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OLIEHKA BEPOSITHOCTHU OIIWBOYHOM MHTEPIPETAIIUU
PE3YJIBTATOB IIIP-AHAJIN3A. 4.2. METOAUKA YYETA
OIINBOK, CBA3AHHbBIX C YEJOBEYECKUM ®AKTOPOM

Ha npumepe paboTs! npubopa [yt nmpoBeeHns reHerndeckoro anainnza cepun "HAHO®OP 05" paccmoTtpeHs! uc-
TOYHHMKH BO3MOXHOW OIMIMOKHM, CBsI3aHHbIE C PabOTOi denoBeka-oneparopa. Ha ocHOBe M3BECTHBIX MOJENCH U IM-
MTUPUUECKHUX TTapaMEeTPOB MPOBeeHA KilacCH(UKAIMS U CXEMaTH3alus ONIMO0K, XapaKTePHbIX IJIS Pa3IMYHBIX 3Ta-
noB paboTsl. [IpeioskeHHbIe CXEMBI M allTOPUTMBI pacdyeTa MOTYT ObITH 0000IIEHbI Ha ciTy4yaid paboThl ¢ mpudopa-
MU JPYTHX THIOB, MPEAINOJaraloliuX JAUAIOTOBBIA PEXUM B3aMMOJCUCTBUS omepaTop — mpubop. Taxke omucaH
OJIMH U3 U3BECTHBIX TECTOB Ha Pa3BUTHE BHUMATEIHHOCTH, OTHOCSIIUICS K KOPPEKTYPHBIM MPodam, paboTa ¢ KOTo-
PBIM MOKET YMEHBIIUTh YUCIIO OMIMOOK, BBI3BAHHBIX BIMSHHEM 4delloBedecKoro ¢axropa. B nemom ¢axrop cyOonek-
TUBHBIX YEJOBEUECKHUX OMMOOK MEHEE 3HAYMM [0 CPABHEHHUIO C OTKa3aMH 3JIEMEHTOB IPHOOPOB WIIH/M HEKOPPEKT-
HOCTBIO (pOpPMHUPOBaHMUS WH(POPMATHBHOTO CHTHAJTa — KWHETHYECKOH KPHUBOW IOJIMMEpA3HOH IEMHOH peakmuu
B peaJbHOM BpPEMEHHM, HalpHuMep, N0 NMpUYMHE MHTHOWPOBAHUS PEakiMu, 00pa3oBaHMS ITy3bIpEH B peakIMOHHON

KaMmepe U T.II.

Kn. cn.: ommbka yenoBeka-oneparopa, BEpOsTHOCTh OMUOKH, COYETAHUE YCIIOBUH, TUIT OTIEpAIlUH, TECT
Ha BHUMATEIIbHOCTh, OPraHM3alMOHHbIC U TeXHHYECKHE (PaKTOPHI

BBEJEHUE

B kadectBe mpmMepa paccMaTpuBaeTCs IpOBee-
Hue a”anu3a Ha npudope cepun "HAHODOP 05" [1]
(MucTHTYT aHanmuTHdeckoro mpubdopoctpoenuss PAH,
CII6.). OnepaTop MNPOBOAMT AOCTATOYHO JUITMHHYIO
MOCTIEIOBATENIFHOCTh OTEpalfii pa3Horo THWIA, OC-
HOBHBIE M3 KOTOPBIX: BBIOOp HYKHOTO BapHaHTa
W3 BBINAJIAIONIETO CIKCKA, Ha)KaTHEe KHOIMKH, HAOOp
MOCIIEIOBATEIFHOCTH CHMBOJIOB (Ha3BaHue (haiina,
THUI KATUOPOBKH U T.I1.) [2].

Jis  OlIEHKH BEpPOATHOCTH OIMUOKH dYeloBeKa-
oreparopa MpoBejeHa KiacCu()UKaIus ero AeHCTBUH
M pacdeT BEPOSTHOCTH OIMMOOK U Ka)XIOTO THIIA
orepanuii Ha OCHOBE U3BECTHBIX PACUETHBIX METOUK.
Hekoropsle TUIBI onepanuii MOBTOPSIOTCS HEOMHO-
KpaTHO, YTO YYNUTHIBAETCS B pacueTHOU (hopmyure.

BA30BBIE ITIOJIOXKEHUSA

OcHoBoil siBnsieTcs MHCTPYKIMS 1O 3KCIITyaTauu
npudopa "HAHO®OP 05" [2]. Ilepedens peiicTBuit
OIepaTopa IpU MPOBENCHUHM I'€HETHUECKOrO aHalIu3a
METOI0OM KalWUIAPHOTO 3JeKTpodope3a npu ¢iyo-
PECLIEHTHOM JI€TEKTHPOBAHUU COJEPKUT CIEAYIOLIHUN
Ha0Op, BKIIOYAIONINI 7 THIIOB Pa3IMIHBIX CXEMAaTHU-
HpIX onepauui. [Ipm 3TOM U1 OTAENBHBIX THIIOB
oTeparnyii ykazaH BU/I OIINOKH.
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1. Haxarme KHONKH B MEHIO (HampuMep, BKIFOUe-
HHUeE MpuOOpa, 3aIyCK aHalIMu3a U T.I1.) C MOATBEpPXKIe-
HUEM C ITOMOIIBIO IIBETOBOW WHIUKAIINH.

2. Haxarue xHomku B MeHIO (Hampumep, Ilpu-
HAMb 0anHble) C TIONTBEPKICHUEM OIEpalliy B BUJIE
BCIUIBIBAIOIIETO COOOILICHHUS.

3. Breibop BapumaHTa mpu mpocTeiiei ajgsTepHa-
tuse Jla/Het (Hanpumep, Cozdams npoexm).

4. BpIOOp HYXHOH CTPOKH M3 BBIAJAIONIETO CIIU-
CKa TMPUHLOWIIHANGHO pPa3NWYHONW HHBI OT 3—4
10 mpuMepHo 50 cTpok.

5. Pyunoii Habop a) uMmeH ¢aitioB / moiap30Bare-
nei, 0) mporpaMM H3MEpEHUs U T.I1.

[Ipu nepBom BapuaHTe (a) HabupaeTcs mocaeI0Ba-
TEJIHHOCTH CHMBOJIOB, IIpH BTOpOoM (0) — Habop Impu-
MepHOo 10 umcen (Temmeparypsl, HAIpsDKEHUS W T.II.)
13 331aHHOTO UAIla30Ha.

6. BpIOOp M3 BBHIMAAaOUIEro CIHCKa HYKHOW Ka-
mubpoBku u3 mpumepHo 20 BapmaHTOB. TpelOyercs
IpoBepKa BbIOOpa — I[BETOBAs U TEKCTOBAas MHIMKA-
s (3eTICHBIM WHIUKATOP CO CIOBOM Xopouiee Kaue-
cmeo Kanubpoexku). AHaIu3 MO BCEM KalWUIIpaM.
[lpu oOHapyxeHHH Y0061emeopumenvHozo Wi
IInoxozo kauecmea KanubpoeKu MO OTAEIBHOMY Ka-
NWUIAPY (MHAWKATOPHI XKEITHIA M KPACHBIH) H3MEHHUTD
BBIOOP MAaTpHIBI W TPOU3BECTH TEPEyCTAHOBKY 2—3
napamMeTpoB IPOTrPaMMBI.
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7. Yuer HyMepauuu psIOB B IUIAHIIETE (BO3MOXK-
Hasg omMOKa B OTCYEeTe: HE CBEpPXy BHHU3, a CHU3Y
BBEpX).

OOmme acneKTsl METOAMKH pacueTa OLIHOOK, CBSI-
3aHHBIX C YEJIOBEYECKHM (AKTOPOM, MPEACTABICHBI
B pabote [3]. KimtoueBast ¢hopMyna pacueTa BEpOsSTHO-
¢ty omnOKku umeeT Bu (1):

HEP = GEP 1} (R()(W (i) —1) +1), (1)

rae n — oOlIllee YMCIIO BapHaHTOB YCJIOBWH, MPHUBO-
JSIIMX K OIIMOKaM MpH peann3aldy 4eI0BEKOM pac-
cMaTpuBaeMon AesaTenbHoCcTH; R(i) — koa(dummen-
Thl B&)KHOCTH IIpH COYETAaHUM yciaoBui. OlieHHBaHUE
WHTEHCHBHOCTH TPOSIBIECHUS 3TUX YCJIOBHUN (OHO Ha-
XOJIUT OTpaXeHHE B 'pacnpeneneHuH" BEIUYUH KO-
3¢ ¢uIUMeHTOB BakHOCTU R(I) MEXIy COYCTaHUSIMU
YCIIOBHUI, 4TO Jenaercsi, Kak IMPaBHIIO, DKCHEPTHBIM
nyteM); cymma R(i) paBHa 1; W(i) — unentudukamus
YCIIOBHil, IPUBOAAIINX K OMIMOKE dYeJIoBeKa B IPO-
L[ECCE pacCMaTPUBAEMOM EATENBHOCTH MOCPEACTBOM
3a/1aHNs/BBIOOpA BECOBEIX KodddummerToB W(i).

B namem cnyyae n paBHO 7 B COOTBETCTBUU C BBI-
OpanHbIMU TUTIaMU onepanuii. KoadduimeHnT BaxxkHo-
cti OyleM Tmoyaratb NPSMO IPOIIOPIHUOHATHHBIM
YHCIy TOBTOPOB OMNEpaluil OINpeNeIeHHOr0 THIIA.
B pamkax 3To#l THIIOTE3BI BEPOSITHOCTH OIIMOKH TPH
OJIHOKPATHOM BBINOJIHEHUU ONEpali ONpeAeIeHHO-
T0 THIIA 3a/1aeTCs MHOXKHTENeM W(7).

[epBoiii MacmiTabHbIl MHOXHUTEN, GEP Oynem
XapaKTepHU30BaTh CJIEIYIOMIUM CTaTyCOM COBOKYITHO-
CTH 3a/1a4 U KBATU(HUKAIIUHN ONIepaTopa/moIb30BaTes:

"[loyHOCTBIO 3HAKOMasi, XOpOIIo CHOPMYJIIUPO-
BaHHAs, B BBICOKOW CTENEHW MNpaKTHYecKas 3ajada,
BO3HUKAIOLIAasi HECKOJIBKO pa3 B IEHb U BBINOJIHAEMAs
COTJIACHO HAWJIY4YIIMM W3 BO3MOXKHBIX CTaHIAPTOB
BBICOKOMOTHBHPOBAHHBIM, XOPOILLIO 00y4YEHHBIM M OITBIT-
HBIM TIEPCOHANOM, TpPU HAIWYUM BPEMEHHU I HC-
MpaBlieHUs] TIOTEHIMAIBHONW OIMMOKH, HO 0e3 3Hadh-
TEJILHOW TIOMOIIH B paboTe" ¢ BEpPOATHOCTHIO OMIMOKH
GEP, pasnoii 0.0004.

W3 nabopa BecoBhIX KO3((UIMEHTOB YCIOBUH,
pPaccMOTpPEHHBIX B [3] W CBA3aHHBIX C MPOBOJAMMBIMHU
ONepaTopoM NAEUCTBUSIMH [2], OrpaHMYMMCS 3Haye-
HusSMH W(i), KOTOpBIE MOTYT COOTBETCTBOBATH BBI-
OpaHHBIM 7 KJlaccaMm 3a/1ad.

C1, HeusBeCTHasl CHUTYyallus, TMOTCHIUATHHO BaXK-
Hasi, HO CITy4aromiascs He4acTo WK BIiepBbie, — 17.

C2, neduuuT BpeMEeHH IS ONpENENeHUs U KOp-
pexiun ommokn — 11.

C3, oTCyTCTBHE OYEBHIHBIX CIIOCOOOB OTMEHBI
HenpeIHaMEePEHHBIX JeicTBHI — 8.

C4, HeoOXOAMMOCTH 3a0BITh MPUBBIYHYIO METO/HU-
Ky ¥ MPUMEHUTH JAPYTYyI0, OCHOBAaHHYIO Ha aJIbTEpPHa-
THUBHBIX TOJX0/AaxX, — 6.

C5, cnabasi, HeonpeAeJICHHAs WM HECTPYKTYpH-
pOBaHHas CCTeMHasi o0paTHas CBsi3b — 4.
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C6, HeT SICHBIX, NPAMBIX U CBOEBPEMEHHBIX MOJ-
TBEPKIEHUI HAMEUEHHBIX JIEUCTBUNA CO CTOPOHBI TOM
YaCTH CHCTEMBbI, 10 OTHOLIEHUIO K KOTOPOH OCYILECT-
BIISIeTCS yIpaBieHue, — 3.

(7, HEOTBITHBIN oTIepaTop (HaIpUMep, TOIBKO YTO
MOJTYYMBIIMH KBAJIM(HUKALNIO, HE OTHOCALIMUCS K Ka-
teropun "3xcrept') — 3.

(8, masiasi WM HE BIIOJIHE HE3aBHCHMAs MPOBEpKa
(TecTupoBaHue) pe3yabTaTOB — 3.

(9, HECOOTBETCTBHE YPOBHS 00ydeHHsI IIepcoHaa
TpeOOBaHMSIM 3aaHus] — 2.

C10, BBICOKHMI ypOBEHb 3MOLMOHAIBLHOTO CTpPEC-
ca— 1.3.

Cnenyer oOpaTHTh BHMMaHHUE, YTO B paccMaTpu-
BaeMOM JaJie€ MOJICIIBHOM BapHaHTE pacueTa BEIOpa-
HbI U HCIOJB30BaHbI HE BCE U3 MPEIIOKEHHBIX BBIIIC
BO3MOJKHBIX (0KHJIAEMBIX) YCIOBHM pealn3alui de-
JoBeuyeckoi ommoOku. OHAKO TPUMEHUTEIHHO K JIPY-
MM AHAJIOTUYHBIM TUIIAM MPUOOPOB YCJIOBUS MOTYT
OBITh WHBIE, KaK BXOMAIINE B YKa3aHHYIO "mecsaTky',
Tak u He Bxomsume. B padore [3] atoT Habop ycio-
BHI pacIIMpeH.

PACYETHBIE OIIEHKH BEPOSITHOCTEMR .
OIIMUBKU JJIA KAXKIO0T'O TUIIA OIIEPALIUU

Onepauvm COOCTBEHHO aHAJIH3A

PaccMoTpuM  ynpoIIEHHBIM MOJENbHBIA aHAJIoOr
¢ BBIOOPOM YMEHBIIIEHHOTO WJITIOCTPATUBHOTO YHCIIA
MOBTOPOB KaxxaoW omnepauuu. lIpu wncrnonbs3zoBaHuuM
WHctpykuun mo skcmyaTauuu npubdopa "HAHO-
®OP 05" [2] MmoxHO Oo0JIee TOYHO yKa3aTh YHCIIO TO-
BTOPEHUU IEUCTBUM KaKI0TO THUIIA.

Bunb! onepanuii 1 IPUMEPHOE YUCIO UX IIOBTOpPE-
HUH.

1. Haxarne xHOmIKM B MeHIO (Hampumep, Bxiiwo-
yenue nipudopa, Buo kanuopoeku v T.11.) C TIONTBEP-
JKJIEHHUEM C TIOMOIIBIO IIBETOBOH (3€CHON Min Kenl-
TOM) MHIUKAIIAH.

Ommbka MOeT OBITh CBs3aHAa, CKOpee BCEro, UcC-
KITFOUYNTEIHHO C BBICOKMM ypoBHeM ctpecca (C10).
Yacroe MOBTOpEHME 3TOTO NEHCTBHS HE MpEAroara-
ercsi. Berpeuaercs no kpaitneit mepe tpuxasl. W(1) =
= 1.3, yucno noBTOPOB 3.

2. Haxarue xHomku B MeHIO (Hampumep, Ilpu-
HAmMb 0anHble) C TIONTBEPKACHUEM OIEpalii B BHJIE
BCIUTBIBAIOIIETO COOOIICHUSI.

Hcrounnk ommOKky cXok ¢ mpenbiaynM. OmHako
BCIUIBIBAIOIIEE COOOIIEHHE SIBISIETCS. MEHEEe Hamexk-
HBIM WHAMKATOPOM IO CPaBHEHHIO C IIBETOBOW MHIH-
Kaluen, T.K. TEKCT COOOIIEHHSI MOXKET OBITh BOCHIPH-
HAT HEBEPHO, MpaB/ia, C JOCTaTOYHO MaJIOH BEPOSITHO-
cTeto. TakuM 00pa3oM, MOMHMO BBICOKOTO YPOBHS
crpecca (C10) moxkHO ToBOpUTH Tpo (C6) (oTCyTCT-
BUE MOJTBEPKIECHUNA HAMEUEHHBIX JEUCTBUUA CO CTO-
POHBI  CHCTEMBI, IO OTHOUIEHHIO K KOTOpOH
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ocyecTBisieTca ynpasienue). Eciu Bropoit daktop
CYNTATh CYNIECTBEHHO MEHEE BEPOSITHBIM (Hampumep,
5%), To MEOXKHTETs W(2)=0.95-1.3 +0.05-3 = 1.385.

[MomoOHast cxema ACWCTBUH MOXET OBITH MPH OT-
KPBITUH HOBBIX OKOH. B ciydae cioxxHoro anropurma
aHalM3a TaKuX OIlepaluii MOxeT ObITh He MeHee 10
(151 MOZIETBHOM OTIEHKHM PUMeEM 3HadeHue 15).

3. BriOop BapuaHTa TpH NpocTeiiieil anbrepHa-
tue [a/Her (manpumep, Cozdams npoexm). Anaio-
TMYHBIMHM ~ IIPEACTABIAIOTCS  aJbTepHaTHBbl  lIpu-
Hate/OTMena wiu [lanee/Otmena. [lpencrasisiercs,
9YTO UCTOYHHMK omMOKHM aHanormueH . 1. IToBropse-
MOCTh He MeHee 5 pa3. Ilpumem B kKauecTBe MOJEINb-
HOTO 3HaueHus 7.

4. BpiOop W3 BBINAJAIOIIETO CIUCKA MPUHIHIIN-
aTpbHO Pa3NMYHON IMHBI OT 3—4 mo mpumepHo 50.
K nepBoMy ciydaro mposiBIeHUs TaKoi OINOKH OTHO-
CHUTCS BBIOODP M3 BApUAHTOB

Obpasey,

Tonoscumenvuuiii /ompuyamenvhvlii KOHMPOb,

Annenvhas necmuuya.

Ko Bropomy — cnncok BapuaHTOB 110 HabOpy Kpa-
cureneil. Cxema Ananuza n Cmanoapm BeIOHpaIOTCS
M3 KOPOTKOTO BBINMAJAIONIETO CIHCKa Mo BceM 96
ga4yeiikaM. B 3TOM ciydae MCTOYHHMKHM OMIMOKH MOTYT
ObITh Oontee pa3sHOOOpa3HBIMHU, T.K. OHH KacaioTcs He
TOJIBKO BBIOOpA HY’KHOM IMO3HMLUH U3 CIHCKA, HO U TIO-
TBEPIK/ICHUS OIIMOOYHOTO BHIOOPA.

Ecnyn ykpynHUTH nepBylo 4acTh — OIINOKA BBIOO-
pa Hy)XHOW BBHINAAAIOUICH CTPOKH M3 CIHCKA, B T.4U.
JUTMHHOTO, C TIPUCYTCTBHEM OOJBIIOTO YHCIA CIIOB
C Ha3BaHHMEM IOJIUMEpa, JJIMHOW Kamwuisipa U T.II.,
TO ommOKa MpH BBIOOpE HE BBIABISAETCS MPOTPAMM-
HBIM CHOCOOOM, M ee KiacCu(HUKalKs MOXKET OTHO-
cuThCs Kak K myHKTY (C5), Tak u k nmyHkry (C6). Ilon-
TBEpXKIECHHE OIIMOOYHO CIIEJIAHHOTO BbIOOpa ciemyeT
oTHOCUTH K MyHKTY (C3) mpu OTCYTCTBUH aeduiura
BpeMEHH U K MyHKTY (C2) Ipu ero HaTH4HH.

[Iyctb BepOATHOCTH COOTHOIIEHUS YKa3aHHBIX
dakropoB 80 u 20%. Torma W(4) B mepBoM cirydae
cunrtaercs kak 0.80-3 + 0.20-8 = 4.0, a Bo BTOpOM
ciayuae kak 0.80-4 + 0.20-11 = 5.4. [Ins oneHodHoro
pacuera BbIOepeM cpeanee 3Hauenue 4.7. Yucio mo-
BTOPOB MOAOOHOTO THMA JCHCTBUI omeparopa TakKe
JIOCTAaTOYHO BeNMKO. IIprMeM 4YHCIIO NOBTOpEHUM
3a 10.

5. Pyunoit nabop HUmen ¢paiinos / nonvzosame-
aei, Ilpozpamm uzmepenua.

[lpu mepBoM BapuaHTe HaOupaeTcs MOCIENIOBa-
TEJIBHOCTh CUMBOJIOB, IIPU BTOPOM — Ha0oOp Ipumep-
HO 10 uymcen (Temmeparypsl, HampsXKEHUS U T.IL.)
13 33/1aHHOTO JHAaIla30Ha.

Omunbka Habopa UMeHHU Qaiila HUKaKUM 00pazoM
mporpaMMHO He BbIsBIsIeTca. COOTBETCTBEHHO, 3Ta
cutyauusi knaccugpunupyercs kak (C3). Habop 10
qucel — MOTYT ObITh OmuOKH. OIHAKO BBIXO
U3 MPUEMIIEMOTO IHana3oHa 3HAYCHUH MPOrpaMMHO

BBISBIISIETCS. BBIOOp HETOYHOTro, HO JOMYCTHMOTO
3HA4YEHUs HE MPUBEJET K HEUCIIOIHEHHUIO MTPOrPaMMBl,
HO MOXKET IOBJIMATH Ha pe3ynprar aHanuza. OJHaxo
omuOKa BO BBOJE 4YMCIa B OOJILIIMHCTBE CIy4aeB
npuobpeTaer GopMy BBOAA JHIIHEH nUps! (MU HE-
nobop mudp B uncne). B atom ciydae Takas ommbka
mporpammoii obHapyxutca. COOTBETCTBEHHO, ECIIH,
Hanpumep, BMecto 95 BBeaeHo 94 nimm 96 rpamycos,
TO Takasl OIIMOKAa BBOIA MOXKET BOOOIIE HE UMETh I10-
ciencTBuid. B nenom omubky Taxkoro pona Oyznem pac-
cMmarpuBath u3 kareropuu (C10).

OueBusiHO, YTO OmMOKa B Habope MMeHH (aiina
CYIIECTBEHHO Ooyee BEpOsiTHA, YeM BTOPOM BapuaHT
(MOmeTHPHO PacCMOTPUM COOTHOIIEHHE BEPOSTHOCTEH
90 u 10%).

Omenka W(5): 0.90-8 + 0.10-1.3 = 7.33. bynem
CUUTATh, YTO 3TA NPOLEAYPA IPOBOIUTCS TPUKIBL.

6. BwiOop u3 BBIMajaromiero cnucka HyxHoi Ka-
auépoexu w3 npumepno 20 BapumanrtoB. TpeOyercs
MpoBepKa BBIOOpa — I[BETOBAs U TEKCTOBAas MHIMKa-
WY (3€JICHBIA MHIUKATOP CO CJIOBOM Xopouiee Kaue-
cmeo Kanubpoeku). AHamu3 MO BCEM KalMJUIApaM.
[Ipu obuapyxennn Yooenemeopumenvnozo WiIn
IInoxozo kauecmea KanuOpoOGKU 1O OTACIBHOMY Ka-
MUIISAPY (MHAWKATOPHI JKENThIM MM KPacHBIN) — H3-
MEHHTH BbIOOpP MaTpHLbl M IPOU3BECTH NEPEYCTAHOB-
Ky 2—3 mapaMeTpoB MPOTPaMMBI.

Tak kak MeHATh KadHMOpPOBKY HE PEKOMEHIYeTcs,
TO 3Ta onepauusl U MOCIeAyIomre OMNOKH COOTBET-
ctBytoT myHKTY (C1). OcranpHoe, a UMEHHO OMIHOKa,
CBfi3aHHAas C Hepaclo3HaBaHHeM cjoBa "Xopomuiee"
W 3€JICHBIM MHJMKAaTOPOM, MOXET OBITh BBI3BAHO HC-
KITIOYHATENBHO BBICOKUM ypoBHeM ctpecca (C10). Be-
POSITHOCTH TEpBOM OHIMOKU OyleM paccMaTpUBarTh,
Kak 2%.

Koadppunment W(6): 0.98-1.3 +0.02-17 =1.614.

7. Yder HyMmepaluu psaoB B IUIAHIIETE (BO3MOXK-
Hasg omuOKa B OTCYETE HE CBEPXY BHHU3, a CHHU3Y
BBEpX).

31ech OHO3HAYHO CBSI3bIBAEM OIIMOKY C HEOIIBIT-
HOCThIO onieparopa (C7).

Koadpdumment W(7) pasen 3. JBa mocnenHux tumna
omuOKHM OyeM CUMTATh MPOSIBISIEMBIMHI OJHOKPATHO.

B namem monensHOM ciyyae o0Iiee YUCIo TOBTO-
poB pasuo 40. Takum o6pazom, R(1) paBao 3/40, nim
0.075; R(2) paBro 15/40, wiu 0.375 u T.1.

Cornacto (1), mponsBeneHne 7 MHOXHUTENCH paB-
HO 4.212. CnenoBarenbHO, ¢ y4eToM 0a30BOM BEpOsT-
Hoct GEP, pasnoit 0.0004, momyyum BepOSITHOCTH
omuOKyU orneparopa, npuMepHo pasHyo 0.17%. Ora
BEPOSITHOCTH JI0CTaTouHO Maia. OIHAKO HYKHO o0pa-
TUTh BHHMAaHHME Ha M3HAYAIBHYIO KJIACCH()UKALUIO
3aJlauu U 33JaHHBIA TOHN KllacCU(UKalmeld MacmTad-
HBI MHOKHTENb IJIs1 BEpOsATHOCTH ommnoku GEP =
=0.0004. IIpu mpyroii knaccupukanmu [3], a UMEHHO
"OOBIYHAS, B BRICOKOW CTENEHH MpaKTHYECKas 3a/1a4a,
Ul KOTOpOM HEOOXOOUM OTHOCHUTENBHO HHM3KHH

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 4
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ypoBeHb kBanuukanuu", npepiaraemas 0a3zopas Be-
positHocte GEP nomxna mpessimarsk 0.007(cpennee
snadenue 0.02). Torga nis paccMOTpeHHOH paHee Mo-
JENBHON CTPYKTYpBl MCTOYHHKOB OHIMOOK Omeparopa
WUTOTOBAsl BEPOSITHOCTH OMUOKK Oymer He MeHee 3%,
a CpeiHss OlleHKa 0Koso 9%.

BcenomorareabHbie oriepanuu

[ToMuMO mepevnciIeHHBIX paHee OIepanuid, A
MOCTAaHOBKM aHaiu3a TpeOyeTcsi BBIOJIHUTH elIe
3 Buza paboT: a) MPOBECTH CMEHY KapTpHIDKa, 0) Tmpo-
W3BECTH 3aMEHy Telsl W B) YCTAaHOBUTH IUIAHILIET
¢ npoOupkaMu. OTH JIEHCTBUS CBSI3aHBI C OCYILECTB-
JICHHEM OCHOBOIIOJIATAIOMIMX OIepanuil ¢ mpudopom
M OOBIYHO OCYIIECTBISIOTCS 0OJ€e OMBITHBIMU CIIe-
uuanuctamu. Mcxons usz atoro, cormacHo [3], kiac-
cuuKanys TaHHOTO THIIA OTepaIuii u 6a3oBas BEpo-
aTHOCTh GEP 0ojee COOTBETCTBYIOT CIENYIOIIEMY
paccMoTpeHHOMY BapuaHTy: "BoccraHoBiieHue Jmbo
NEPEBOA CUCTEMBbl B OPUI'MHAJIBHOE WM HOBOE CO-
CTOSIHHE B COOTBETCTBHM C YCTaHOBJICHHBIMH IpOLIE-
IlypaMH ¥ C HEKOTOpo# mpoBepkoit". CpemaHee 3HavUe-
Hue GEP pasHo 0.003, a auana3oH BEpOSITHOCTEN OII-
penenen kak 0.0008—0.007. Jlns manpHEHIIINX OIIEHOK
npuHsaTo cpennee 3Hauenue 0.003.

Tax kak ycTaHOBKa IUIAHIIIETA BBIMOIHAETCS Yallle,
4YeM JIBE JIpyrue onepanuu, To Ko3()(UIMEHTH Bax-
HOCTH ¢ cyMMoii 1 pacnpeznensiorcs kak R(1) = R(2) =
=0.1 u R(3) = 0.8. CoOTBETCTBYIOIINE BECOBLIE KO-
s¢duuuentsr Oyayt paBubl W(l) = W(2) = 8, Tk.
ommOKa XapakrtepusyeTcs ommcanueM "OTCyTCTBHE
OYEBHIHBIX CHOCOOOB OTMEHBI HeENpeJHaMEPEHHBIX
(T.e. ommbouHBIX) neiicTBuil". [IpuMeHnTENBHO K 3a-
MEHE IUIaHIeTa CYLIECTBYET I[BETOBas WHIUKALMA
HEKOppEeKTHOW ero ¢ukcanuu. Jns storo ciydvas
W(3) =3, 9TO COOTBETCTBYET JACHCTBHUSIM HEONBITHOTO
oreparopa.

Torna YBEJIMYMBAIOLINE MHOXXHUTEIN 1+
+ R(@)(W(i) — 1)) nns mepBBIX IBYX OINEpanuii PaBHBI
1+0.1(8 — 1) = 1.7, ans tperweit oneparuu 1 + 0.8(3 —
—1) = 2.6. CootBercTByMOIIEe MpoU3BeeHHEe B (Hop-
myne (1) nmpumepHo paBHo 7.514. Ilpm macmrabe
GEP, paBHOM 0.3%, 3Ta BEpOATHOCTb COCTaBUT NpH-
MepHO 2.25%.

Ecnmu mpuHATE BEpOSTHOCTH OIIMOKH oOIeparopa
1o Habopy nepBbIx 7 rpynn onepauuii B 3%, To cym-
MapHasi BEpOATHOCTH C y9E€TOM COBMECTHOCTH, HO He-
3aBHCHMOCTH OIIMOOK COCTaBUT OKOJIO 5.18%.

B nmo6om cnyyae nonydyeHHas BEPOSITHOCTh OIIHMO-
KU YeJIOBEKa-OIlepaTopa MPUMEHHUTENBHO K YIIPOILEH-
HOW MOJIeJIbHON cxeMe aHayin3a (paboThl ¢ IpuOopoM
"HAHO®OP 05") He mpeBbIIIaeT HECKOIBKHX MpPO-
LEHTOB. Jlaxe ¢ yuyeToM Toro, 4To NpHu peajsbHOH pa-
o6ore Ha mpubdope "HAHODOP 05" ymcmo moBTOpe-
HUH Ka)XJO0T0 THIIAa ONepalyid MOXKET ObITh OOJIBIINM,
(akTOp YeNOBEUECKOW OIMMOKH HE OyleT JIOMHHH-
PYIOIINM, HO €r0 HEOOXOUMO YUUTHIBATh.
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AHAJIN3 OPTAHU3AIIMOHHBIX
U TEXHUYECKHUX ACIIEKTOB, BIUAIOINX
HA OIIUBKH YEJIOBEKA-OIIEPATOPA

A. Bpemsi paboueii cMeHBI

B [4] npoaHanu3upoBaHO BIUSHUE MNPOJOJIKU-
TEJILHOCTH pPaboduero OHS Kak Ha HPOHU3BOAUTEIb-
HOCTh, TaK M Ha TPOIEHT Oe30IMOOYHOCTH BBOIA
uHpopmamu. ns nepBeix 6 4 pabOTBHl MPOU3BOIU-
TETHLHOCTH YCIIOBHO oreHuBaeM 3a 100%. 3a 7-i, 8-i,
..., 11-11 9 oHa cocTaBHT cooTBeTCcTBeHHO 94, 88, 81,
74 n 66%. IlpoueHT 6e30MUO0YHOCTH, TPUHATHINA
Ha nepBbIX 6 4 32 96, ymeHbl1aeTcs 10 3HaueHui 90,
85, 78, 71 u 64%. DTOT PaKTOp MOKHO yUECTbh, COOT-
BETCTBYIOIIMM 0O0Opa3oM YBEJIWYHB BEPOSTHOCTH
omKOKY NPH YIJIMHEHUH pabodell CMEHBI.

Bb. ®akTopsbl, CBSI3aHHbIE C TEXHUYECKUMU
acneKkTamMm 0To0pa:keHust HHGopManuu

Ponb pasperienns skpana [5] JOCTaTOYHO BeNMKA.
VYkazaHo, 4yTo 1711 0(hucHOM paboThl pa3pelIeHue K-
pana gomyctumo 1920 x 1080 dpi (Touek Ha KBaxpart-
Hei mroiiM). CornacHo [6], 0065acTh HaXKaTUS HA CEH-
COpHOM 3KpaHe He MeHee 1 X 1 cM, a pazMep KOHUYHKa
nmaieia 1.6-2 cm. Ilpu 3TOM ISl THJIOTOB OIIHOKH,
CBSI3aHHBIE C HEJOCTATOYHOM YETKOCTBIO (ILIOXO0€
pasnuueHue 1udp), cocraBisoT 14% (YeTBEPTHIN
paHr 1o 3Ha4YMMOCTH) [7].

Crnenyer y4ecth TpeOOBaHUS, CBSI3aHHBIE C MUHH-
MaJIbHBIM (ZOIYCTHMBIM) Pa3MEPOM CHMBOJIOB Ha 3K-
pane [8, 9]. Ha aucranuuu 2 M cUMBOJN § MUKCENEH
(ric) pacnioszHaetcsi ¢ BeposiTHOCTBIO 80%, 11 — 90%,
14 — 6onee 98%. [ns uudp Taiimc 12 — mopsiaka
97% [8]. Taxxxe npuBoasTCA (HOPMYIBI 3aBUCHMOCTH
BEPOSITHOCTU OT OCBELIEHHOCTH U yria 3peHus [9]:
¢ paccrosHus 0.5 M MMHHMAaNbHO Pa3NUYUMBINA 00b-
eKT mopsiaka 57 MKM IpU AUaMeTpe 3padyka 8§ MM
n 458 MM npu nuamertpe 3pauka 1 mm. IlpenensHo
MaJTbIi Keritb — 4 1ic (Ui cTpodHoi OykBeI TaiiMca —
0.66 mm, a1 Apuan — 0.76 mm). HopmanbsHblil kernb
CIUTOIIHOTO YTeHHs — § mc. s omTuManbHOTO pas-
Mepa mpudra 9—-12 nc mydme 100aBIATH TOTOIHA-
TEbHBIN MeXCTpoueuHbIil nHTepBan 1—4 nc. Tam xe
NPUBEACHB! OLEHKH NPUEMJIEMbIX COOTHOIICHUH Me-
KLy pa3MepaMu WpUQTa, PacCTOSHUH MEKIY JTHHUS-
MU H CJIOBaMH.

3amrymieHne u300paskeHus, OUYeBUIHO, yMEHbIIA-
€T BEpOSATHOCTh €ro MPaBHIBLHOTO PpACIO3HABAHUA.
Opnako, kak cieayer u3 [10], mpu COOTHOLICHUU
CUTHAJI/IIyM, TpeBbimatonieM 12 ab, BeposSTHOCTH
omnOKy pacriozHaBanus He 6onee 1%.

B. Omnoku, cBsi3aHHbIE ¢ BBOJAOM cOo0meHuii [11]

[Ipu BBOZIE KOMaHIHOW CTPOKH BBIJICIICHBI OIIIHOKH
4 TUTIOB:
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1 — nponyck 3HakoB u cioB (/Iponyck),

2 — mepecTaHOBKa 3HAKOB B CJIOBaX U CJIOB B 00-
Jiee JUTMHHOM TekcTe (coodmmenun) (Ilepecmanoska),

3 — noGasinienue ([obasnenue),

4 — tpanchopmarnus (7pancopmayust).

[Ipu 3TOM sMmupHYecKas CTaTUCTHUKA YKa3aHHBIX
THUIIOB OIIMOOK CJICTyOIIIasl.

Hnsa oumbku tuna Tpauncgopmayua BEpOATHOCTH
noctikerust 2.05-107 ¢ ycioBHOM BEpOSTHOCTBHIO e¢
obnapyxenus 0.70. AHajoruvHas mapa 3HAYCHUH IS
ommbox JJobasrenue — 0.71-10° u 0.55;  [Ipo-
nyek — 123107 u  0.32 u Iepecmanoska —
0.10-10° u 0.25. [Ipu aTOM, ucxoas u3 crenupuKu
TpeOOBaHMI K CKOPOCTH BBITIOJHEHHS OTIEpaIHi
Ha BOMCKOBBIX KOMaHAHBIX NMYyHKTaX, B [11] yka3aHbl
BpeMeHa BBOJIa M KOHTpoJst ogHoro 3Haka 0.54 u 0.23 ¢
COOTBETCTBEHHO.

B namewm ciyvae, Korjna HET CTOJb JKECTKHX Tpe-
0oBaHMH K CKOpPOCTH BBOJa MH(opMmManmmu H omepa-
TUBHOCTH KOHTPOJISI BBEAEHHBIX JAHHBIX, 3TH 3Hade-
HUST MOXHO CYHTaTh OPHUEHTHPOBOYHBIMH M 3aBBI-
HICHHBIMH.

Crnenyer oOpaTuTh BHUMaHHE Ha paclpeiesieHHe
OyKB B COOOIIEHNH, ITOCKOJIBKY Kaxaasi OykBa pacrio-
3HaeTCsl C pa3HOW BeposATHOCThIO. CTaTHCTHKa pac-
npeznenaeHuss OyKB JAaTMHCKOro andaBuTa, B YacTHO-
cTH, mpeacTanieHa B [12].

@dparmeHT pacnpeneneHus IpUBeeH aajee:

(E 0.130), (t 0.105), (a 0.081), (0 0.079), (n 0.071),
(r 0.068), (I 0.063), (s 0.061), (h 0.052), (d 0.038), ...,
(Y 0.019), (p 0.019), (w 0.015), (b 0.014), (v 0.009),
(k 0.004), (x 0.0015), (j 0.0013), (q 0.0011), (z 0.0007).

B ornnume oT pycckoro s3blka HET SIPKO BbIpa-
JKEHHOTO CTaTHMCTUYECKOTO JOMHUHHUPOBAHUS TJIaCHBIX
[10]. B pycckom:

(o 0.0764), (e 0.0732), (a 0.0629), (m 0.0577),
(r 0.0549), (1 0.049), (p 0.0459), (c 0.0404),
(8 0.0355), ..., (m 0.0026), (3 0.0023) u T.1.

[Ipu >TOM AN KUPWIUTHIBI TIO Mepe yOalleHUs
OT dKpaHa (WM yMEHBIICHHS pa3Mepa MpUPTa) U3-
MEHEHHsI BEPOSITHOCTH MPaBUIHHOTO PacliO3HaBaHUS
OykBbI "0" He mpoucxoaut, a OykB "a" u "B" — mpo-
ucxoaut [8]. Takum o6pazom, UIsI TOUHOTO MOJCIHU-
POBaHHUS BEPOSITHOCTHOTO aCIIEKTa, CBSI3aHHOTO C CO-
CTaBOM IOCJIEOBAaTENLHOCTH CHMBOJIOB B HaOHpae-
MOM COOOIIEHUH, CIE0BAIO OBl y4ECTh CTATHCTUKY
BCTpEYaeMOCTH OYKB IPH CIIy4aifHOM BBIOOpE Ha3Ba-
HUS Qaiifla ¥ BEPOSTHOCTH HCKKEHUS DPazIMYHBIX
CHUMBOJIOB U151 JaTUHHUIBEL. OJHAKO COOTBETCTBYIOLICE
MOJETUPOBaHUE TPeOYyeT ydeTa CIUIIKOM OOJIBIIOro
yucna (pakTopoB, B T.4. U CYOBEKTUBHBIX U allpHOPHO
HeonpezaeaeHHbIX. Kpome Toro, npu Habope Ha3BaHHS
¢aiina, HampuMep, CTPyKTypa Ha3BaHUS HE OBIBacT
CIIy4aliHOM.

I'. Poab 00yyeHHnsi M TeCTHPOBAHUS

Kak npaBuio, MUHHMaIbHas BEPOSATHOCTD OIINOKH
JUTs OOJIBIITMTHCTBA OTIEPaTOPOB JOCTUTAETCS mocie 4—
5 tperupoBok. COOTBETCTBYIOIIAs BEPOSITHOCTH MO-
nenupyeTcsl yObIBaromel SKCIIOHEHITHATBHOW 3aBH-
CHUMOCTBIO C IapameTpoM 1.

B [13] ommcans! pa3nudHble TECTHI HA BHUMATEIb-
HOcTb. HekoTopble U3 HUX, OTHOCAIIMECS K TaK HA3bI-
BacMbIM KOPPEKTYpPHBIM TpoOaM (koJibila JlaHmoub-
Ta), COJepXaT KOJUYECTBEHHbIE XapaKTePUCTUKH
MIPOXOXKIEHUS TeCTa.

CaM TecT COCTOMT B CKOPOCTHOM MPOCMOTpPE KO-
nen; B TedeHne 10 MUH M BBIUEPKMBAHHM KOJEI CO-
TJIACHO 3aJlaHHOMY Kputepuro. [lamee BemeTcs moj-
CUET YMCIIa MPOCMOTPEHHBIX () U OIMOOYHO BBIYEPK-
HYTHIX (MJIN HE BEIYEPKHYTHIX ) KoJet V.

Nzobpaxenue kouer JlamonpTa MprBEIEHO HA PUC.
[MomoOHOE u300pakeHUE YacTO HCHOIb3yeTCs Og-
TaJbMOJIOTAMH TIPY TIPOBEPKE OCTPOTHI 3peHHUs. 3aaa-
Ya UCHBITYEMOI0 COCTOUT B CKOPOCTHOM BBIJICIIEHUU
(BBIYEpKHUBAHNM) KOJIEI] C OJIMHAKOBBIM pa3MeIleHueM
BbIpe3a. Hampumep, BblIe/NEeHHE KOJEI C BBIPE3OM
HaBepxy. B BepxHem psmy KapTHHKH Takue KOJbIa
3aHUMaroT Mecta 1, 7 m 12.

OcTaHOBUMCS Ha OJTHOM M3 ONMCAaHHBIX MOKa3are-
neil — cKopocTH nepepaboTku MHpopManuu S. ITOT
MOKa3aTelib BIUUCIIAETCS 110 opmyiie (2):

S =(0.54360 —2.807N)/ 600. )

Bricokoit cumtaercst ckopocts mpu S > 1.36 [13].
Ecimu cumrare BpeMs mpocMOTpa OZHOTO KOJbIA CO-
MIOCTAaBUMBIM CO BpPEMEHEM paCIO3HABaHUS OJHOMN
OykBel B OeCCMBICIIEHHOW OyKBEHHOW TIIOCIIEZ0Ba-
TEIBHOCTH, TO 3TO Bpems cocrtaBisier 960 mc [12].
B aToMm ciydae 3a 600 ¢ B cpegHeM ymaeTcst MpocMoT-
peTh 625 Koiel, U BbICOKasi CKOPOCTh .S HE JOCTUTHY-
Ta.
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Puc. N300paxenue koxen Jlanmonsra [14]
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TpeOyercst BHIMOJIHUTL POCMOTP KOJICIl ¢ MHOTO-
KpaTHO OoJjiee BBICOKOI CKOpocThio. Hampumep, ecnu
npocmoTpero 1500 konewn, TO AJig AOCTUXKEHUS Tpe-
OyeMOli BBICOKOH CKOpOCTH TepepaboTkh HH(popMa-
MK HEOOXOAMMO, 4YTOOBI 4HCIIO OmHOOK N ObUIO
paBHO Hynro. [lpu Oomblieli CKOPOCTH TPOCMOTPA,
korma Q cocrapiser 1600 mwmm 1700 xoserr 3a 10 MuH,
JOIMYCTUMOE  YUCJIO  OMIMOOYHO  BBIYEPKHYTHIX
W HE BBIYCPKHYTBHIX KOJICIl COCTaBUT MPUMEPHO
19 u 38. C ogHOI CTOPOHBI, HAOIIOAETCS TUITHYHBINA
JUIsE TIOJOOHOTO poja 3aaa4y "KOMIIPOMHUCC" MEXKITY
CKOPOCTBhIO M TOYHOCTHIO. C JIpyroil CTOpOHBI, JOC-
THXKEHUE TPeOyeMoro mokazareisi ¢ OOJbIIOH Bepo-
SATHOCTBIO TOTpeOyeT OT 00ydaromerocsi ITOBOJIBHO
Oonpiux ycunuii. Takum 00pazom, 3TOT TECT MOXKHO
paccMaTpuBaTh B Ka4eCTBE TPEHUPOBOYHOTO HAa BHH-
MaTelbHOCTh MPAaKTHYECKH OE30THOCHTEIHHO YPOBHS
HCXOJHON IMOJATOTOBKH M KOHKPETHOTO COJEPIKaHUS
BBITIOJTHSIEMBIX 3a]1ad.

3AK/JIIOYEHHUE

Ha mpumepe ucnons3oBanmsi anamuzatopa "HA-
HO®OP 05" npoBeneHbl OLEHOUHBIE PacyeThl BENU-
YHHBI BEPOSITHOCTH OIIUOKH TPOBEACHUS T'€HETHYC-
CKOTO aHalln3a, CBS3aHHOW ¢ pPabOTONW dYeIOBEeKa-
omneparopa. BUIHO, Y4TO MO CpPaBHEHUIO C BEPOSITHO-
CTBIO OTKa3a OTHEC/IBbHBIX 3JEMECHTOB WIIN/H OJIOKOB
npubopa 3HAYMMOCTh paccMaTpuBaeMoro ¢akropa
HEBEINKA.

Tem He MeHee OIMCaHHBIE TOAXOABI W TPENJIO-
JKEHHBIE (QOPMYJIBI IPUMEHUMEBI K APYTHM TpUbopam,
WCHOJB3YIOMIMM  Pa3BUTOE  MPOrpaMMHO-MaTeMa-
THYECKOE O0eCIieueHrue U TPEOYIOUUM padoTy Yelo-
BeKa-omeparopa B JMAJOrOBOM pexume. B nanHOM
koHTekcte nmpudop "HAHO®DOP 05" BricTymaer B kaue-
CTBE MOJICIIBHOTO 00BEKTa (CBOCOOpa3HOro "yueOHOro
nocobus"). OTaenbHbIe PEKOMEHIAINH, KaCarOIINecs
OpPraHMU3alMOHHO-TCXHUYECKUX  aCleKTOB  (BBIOOpP
pasMepoB mpudTa UIU/A pa3perieHus] 3KpaHa, opra-
Hu3anus pabouell CMEHBI OmepaTopa, BBIOOP TECTOB
JUTsE TPSHUPOBKH BHHUMAHUS U T.J.), MOI'YT OBITh pac-
MPOCTpaHEHBl HE TOJNBKO Ha Ciy4an paboThI
C HAYKOEMKHUMH MpuOOpamMu, HO U Ha paboOTy ¢ KOM-
MBIOTEPOM.

B nienom naHHasi cTaThs SABJSCTCS YaCThIO U €CTe-
CTBEHHBIM NPOAOIDKEHHeM myOnmkanui [15, 16], ka-
CAIONIMXCS OIICHKH OIIMOOK MPY NPOBEJACHUU TC€HETH-
YECKOr0 aHaju3a METOAOM IOJMMEPA3ZHOU LEeMHON
pEaKIuy B peaibHOM BPEMCHH.
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ESTIMATION OF THE PROBABILITY OF ERRONEOUS
INTERPRETATION OF THE RESULTS OF PCR ANALYSIS.
PART 2. METHODOLOGY FOR ACCOUNTING
FOR HUMAN FACTOR ERRORS

A. L. Bulyanitsa

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

The sources of possible errors associated with the work of a human operator are considered using the exam-
ple of the operation of a device for genetic analysis of the NANOFOR 05 series. Based on known models and
empirical parameters, a classification and schematization of errors characteristic of various stages of work is
carried out. The proposed schemes and calculation algorithms can be generalized to the case of using devices of
other types that involve a dialog mode of interaction between the operator and the device. One of the known
tests for the development of attentiveness, related to proofreading tests, is also described; its usage lets to reduce
the number of errors caused by the influence of the human factor. In general, the factor of subjective human er-
rors is less significant compared to failures of device elements and / or incorrect formation of an informative
signal — the kinetic curve of the polymerase chain reaction in real time, for example, due to inhibition of the
reaction, formation of bubbles in the reaction chamber, etc.

Keywords: human operator error, probability of error, combination of conditions, type of operation, attentiveness test, orga-
nizational and technical factors
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INTRODUCTION

As an example, we consider the analysis performed
on the "HAHO®OP 05" series device [1] (Institute for
Analytical Instrumentation of the Russian Academy of
Sciences, St. Petersburg). The operator performs
a fairly long sequence of operations of various types,
the main ones being selecting the desired option from
a drop-down list, pressing a button, and entering
a sequence of characters (file name, calibration type,
etc.) [2].

To assess the probability of human operator error,
we classified his actions and calculated the probability
of errors for each type of operation based on known
calculation methods. Some types of operations are
repeated many times, which is taken into account in
the calculation formula.

BASIC PROVISIONS

The basis is the Operating Instructions for the
"HAHO®OP 05" device [2]. The list of operator ac-
tions during genetic analysis by capillary electropho-
resis with fluorescence detection contains the follow-
ing set, including 7 types of different schematic opera-
tions. In this case, the type of error is indicated for
individual types of operations.

1. Pressing a button in the menu (for example,
turning on the device, starting the analysis, etc.) fol-
lowed by a color-indicated confirmation.

2. Pressing a button in the menu (for example, Ac-
cept data) followed by a pop-up message confirma-
tion

3. Selecting the simplest Yes/No alternative option
(for example, Create Project).

4. Select the desired line from the drop-down list
of fundamentally different lengths from 3—4 up to
about 50 lines.

5. Manual typing: a) file/user names, 6) measure-
ment programs, etc.

In the first option (a), a sequence of characters is
entered; in the second (6) — a set of approximately
10 numbers (temperature, voltage, etc.) from a given
range is entered.

6. Selecting the required calibration from a drop-
down list of approximately 20 options. The selection
check is required — color and text indication (green
indicator with the text Good calibration quality).
Analysis for all capillaries. If Satisfactory or Poor
calibration is detected for a single capillary (yellow
and red indicators), change the matrix selection and
reset 2—3 program parameters.

7. Accounting for the numbering of rows in the
plate (possible error in counting: not from top to bot-
tom, but from bottom to top).

General aspects of the method for calculating hu-
man error are presented in work [3]. The key formula
for calculating the error probability is (1):

HEP = GEP I1.7 (R() (W (i)~ 1) +1), (1)

where 7 is the total number of options for conditions
leading to human errors during considered human op-
erations; R(i) are the importance factors for a combi-
nation of conditions. Assessment of the intensity of
manifestation of these conditions (it is reflected in the
"distribution" of the values of the importance coeffi-
cients R(i) between combinations of conditions, which
is usually done by experts); the sum of R(7) is 1; W(i)
is the identification of conditions leading to human
error in the considered operations by setting/selecting
weight coefficients W(i).

In our case, n is equal to 7 according to the se-
lected types of operations. The importance factor is
assumed to be directly proportional to the number of
repetitions of operations of a certain type. Within the
framework of this hypothesis, the probability of error
during performing a single operation of a certain type
is given by the factor W(i).

The first GEP scale factor is characterized by the
following status of the set of tasks and operator/user
qualifications:

"A fully familiar, well-defined, highly practical
task that occurs several times a day and is performed
according to the best possible standard by highly mo-
tivated, well-trained, and experienced personnel, with
time to correct a potential error, but without signifi-
cant assistance in work" with a GEP error probability
0f 0.0004.

From the set of condition weights discussed in [3]
and related to operator actions [2], we limit ourselves
to values W(i) that can correspond to the selected 7
classes of tasks.

C1, an unknown situation, potentially important,
but not frequent or for the first time — 17.

C2, the time shortage for error detection and cor-
rection is 11.

(3, there are no obvious ways to cancel unin-
tended actions — 8.

(4, the need to forget the usual technique and ap-
ply another one based on alternative approaches is 6.

C5, weak, uncertain, or unstructured system feed-
back — 4.

C6, there are no clear, direct, and timely confirma-
tions of planned actions from the part of the system in
relation to which control is exercised — 3.

(7, inexperienced operator (e.g., newly qualified,
non-expert) — 3.

(8, small or not completely independent verifica-
tion (testing) of results — 3.

(9, non-compliance of the personnel training level
with the task requirements — 2.

C10, high level of emotional stress — 1.3.



It should be noted that in the following model ver-
sion of the calculation, not all of the possible (ex-
pected) conditions for the realization of human error
proposed above have been selected and used. Howev-
er, with regard to other similar types of devices, the
conditions may be different, both included in the spe-
cified "ten" and not included. In the work [3], this set
of conditions is expanded.

ESTIMATED ERROR PROBABILITIES
FOR EACH TYPE OF OPERATION

Operations within the analysis

Let us consider a simplified model analog with the
selection of a reduced illustrative number of repeti-
tions of each operation. Using the operating instruc-
tions for the "HAHO®OP 05" device [2], it is possible
to more accurately indicate the number of repetitions
of actions of each type.

Types of operations and the approximate number
of their repetitions.

1. Pressing a menu button (e.g., Turning on the
device, Type of calibration, ctc.) and then receiving
a confirmation with a color (green or yellow) indica-
tion.

The error can be associated, most likely, exclusive-
ly with a high level of stress (C10). Frequent repeti-
tion of this action is not expected. It occurs at least
three times. W(1) = 1.3, number of repetitions 3.

2. Pressing a button in the menu (e.g., Accept data)
followed by a confirmation of the operation in the
form of a pop-up message.

The source of the error is similar to the previous
one. However, a pop-up message is a less reliable in-
dicator compared to a color indication, since the mes-
sage text can be perceived incorrectly, albeit with
a fairly low probability. Thus, in addition to
the high level of stress (C10), we can talk about (C6)
(lack of confirmation of the intended actions from the
system in relation to which control is carried out). If
the second factor is considered significantly less prob-
able (for example, 5%), then the factor
W(2)=0.95-1.3+0.05-3 = 1.385.

A similar scheme of actions may be used to open
new windows. In the case of a complex algorithm for
analyzing, there can be at least 10 such operations (for
a model estimate, we take the value 15).

3. Select the simplest alternative option Yes/No
(for example, Create Project). The alternatives Ac-
cept/Cancel or Next/Cancel seem similar. The source
of the error appears to be similar to item 1). Repeata-
bility is not less than 5 times. Let's take 7 as a model
value.

4. Selection from the drop-down list of fundamen-
tally different lengths from 3-4 to about 50.

The first case of such an error is the choice of op-
tions

Sample,

Positive/negative control,

Allelic ladder.

The second is a list of options for a set of dyes.
The Analysis Scheme and Standard are selected from
a short drop-down list for all 96 cells. In this case, the
sources of the error can be more diverse, since they
concern not only the selection of the desired item
from the list but also the confirmation of the errone-
ous selection.

If you enlarge the first part, it is an error to select
the desired drop-down line from the list, including
a long one, with a large number of words — polymer
name, capillary length, etc. — then the selection error
is not detected programmatically, and its classification
can refer to both (C5) and (C6). Confirmation of an
erroneous choice should be attributed to point (C3) in
the case of a time shortage and to item (C2) if it ex-
ists.

Let the probabilities of the ratio of these factors be
80% and 20%. Then W(4) in the first case is calcu-
lated as 0.80-3 + 0.20-8 = 4.0, and in the second case
as 0.80-4 + 0.20-11 = 5.4. For the estimated calcula-
tion, we choose the average value of 4.7. The number
of repetitions of this type of operator action is also
quite large. Let's take the number of repetitions as 10.

5. Manual typing of File/User Names, Measure-
ment Programs.

In the first case, a sequence of characters is typed;
in the second case — a set of approximately 10 num-
bers (temperature, voltage, etc.) from a given range.

An error in entering a file name is not detected by
the program in any way. Thus, this situation is classi-
fied as (C3). Typing of 10 numbers can lead to the
errors. However, going beyond the acceptable range
of values is detected by the program. Choosing an
inaccurate but acceptable value will not cause the pro-
gram to fail but may affect the analysis result. How-
ever, an error in entering a number in most cases takes
the form of entering an extra digit (or a shortage of
digits in the number). In this case, the program will
detect such an error. Accordingly, if, for example, 94
or 96 degrees are entered instead of 95, then such an
input error may have no consequences at all. In gener-
al, we refer an error of this kind to category (C10).

It is obvious that an error in entering a file name is
much more probable than the second option (we will
consider the ratio of probabilities of 90 and 10% as
a model).

Grade W(5): 0.90-8 + 0.10-1.3 = 7.33. Let’s as-
sume that this procedure is carried out three times.

6. Select the desired Calibration from about 20 op-
tions in the drop-down list. A selection check is re-
quired — color and text indications (green indicator
with the words Good calibration quality). Analysis



for all capillaries. If Satisfactory or Poor quality cali-
bration is detected for an individual capillary (yellow
or red indicators), change the matrix selection and
reset 2—3 program parameters.

Since it is not recommended to change the calibra-
tion, this operation and subsequent errors correspond
to item (C1). The rest, namely the error associated
with the failure to recognize the word "Good" and
a green indicator, can be caused by an exceptionally
high level of stress (C10). The probability of the first
error will be considered as 2%.

The coefficient #(6): 0.98-1.3 +0.02-17 = 1.614.

7. Accounting for the numbering of rows in the
plate (a possible error in counting not from top to bot-
tom, but from bottom to top).

Here we unambiguously associate the error with
the inexperience of the operator (C7).

The coefficient W(7) is 3. The last two types of er-
rors we consider to appear only once.

In our model case, the total number of repetitions
is 40. Thus, R(1) is 3/40, or 0.075; R(2) is 15/40, or
0.375, etc.

According to (1), the product of 7 factors is 4.212.
Therefore, taking into account the basic probability of
GEP being equal to 0.0004, we get the probability of
operator error approximately equal to 0.17%. This
probability is quite small. However, one needs to pay
attention to the initial classification of the problem
and the scale factor specified by this classification for
the error probability GEP = 0.0004. In another classi-
fication [3], namely, "An ordinary, highly practical
task for which a relatively low level of qualification is
required", the proposed base probability of GEP
should exceed 0.007 (average value 0.02). Then, for
the previously considered model structure of the
sources of operator errors, the total error probability
will be at least 3%, and the average score is about 9%.

Auxiliary operations

In addition to the operations listed above, 3 more
types of work are required to carry out the analysis:
a) change the cartridge, b) change the gel, and c) in-
stall the plate with tubes. These actions are linked to
the main operations with the device and are usually
carried out by more experienced specialists. Based on
this, according to [3], the classification of this type of
operation and the basic probability of GEP are more
consistent with the following considered option: "Res-
toration or transfer of the system to an original or new
state in accordance with established procedures and
some verification". The average GEP is 0.003, and the
probability range is determined as 0.0008-0.007. An
average of 0.003 was used for further evaluations.

Since the installation of the plate is performed
more often than the other two operations, the impor-
tance coefficients with the sum of 1 are distributed as

R(1) = R(2) = 0.1 and R(3) = 0.8. The corresponding
weighting factors are W(1) = W(2) = 8, since the error
is characterized by the description "Absence of ob-
vious ways to cancel unintentional (i.e., erroneous)
actions". In relation to the replacement of the tablet,
there is a color indication of its incorrect fixation. For
this case W(3) = 3, which corresponds to the actions
of an inexperienced operator.

Then the increasing factors (1 + R(i) - (W(@) — 1))
for the first two operations are 1 + 0.1 (8 — 1) = 1.7,
for the third operation is 1 + 0.8 (3 — 1) = 2.6. The
corresponding product in formula (1) is approximately
7.514. With a GEP scale of 0.3%, this probability will
be approximately 2.25%.

If we take the probability of operator error for the
set of the first 7 groups of operations at 3%, then the
total probability, taking into account compatibility but
independence of errors, will be about 5.18%.

In any case, the resulting probability of human op-
erator error in relation to a simplified model analysis
(of the NANOFOR device operation) does not exceed
several percent. Even taking into account the fact that
during real work on the NANOFOR device the num-
ber of repetitions of each type of operation can be
large, the human error factor will not be dominant, but
it must be taken into account.

ANALYSIS OF ORGANIZATIONAL
AND TECHNICAL ASPECTS AFFECTING
HUMAN OPERATOR ERRORS

Shift time

In [4] the impact of working hours both for prod-
uctivity and for the percentage of error-free informa-
tion input. For the first 6 hours of work, we condition-
ally estimate the performance for 100%. For the 7th,
8th, ..., 11th hour, it will be co-responsibly 94, 88, 81,
74 and 66%. Error-free percentage taken at the first 6
hours in 96, decreases to values of 90, 85, 78, 71 and
64%. This factor can be taken into account by increas-
ing the probability of error when lengthening the work
shift accordingly.

Factors related to technical
aspects of information display

The role of screen resolution [5] is quite signifi-
cant. It is indicated that for office work, the acceptable
screen resolution is 1920 x 1080 dpi (dots per square
inch). According to [6], the pressing area on the touch
screen is not less than 1 x 1 cm, and the fingertip size
is 1.6-2 cm. For pilots, errors associated with insuffi-
cient clarity (poor discrimination of numbers) make
up 14% (the fourth rank in significance) [7].

It is necessary to take into account the require-
ments associated with the minimum (acceptable) size
of symbols on the screen [8, 9]. At a distance of 2 m,



the symbol of 8 pixels (ps) is recognized with a prob-
ability of 80%, 11 — 90%, 14 — more than 98%. For
Times 12 numbers — about 97% [8]. Formulas for the
dependence of probability on illumination and view-
ing angle are also given [9]: from a distance of 0.5 m,
the minimum distinguishable object is about 57 pm
with a pupil diameter of 8 mm and 458 um with a pu-
pil diameter of 1 mm. The smallest font size is 4 ps
(for a lowercase Times letter — 0.66 mm, for Arial —
0.76 mm). The normal font size for continuous read-
ing is 8 ps. For an optimal font size of 9-12 ps, it is
better to add an additional line spacing of 1-4 ps. Es-
timates of acceptable ratios between font sizes, dis-
tances between lines and words are also given there.
Image noise obviously reduces the probability of
its correct recognition. However, as follows from [10],
with a signal-to-noise ratio exceeding 12 dB, the
probability of recognition error is no more than 1%.

Message entry errors [11]

When entering the command line, 4 types of errors
are distinguished:

1 — omission of characters and words (Omission),

2 — permutation of characters in words and words
in a longer text (message) (Permutation),

3 — addition (4ddition),

4 — Transformation (Transformation).

The empirical statistics of the indicated error types
are as follows.

For an error of the Transformation type, the proba-
bility of reaching 2.05 - 10~ with a conditional proba-
bility of its detection is 0.70. A similar pair of values
for errors Addition — 0.71 - 10~ and 0.55; Skip —
1.23 - 10 and 0.32 and Permutation — 0.10 - 107
and 0.25. Based on the requirements for the speed of
operations at military command posts, in [11] the in-
put and control times of one character are indicated as
0.54 and 0.23 s, respectively.

In our case, when there are no such strict require-
ments for the speed of entering information and the
efficiency of monitoring the entered data, these values
can be considered approximate and overstated.

Attention should be paid to the distribution of let-
ters in the message, since each letter is recognized
with different probability. Statistics on the distribution
of letters of the Latin alphabet, in particular, are pre-
sented in [12].

A fragment of the distribution is given below:

(E 0.130), (t 0.105), (a 0.081), (0 0.079), (n 0.071),
(r 0.068), (1 0.063), (s 0.061), (h 0.052), (d 0.038), ...,
(Y 0.019), (p 0.019), (w 0.015), (b 0.014), (v 0.009),
(k 0.004), (x 0.0015), (j 0.0013), (q 0.0011), (z 0.0007).

Unlike the Russian language, there is no clearly
expressed statistical dominance of vowels [10]. In
Russian:

(o 0.0764), (e 0.0732), (a 0.0629), (m 0.0577),
(r 0.0549), (m 0.049), (p 0.0459), (c 0.0404),
(8 0.0355), ..., (r 0.0026), (3 0.0023) and etc.

For the Cyrillic alphabet, as the distance from the
screen increases (or the font size decreases), the prob-
ability of correct recognition of the letter "o" does not
change, but for the letters "a" and "v" it does [8].
Thus, for accurate modeling of the probabilistic aspect
associated with the composition of the sequence of
symbols in the typed message, it would be necessary
to take into account the statistics of the occurrence of
letters in a random selection of a file name and the
probability of distortion of various symbols for the
Latin alphabet. However, the corresponding modeling
requires taking into account too many factors, includ-
ing subjective and a priori uncertain ones. In addition,
when typing a file name, for example, the structure of
the name is never random.

Role of training and testing

As a rule, the minimum probability of error for
most operators is achieved after 4-5 training sessions.
The corresponding probability is modeled by a de-
creasing exponential dependence with a parameter of

Various tests for attention are described in [13].
Some of them, related to the so-called proofreading
tests (Landolt rings), contain quantitative characteris-
tics of passing the test.

The test consists of quickly viewing the rings for
10 minutes and crossing out the rings according to a
given criterion. Then the number of viewed O and
erroneously crossed out (or not crossed out) rings N is
counted.

The image of Landolt rings is shown in Fig. A sim-
ilar image is often used by ophthalmologists for
checking visual acuity. The task of the subject is to
quickly select (cross out) rings with the same place-
ment of the cutout. For example, selecting rings with a
cutout at the top. In the top row of the picture, such
rings occupy places 1, 7 and 12.

Fig. Image of Landolt rings [14]

Let's dwell on one of the described indicators —
the speed of processing information S. This indicator
is calculated by the formula (2):

S =(0.54360 —2.807N )/ 600. (2)

Speed is considered high at § > 1.36 [13]. If we
consider the time of viewing of one ring comparable
with the time of recognition of one letter in a mea-
ningless letter sequence, then this time is 960 ms [12].



In this case, 625 rings can be viewed in 600 s on aver-
age, and the high speed S is not reached.

It is necessary to view the rings at a much higher
speed. For example, if 1500 rings are viewed, then in
order to achieve the required high speed of informa-
tion processing, the number of errors N must be zero.
At a higher viewing speed, when O is 1600 or
1700 rings in 10 minutes, the permissible number of
erroneously crossed out and not crossed out rings will
be approximately 19 and 38. On the one hand, there is
a typical "compromise" between speed and accuracy
for this kind of task. On the other hand, achieving the
required indicator is likely to require quite a lot of
effort from the student. Thus, this test can be consi-
dered as a training for attentiveness, almost regardless
of the level of initial training and the specific content
of the tasks being performed.

CONCLUSION

Using the "HAHO®OP 05" analyzer as an example,
estimated calculations of the probability of error in

genetic analysis associated with the work of a human
operator were carried out. It is evident that, compared
to the probability of failure of individual elements
and/or units of the device, the significance of the fac-
tor under consideration is insignificant.

Nevertheless, the approaches described and the
formulas proposed are applicable to other devices that
employ advanced software and mathematical support
and require the work of a human operator in a dialog
mode. In this context, the "HAHO®OP 05" device
acts as a model object (a kind of "training manual").
Individual recommendations concerning organization-
al and technical aspects (choosing font sizes and/or
screen resolution, organizing the operator's work shift,
choosing tests for training attention, etc.) can be ex-
tended not only to cases of working with science-
intensive device, but also to working with a computer.

In general, this article is a part and a natural con-
tinuation of publications [15, 16] concerning the as-
sessment of errors in genetic analysis using the real-
time polymerase chain reaction method.



