåìûõ, %

Íåîáíàðó-
æèâàåìûõ

ñèììåòðè÷íûõ, %

4 3 240 16 6 6,66667 2,5

6 5 4 032 64 20 1,5873 0,49603

8 7 65 280 256 70 0,39216 0,10723

10 9 1 047 552 1 024 252 0,09775 0,02406

12 11 16 773 120 4 096 924 0,02442 0,00551

14 13 268 419 072 16 384 3 432 0,0061 0,00128

Òàáëèöà 2. Õàðàêòåðèñòèêè îáíàðóæåíèÿ îøèáîê WT( , )m k -êîäàìè

m 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

N
g

min 3 6 10 20 35 70 126 252 462 924 1716 3432 6435 12870 24310 48620 92378 184756

k
min 2 3 4 5 6 7 7 8 9 10 11 12 13 14 15 16 17 18

Òàáëèöà 1. Ïàðàìåòðû SED ( , )m k -êîäîâ



ôîðìàöèîííûå âåêòîðû ñ âåñîì 
 � 
 �r m� � �/ /2 4 2 2. Âåêòîðîâ ñ òàêèì

âåñîì èìååòñÿ C Cm
r � �4

2 6. Âñå îíè ðàçìåùåíû â ãðóïïû ñ íîìåðàìè 1—6.

Äàëåå èíôîðìàöèîííûå âåêòîðû ðàçìåùàëèñü â êîíòðîëüíûå ãðóïïû òàê,

÷òîáû ìîíîòîííûå è àñèììåòðè÷íûå íåîáíàðóæèâàåìûå îøèáêè èìåëè

ìàêñèìàëüíóþ âîçìîæíóþ êðàòíîñòü, à èõ ðàñïðåäåëåíèå â êîíòðîëüíûå

ãðóïïû â èòîãå áûëî ðàâíîìåðíûì.

Êàæäàÿ êîíòðîëüíàÿ ãðóïïà äàåò ïî äâå íåîáíàðóæèâàåìûå îøèáêè:

ãðóïïà 0 — äâå ìîíîòîííûå ÷åòûðåõêðàòíûå îøèáêè, ãðóïïû 1 — 6 — ïî

Â.Â. Ñàïîæíèêîâ, Âë.Â. Ñàïîæíèêîâ, Ä.Â. Åôàíîâ

54 ISSN 0204–3572. Electronic Modeling. 2017. V. 39. ¹ 3

Êîíòðîëüíàÿ
ãðóïïà 0 1 2 3 4 5 6 7

Êîíòðîëüíûé
âåêòîð 000 001 010 011 100 101 110 111

Èíôîðìàöèîííûé
âåêòîð

0000 0011 0101 0110 1001 1010 1100 0001

1111 0100 1011 1000 0111 1101 0010 1110

Òàáëèöà 3. Ðàñïðåäåëåíèå èíôîðìàöèîííûõ âåêòîðîâ ìåæäó êîíòðîëüíûìè
âåêòîðàìè SED (4, 3)-êîäà

Êîíòðîëüíàÿ
ãðóïïà

Èíôîðìàöèîííûé âåêòîð Êîíòðîëüíûé âåêòîð

f4 f3 f2 f1 g3 g2 g1

0 0 0 0 0 0 0 0

1 0 0 0 1 1 1 1

2 0 0 1 0 1 1 0

3 0 0 1 1 0 0 1

4 0 1 0 0 0 0 1

5 0 1 0 1 0 1 0

6 0 1 1 0 0 1 1

7 0 1 1 1 1 0 0

8 1 0 0 0 0 1 1

9 1 0 0 1 1 0 0

10 1 0 1 0 1 0 1

11 1 0 1 1 0 1 0

12 1 1 0 0 1 1 0

13 1 1 0 1 1 0 1

14 1 1 1 0 1 1 1

15 1 1 1 1 0 0 0

Òàáëèöà 4. Êîäîâûå ñëîâà ïîëó÷åííîãî SED (4, 3)-êîäà



äâå àñèììåòðè÷íûå òðåõêðàòíûå îøèáêè è ãðóïïà 7 — äâå àñèììåò-

ðè÷íûå ÷åòûðåõêðàòíûå îøèáêè. Âñåãî 16 îøèáîê.

Ïîñòðîåííûé SED(4,3)-êîä îòíîñèòñÿ ê êîäàì ñ íàèìåíüøèì îáùèì

÷èñëîì íåîáíàðóæèâàåìûõ îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ ïðè çà-

äàííûõ çíà÷åíèÿõ m è k [27], à åãî âåêòîðû èìåþò ìèíèìàëüíîå ðàññòîÿ-

íèå Õýììèíãà (dmin = 3), ò.å. êîä îáíàðóæèâàåò ëþáûå îäíîêðàòíûå è

äâóêðàòíûå îøèáêè â èíôîðìàöèîííûõ âåêòîðàõ. Â òàáë. 4 ïðåäñòàâëåíû

âñå êîäîâûå ñëîâà ïîñòðîåííîãî SED(4,3)-êîäà.

Íåòðóäíî îïðåäåëèòü ïðàâèëà âû÷èñëåíèÿ çíà÷åíèé ðàçðÿäîâ êîíò-

ðîëüíûõ ôóíêöèé gi. Ïîñëå äâóõóðîâíåâîé ìèíèìèçàöèè è çàïèñè ëîãè-

÷åñêèõ âûðàæåíèé â äèçúþíêòèâíîé íîðìàëüíîé ôîðìå ïîëó÷àåì

g f f f f f f f f f f f f f f f f1 4 3 2 1 3 2 1 4 3 1 4 3 1 4 3 1� � � � � ,

g f f f f f f f f f f f f f f f f2 4 3 2 1 4 2 1 3 2 1 4 2 1 4 2 1� � � � � , (2)

g f f f f f f f f f f f f f f f f3 4 3 2 1 3 2 1 4 3 1 3 2 1 4 2 1� � � � � .

Ñëåäóåò çàìåòèòü, ÷òî ïðè èñïîëüçîâàíèè ñèñòåìû ôóíêöèé (2) áëîê G (x)

ÑÔÊ (ñì. ðèñ. 1) áóäåò ñàìîïðîâåðÿåìûì.

Äðóãèì èçâåñòíûì SED (4,3)-êîäîì, óäîâëåòâîðÿþùèì òðåáîâàíèþ

� �k m �log ( )2 1 , ÿâëÿåòñÿ êëàññè÷åñêèé êîä Õýììèíãà ñ äëèíîé èíôîð-

ìàöèîííîãî âåêòîðà m = 4 [28]. Èì íå îáíàðóæèâàåòñÿ òàêæå 16 îøèáîê â

èíôîðìàöèîííûõ âåêòîðàõ, ÷åòûðå èç êîòîðûõ — ìîíîòîííûå òðåõêðàò-

íûå îøèáêè è 12 — àñèììåòðè÷íûå òðåõêðàòíûå îøèáêè.

Âûâîäû

Êëàññ SED ( , )m k -êîäîâ ÿâëÿåòñÿ íåáîëüøèì, à èõ ñâîéñòâà â íàñòîÿùåå

âðåìÿ ïðàêòè÷åñêè íå èñïîëüçóþòñÿ ïðè âûáîðå ñïîñîáà ïîñòðîåíèÿ íà-

äåæíûõ äèñêðåòíûõ ñèñòåì. Ðàññìîòðåííûå SED (4, 3)-êîäû ìîæíî ïðè-

ìåíÿòü, íàïðèìåð, ïðè îðãàíèçàöèè ÑÔÊ ÷åòûðåõâûõîäíûõ ëîãè÷åñêèõ

ñõåì, íà âûõîäàõ êîòîðûõ äîìèíèðóþò ñèììåòðè÷íûå îøèáêè. Ó÷èòûâàÿ

âûñîêóþ êðàòíîñòü íåîáíàðóæèâàåìûõ êîäîì ìîíîòîííûõ è àñèììåòðè÷-

íûõ îøèáîê, ìîæíî ïîñòðîèòü ñòðóêòóðû ñî 100%-íûì îáíàðóæåíèåì

ëþáûõ îäèíî÷íûõ íåèñïðàâíîñòåé â áëîêå F (x) ïðè óñëîâèè îòñóòñòâèÿ

ïóòåé, âåäóùèõ îò âíóòðåííèõ ëîãè÷åñêèõ ýëåìåíòîâ êîíòðîëèðóåìûõ

óñòðîéñòâ ê d � 3 âûõîäàì. Äëÿ ìíîãîâûõîäíûõ ñõåì ÑÔÊ íà îñíîâå SED

(m, k)-êîäîâ ìîæåò áûòü ïîñòðîåíà ïîñðåäñòâîì âûäåëåíèÿ ãðóïï ñèììåò-

ðè÷íî íåçàâèñèìûõ âûõîäîâ (ïî àíàëîãèè ñ ìåòîäîì, îïèñàííûì â [29]).
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Äîñòîèíñòâîì ðàññìàòðèâàåìûõ êîäîâ ÿâëÿåòñÿ òàêæå íàëè÷èå ìåíåå
æåñòêèõ îãðàíè÷åíèé íà òåñòèðóåìîñòü êîíòðîëüíîãî îáîðóäîâàíèÿ. Ïî-
ñðåäñòâîì ðàâíîìåðíîãî ðàñïðåäåëåíèÿ èíôîðìàöèîííûõ âåêòîðîâ ìåæ-
äó âñåìè êîíòðîëüíûìè âåêòîðàìè äëÿ SED (4, 3)-êîäîâ ãîðàçäî ïðîùå
îáåñïå÷èòü ñâîéñòâî ïîëíîé ñàìîïðîâåðÿåìîñòè, ÷åì äëÿ êëàññè÷åñêèõ
êîäîâ Áåðãåðà. Êîäû, îðèåíòèðîâàííûå íà îáíàðóæåíèå 100 % ñèììåòðè÷-
íûõ îøèáîê, íåñìîòðÿ íà æåñòêèå îãðàíè÷åíèÿ èõ êëàññà, ìîæíî ïðèìå-
íÿòü ïðè îðãàíèçàöèè íàäåæíûõ äèñêðåòíûõ ñèñòåì.

ÑÏÈÑÎÊ ËÈÒÅÐÀÒÓÐÛ

1. Nicolaidis M., Zorian Y. On-Line Testing for VLSI — À Compendium of Approaches //
Journal of Electronic Testing: Theory and Applications. — 1998. — ¹12. — P. 7—20.

2. Mitra S., McCluskey E.J. Which Concurrent Error Detection Scheme to Ñhoose? // Proc. of
International Test Conference, 2000. USA, Atlantic City, NJ, 03-05 October 2000. —
Ð. 985—994.

3. Äðîçä À.Â. Íåòðàäèöèîííûé âçãëÿä íà ðàáî÷åå äèàãíîñòèðîâàíèå âû÷èñëèòåëüíûõ
óñòðîéñòâ // Ïðîáëåìû óïðàâëåíèÿ. — 2008. — ¹ 2. — Ñ. 48—56.

4. McCluskey, E.J. Logic Design Principles: With Emphasis on Testable Semicustom Circuits. —
New Jersey : Prentice Hall PTR, 1986. — 549 p.

5. Ñîãîìîíÿí Å.Ñ., Ñëàáàêîâ Å.Â. Ñàìîïðîâåðÿåìûå óñòðîéñòâà è îòêàçîóñòîé÷èâûå
ñèñòåìû. — Ì. : Ðàäèî è ñâÿçü, 1989. — 208 ñ.

6. Pradhan D.K. Fault-Tolerant Computer System Design. — N Y : Prentice Hall, 1996. — 560 p.

7. Fujiwara E. Code Design for Dependable Systems: Theory and Practical Applications. —
New Jersey: John Wiley & Sons, 2006. — 720 p.

8. Lala P.K. Principles of Modern Digital Design. — New Jersey: John Wiley & Sons, 2007. —
419 p.

9. Ñàïîæíèêîâ Â.Â., Ñàïîæíèêîâ Âë.Â. Ñàìîïðîâåðÿåìûå äèñêðåòíûå óñòðîéñòâà. —
ÑÏá: Ýíåðãîàòîìèçäàò, 1992. — 224 ñ.

10. Ñàïîæíèêîâ Â.Â., Ñàïîæíèêîâ Âë.Â., Åôàíîâ Ä.Â., ×åðåïàíîâà Ì.Ð. Ìîäóëüíûå êîäû
ñ ñóììèðîâàíèåì â ñèñòåìàõ ôóíêöèîíàëüíîãî êîíòðîëÿ. I. Ñâîéñòâà îáíàðóæåíèÿ
îøèáîê êîäàìè â èíôîðìàöèîííûõ âåêòîðàõ // Ýëåêòðîí. ìîäåëèðîâàíèå. — 2016. —
38, ¹2. — Ñ. 27—48.

11. Ñàïîæíèêîâ Â.Â., Ñàïîæíèêîâ Âë.Â., Åôàíîâ Ä.Â., ×åðåïàíîâà Ì.Ð. Ìîäóëüíûå êîäû
ñ ñóììèðîâàíèåì â ñèñòåìàõ ôóíêöèîíàëüíîãî êîíòðîëÿ. II. Óìåíüøåíèå ñòðóêòóð-
íîé èçáûòî÷íîñòè ñèñòåì ôóíêöèîíàëüíîãî êîíòðîëÿ // Òàì æå. — 2016. — 38, ¹ 3. —
Ñ. 47—61.

12. Morosow A., Sapozhnikov V.V., Sapozhnikov Vl.V., Goessel M. Self-Checking Combina-
tional Circuits with Unidirectionally Independent Outputs // VLSI Design. — 1998. — Vol. 5,
Issue 4. — P. 333—345.

13. Busaba F.Y., Lala P.K. Self-Checking Combinational Circuit Design for Single and Unidi-
rectional Multibit Errors // Journal of Electronic Testing: Theory and Applications. — 1994. —
Issue 1. — P. 19—28.

14. Ñàïîæíèêîâ Â.Â., Ñàïîæíèêîâ Âë.Â., Åôàíîâ Ä.Â. Êëàññèôèêàöèÿ îøèáîê â èíôîð-
ìàöèîííûõ âåêòîðàõ ñèñòåìàòè÷åñêèõ êîäîâ // Èçâ. âóçîâ. Ïðèáîðîñòðîåíèå, 2015. —
58, ¹5. — Ñ. 333—343. DOI: 10.17586/0021-3454-2015-58-5-333-343.

15. Berger J.M. À Note on Error Detecting Codes for Asymmetric Channels // Information and
Control. — 1961. — Vol. 4, ¹ 1. — P. 68—73.

Â.Â. Ñàïîæíèêîâ, Âë.Â. Ñàïîæíèêîâ, Ä.Â. Åôàíîâ

56 ISSN 0204–3572. Electronic Modeling. 2017. V. 39. ¹ 3



16. Åôàíîâ Ä.Â., Ñàïîæíèêîâ Â.Â., Ñàïîæíèêîâ Âë.Â. Î ñâîéñòâàõ êîäà ñ ñóììèðîâàíèåì
â ñõåìàõ ôóíêöèîíàëüíîãî êîíòðîëÿ // Àâòîìàòèêà è òåëåìåõàíèêà. — 2010. — ¹ 6. —
Ñ. 155—162.

17. Bose B., Lin D.J. Systematic Unidirectional Error-Detection Ñodes // IEEE Trans. Comput. —
1985.— Vol. C-34, Nov. — P. 1026—1032.

18. Piestrak S.J. Design of Self-Testing Checkers for Unidirectional Error Detecting Codes. —
Wroc�aw: Oficyna Wydawnicza Politechniki Wroc�avskiej, 1995. — 111 p.

19. Sapozhnikov V., Sapozhnikov V., Efanov D. Modular Sum Code in Building Testable Dis-
crete Systems // Proc. of 13th IEEE East-West Design & Test Symposium (EWDTS`2015).
Batumi, Georgia, September 26—29, 2015. — P. 181—187. DOI: 10.1109/EWDTS2015.
7493133.

20. Dong H. Modified Berger Codes for Detection of Unidirectional Errors // IEEE Transaction
on Computers. — Vol. C-33, June 1984. — P. 572—575.

21. Jha N.K., Vora M.B. A t-Unidirectional Errors-Detecting Systematic Code // Computers &
Mathematics with Applications. — 1988. — Vol. 16, No. 9. — P. 705—714.

22. Parhami B. New Class of Unidirectional Error-Detection Codes // Proc. of IEEE Interna-
tional Conference on Computer Design: VLSI in Computers and Processors 14-16 Oct. 1991
(ICCD'9) — Cambridge, MA. — P. 574—577.

23. Das D., Touba N.A. Weight-Based Codes and Their Application to Concurrent Error
Detection of Multilevel Circuits // Proc. of 17th IEEE Test Symposium. — USA, California,
1999. — P. 370—376.

24. Ñàïîæíèêîâ Â.Â., Ñàïîæíèêîâ Âë.Â., Åôàíîâ Ä.Â., Íèêèòèí Ä.À. Èññëåäîâàíèå
ñâîéñòâ êîäîâ ñ ñóììèðîâàíèåì ñ îäíèì âçâåøåííûì èíôîðìàöèîííûì ðàçðÿäîì â
ñèñòåìàõ ôóíêöèîíàëüíîãî êîíòðîëÿ // Ýëåêòðîí. ìîäåëèðîâàíèå. — 2015. — 37, ¹ 1. —
Ñ. 25—48.

25. Ñàïîæíèêîâ Â.Â., Ñàïîæíèêîâ Âë.Â., Åôàíîâ Ä.Â. Êîíòðîëü êîìáèíàöèîííûõ ñõåì
íà îñíîâå êîäîâ ñ ñóììèðîâàíèåì ñ îäíèì âçâåøåííûì èíôîðìàöèîííûì ðàçðÿäîì //
Àâòîìàòèêà íà òðàíñïîðòå. — 2016. — 2, ¹ 4. — Ñ. 564—597.

26. Ñàïîæíèêîâ Â.Â., Ñàïîæíèêîâ Âë.Â., Åôàíîâ Ä.Â., Äìèòðèåâ Â.Â. Íîâûå ñòðóêòóðû
ñèñòåì ôóíêöèîíàëüíîãî êîíòðîëÿ ëîãè÷åñêèõ ñõåì // Àâòîìàòèêà è òåëåìåõàíèêà. —
2017. — ¹ 2. — Ñ. 127—143.

27. Áëþäîâ À.À., Åôàíîâ Ä.Â., Ñàïîæíèêîâ Â.Â., Ñàïîæíèêîâ Âë.Â. Ïîñòðîåíèå ìîäèôèöè-
ðîâàííîãî êîäà Áåðãåðà ñ ìèíèìàëüíûì ÷èñëîì íåîáíàðóæèâàåìûõ îøèáîê èíôîð-
ìàöèîííûõ ðàçðÿäîâ // Ýëåêòðîí. ìîäåëèðîâàíèå. — 2012. — 34, ¹ 6. — Ñ. 17—29.

28. Hamming R.W. Error Detecting and Correcting Codes // Bell System Technical Journal. —
1950. — 29 (2). — P. 147—160.

29. Ãåññåëü Ì., Ìîðîçîâ À.À., Ñàïîæíèêîâ Â.Â., Ñàïîæíèêîâ Âë.Â. Èññëåäîâàíèå êîìáè-
íàöèîííûõ ñàìîïðîâåðÿåìûõ óñòðîéñòâ ñ íåçàâèñèìûìè è ìîíîòîííî íåçàâèñèìûìè
âûõîäàìè // Àâòîìàòèêà è òåëåìåõàíèêà. — 1997. — ¹ 2. — Ñ. 180—193.

Ïîñòóïèëà 23.01.17

REFERENCES

1. Nicolaidis, M. and Zorian, Y. (1998), “On-line testing for VLSI – a compendium of ap-
proaches”, Journal of Electronic Testing: Theory and Applications, no. 12, pp. 7-20.

2. Mitra, S. and McCluskey, E.J. (2000), “Which concurrent error detection scheme to choose?”,
Proceedings of International Test Conference, USA, Atlantic City, NJ, October 03-05, 2000,
pp. 985-994.

3. Drozd, A.V. (2008), “Untraditional view of operational diagnostics of computing devices”,
Problemy upravleniya, no. 2, pp. 48-56.

Êîäû ñ ñóììèðîâàíèåì, îáíàðóæèâàþùèå ëþáûå ñèììåòðè÷íûå îøèáêè

ISSN 0204–3572. Ýëåêòðîí. ìîäåëèðîâàíèå. 2017. Ò. 39. ¹ 3 57



4. McCluskey, E.J. (1986), Logic Design Principles: With Emphasis on Testable Semicustom
Circuits, Prentice Hall PTR, New Jersey, USA.

5. Sogomonyan, E.S. and Slabakov, E.V. (1989), Samoproveryaemyye ustroystva i otkazous-
toychivye sistemy [Self-checking devices and fault-tolerant systems], Radio i svyaz, Mos-
cow, Russia.

6. Pradhan, D.K. (1996), Fault-tolerant computer system design, Prentice Hall, New York,
USA.

7. Fujiwara, E. (2006), Code design for dependable systems: Theory and practical applications,
John Wiley & Sons, New Jersey, USA.

8. Lala, P.K. (2007), Principles of Modern Digital Design, John Wiley & Sons, New Jersey,
USA.

9. Sapozhnikov, V.V. and Sapozhnikov, Vl.V. (1992), Samoproveryaemye diskretnye ustroystva
[Self-checking discrete devices], St. Petersburg, Energoatomizdat, Russia.

10. Sapozhnikov, V.V., Sapozhnikov, Vl.V., Efanov, D.V. and Cherepanova, M.R. (2016),
“Modulo codes with summation in concurrent error detection systems. I. Ability of modulo
codes to detect error in data vectors”, Elektronnoe modelirovanie, Vol. 38, no. 2, pp. 27-48.

11. Sapozhnikov, V.V., Sapozhnikov, Vl.V., Efanov, D.V. and Cherepanova, M.R. (2016),
“Modulo codes with summation in concurrent error detection systems. II. Decrease of hard-
ware redundancy of concurrent error detection systems”, Elektronnoe modelirovanie,
Vol. 38, no. 3, pp. 47-61.

12. Morosow, A, Sapozhnikov, V.V., Sapozhnikov, Vl.V. and Goessel, M. (1998), “Self-check-
ing combinational circuits with unidirectionally independent outputs”, VLSI Design, Vol. 5, Iss.
4, pp. 333-345.

13. Busaba, F.Y. and Lala, P.K. (1994), “Self-checking combinational circuit design for single
and unidirectional multibit errors”, Journal of Electronic Testing: Theory and Applications,
Vol. 5, Iss. 5, pp. 19-28.

14. Sapozhnikov, V.V., Sapozhnikov, Vl.V. and Efanov, D.V. (2015), “Errors classification in
information vectors of systematic codes”, Izvestiya Vysshikh Uchebnykh Zavedeniy. Pribo-
rostroenie, Vol. 58, no. 5, pp. 333-343. DOI 10.17586/0021-3454-2015-58-5-333-343.

15. Berger, J.M. (1961), “À note on error detecting codes for asymmetric channels”, Information
and Control, Vol. 4, no. 1, pp. 68-73. DOI: 10.1016/S0019-9958(61)80037-5.

16. Efanov, D.V., Sapozhnikov, V.V. and Sapozhnikov, Vl.V. (2010), “On sum code properties
in functional control systems”, Avtomatika i telemekhanika, no. 6, pp. 155-162.

17. Bose, B. and Lin, D.J. (1985), “Systematic unidirectional error-detection codes”, IEEE
Transactions on Computers, Vol. C-34, pp. 1026-1032.

18. Piestrak, S.J. (1995), Design of self-testing checkers for unidirectional error detecting codes,

Oficyna Wydawnicza Politechniki Wroc�avskiej, Wroc�aw, Poland.
19. Sapozhnikov, V., Sapozhnikov, Vl. and Efanov, D. (2015), “Modular sum code in building

testable discrete systems”, Proceedings of 13th IEEE East-West Design & Test Symposium
(EWDTS`2015), Batumi, Georgia, September 26-29, 2015, pp. 181-187. DOI 10.1109/
EWDTS.2015.7493133.

20. Dong, H. (1984), “Modified Berger codes for detection of unidirectional errors”, IEEE
Transaction on Computers, Vol. C-33, June 1984, pp. 572-575.

21. Jha, N.K. and Vora, M.B. (1988), “A t-unidirectional errors-detecting systematic code”,
Computers & Mathematics with Applications, Vol. 16, no. 9, pp. 705-714.

22. Parhami, B. (1991), “New class of unidirectional error-detection codes”, Proc. of IEEE In-
ternational Conference on Computer Design: VLSI in Computers and Processors. Oct.
14-16, 1991 (ICCD ‘9), Cambridge, MA, pp. 574-577.

23. Das, D. and Touba, N.A. (1999), “Weight-based codes and their application to concurrent er-
ror detection of multilevel circuits”, Proceedings of the 17th IEEE Test Symposium, USA,
California, pp. 370-376.

Â.Â. Ñàïîæíèêîâ, Âë.Â. Ñàïîæíèêîâ, Ä.Â. Åôàíîâ

58 ISSN 0204–3572. Electronic Modeling. 2017. V. 39. ¹ 3



24. Sapozhnikov, V.V., Sapozhnikov, Vl.V., Efanov, D.V. and Nikitin, D.A. (2015), “Research
of sum codes with one weighted data bit properties in concurrent error detection systems”,
Elektronnoe modelirovanie, Vol. 37, no. 1, pp. 25-48.

25. Sapozhnikov, V.V., Sapozhnikov, Vl.V. and Efanov, D.V. (2016), “Checking of combina-
tional circuits, based on sum codes with one weighted data bit”, Avtomatika na transporte,
Vol. 2, no. 4, pp. 564-597.

26. Sapozhnikov, V.V., Sapozhnikov, Vl.V., Efanov, D.V. and Dmitriev, V.V. (2017), “New
structures of the concurrent error detection systems for logic circuits”, Avtomatika i tele-
mekhanika, no. 2, pp. 127-143.

27. Blyudov, A.A., Efanov, D.V., Sapozhnikov, V.V. and Sapozhnikov, Vl.V. (2012), “Forma-
tion of the Berger modified code with minimum number of undetectable errors of data bits”,
Elektronnoe modelirovanie, Vol. 34, no. 6, pp. 17-29.

28. Hamming, R.W. (1950) “Error Detecting and Correcting Codes”, Bell System Technical
Journal, Vol. 29, no. 2, pp. 147-160.

29. Goessel, M., Morozov, A.A., Sapozhnikov, V.V. and Sapozhnikov, Vl.V. (1997), “Investi-
gation of Combination Self-testing Devices Having Independent and Monotone Independent
Outputs”, Automation and Remote Control, Vol. 58, no. 2, pp. 180-193.

Received 23.01.17

V.V. Sapozhnikov, Vl.V. Sapozhnikov, D.V. Efanov

CODES WITH SUMMATION DETECTING ANY SYMMETRIC ERRORS

Features of errors arising in separable codes data vectors have been considered. The classification
of codes oriented to the 100% detection of specific type errors has been formed. Separable codes
detecting any symmetric fault in data vector have been analyzed in detail. Conditions of forma-
tion of codes detecting all symmetric errors have been stated; some examples are given.

K e y w o r d s: technical diagnostics of discrete systems, separable codes, Berger code, data
vectors errors classification.
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