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CBOMCTBOM METPOJIOTHYECKOTO aBTOCOMPOBOKACHIS 00/1a/IaloT NPOrpaMMbl BbITHC-
JIEHW, MCXOJHBIMHU JIAHHBIMM KOTOPBIX SBJIAIOTCS PE3y/IbTaThl W3MEPEHHNHA, a BBIXO/JHBIC [[aH-
HbIE COJZIEPIKAT HE TONBKO PE3yNbTaT KaXJO0To BEMUCIEHHUS, HO W HHTEPBAILHYIO XapaKTepy-
CTHKY €ro MOTPEIIHOCTH. B aHTIIOA3BIMHON JUTEpaType Ui OTMCaHHs noI0OHBIX MTPOrpaMm
npuMensiores TepMunbl "self-validation”, "self-verification", "self-assurance". MeTpoinoru-
4ecKoe aBTOCOTPOBOXKIEHHE TIPOrpaMM MOXKET ObITh 0OECTIEHEHO UCTIONB30BAHUEM B HHIX:

- WHTEpBaIbHON apudMETHKU B Pa3IUIHBIX BApUAHTAX U PACIIHPEHUSIX,

- COBMECTHBIM MPMMEHEHHMEM TPEJICTaBIICHHS NOTPEITHOCTEH B BU/IC HEUCTKUX TIC-
pEeMEHHBIX i aBTOMaTHYECKOro AnpdepeniinpoBanis (yHKIMI, BEIPOKEHHBIX MPOrpaMMHBIM
KOJIOM.

I[IporpaMma, B KOTOPOM THI IaHHBIX BCEX 3HAYMMbIX MEPEMCHHBIX, B TOM qucie u
pe3ysibTaTa BEIYMCIICHUMI, OTpee/IeH, Kak interval u Bce aprdMeTHIECKHE ICHCTBUSA BBITIOI-
HAIOTCA O MPABHJIAM MHTEPBAIBHON apudMeTHKH, odranaet CBOMCTBOM METPOJIOTHYECKOTO
aBTOCOTPOBOXKIEHHS, HO IPH TOM IIMPHHA HHTEpBAIla TMOrPEIIHOCTH pe3yibTaTa BBIYKCIIE-
HUs, KaK MPaBMIIO, CHIIbHO 3aBbiiaercs. [IpocThiM MPUMEPOM TAKOTO 3aBBIIICHUA ABJIAETCS
pacueT TOrpelIHOCTH CPEHEro aphupMETHIECKOro HECKOMBKHUX 3HAYEHWH, ClydyallHbIE 110-
IPEITHOCTH KOTOPBIX C BEPOSTHOCTBIO P < | nmexat B W3BeCTHHIX MHTepBanax. [llupuHa uH-
TepBana JUIs TIOFPEITHOCTH PE3YJIbTaTa C yBEIMUEHHEM 1HCla ClaracMbIX HE yMeHbLIaeTcs.
T TOBOPUT O TOM, YTO MHTEpBAIbHAL apU(METHKa a[IEKBATHO MOXKET MPE/ICTABIIATE TOJIBKO
CUCTEMATHYECKYIO NOrPELIHOCTb.

PaznenbHOe TNpeACTaBIICHUE EIMHBIM
MaTeMaTU4YeCKUM annaparoM CHCTeMaThye-
CKOM W clydaifHO# COCTaBJIAIONMX IOrpeHIHO-
cTi obecreynBaeTcss HEYETKMM WHTEPBAJIOM,
pRejieHHbIM B paborax JI. K. Pesnvika. DyHK-
uus npunamiexsoctn (P@IT) HeweTkoro HH-
TepBala OlpeJe/icHa KaKk KpUBOJIMHEHHad Tpa-
[lelus, MOKa3zaHHas Ha PUCYHKE HETPEphIBHOU
kpuBoif. [loNOJKEHO, YTO OOKOBBIE CTOPOHEI
A , Tparei CyTh TOJIOBHHBI TayCCHaHBI, BIIO-

/ : \ \
i J JKEHHBIM uHTEpBall J ., — UHTEpBaAJl, COAECpKa-
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SRS U R R S muii He MeHee P =1-—o AO0JIHM TOTPEIIHOCTH
pesynbTaTa NpsSMOrO M3MEPEHHs, IPaHMIbl BEPXHEro OCHOBaHMA — npenenbl JA0NycKaeMoH
CHCTeMAaTHYECKOH COCTABIISIONIEN rorpeHocTH. Tora mpyu YCpeaAHEHUH 1 pe3ynbTaToB Mpsi-
NPAMBIX M3MEPEHUH, BHIPAKCHHBIX HEYETKUMU MHTCPBATAMH, JUIMHA BEPXHEr0 OCHOBaHHUA

®IT cpeHero He M3MEHSETCS MO CPaBHEHHIO C (yHKuMell MPUHAIEKHOCTH ClIaraeMblX, a

MpoeKLnK GOKOBBIX CTOPOH YMEHBIIAIOTCA 00paTHO MPONOPLUUOHATIBHO Jn , KaK 9TO MoKa3za-

HO Ha PUCYHKE TYHKTHPHOM JMHMEH ([nd cirydas n = 16). DTO COOTBETCTBYET TEOPHUH BEPO-

gTHOCTE M MaTeMaTHueckoit cratuctuke. OHAKO HEMMHEHHBIE npeoGpa3oBaHms 3aTPyaHs-

{OT BEITIOJTHEHHE MaTEMATHUECKHX OTlepalifii ¢ HEYeTKMMH HHTEPBAJIaMH, 1 ITO3TOMY C LEJIBIO
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Computer program for measurement data processing has metrological self-assurance
if it provides interval characteristics of uncertainty for each calculation result. This property is
called "self-validation", "self-verification" of computer programs in some publications. Met-
rological self-assurance can be achieved by using:

- interval arithmetic in different variants and extensions,

- combination of uncertainty representation as fuzzy interval and automatic differ-
entiation of functions, which are presented by program code.

If data type of all variables in program is defined as “interval” and all arithmetic op-
erations are performed in accordance with interval arithmetic, then this software has metro-
logical self-assurance. But at the same time the error interval width for final calculation result
is usually greatly overestimated. The simple example of such overestimation is error calculat-
ing for the mean value of the set of direct measurements results, random errors of which are
inside the known intervals with the probability P < 1. The width of mean error interval
doesn’t decrease when number of averaging values increases. It illustrates that interval arith-
metic can sufficiently process only the systematic errors.

The separate representation of systematic and random error components inside one
mathematical object can be achieved by fuzzy interval introduced by L. K. Reznik [1]. Fuzzy
interval membership function (MF) can be determined as curvilinear trapezium, which is pre-
sented on picture by the solid line. The trapezium latter sides are halves of Gaussian curve,

nested interval 7 is interval that con-

1.00 ye z tains not less than P=1-q part of error,
an HA the upper side boundaries are the limit

: \ values of systematic error component.

.13 Then the mean of » measurements results

that are represented by fuzzy intervals
will have MF such that the MF trapezium
\ upper side for the mean value will be the
same with MF trapezium upper side of
/ 3 averaging fuzzy intervals and the projec-
tion of latter sides will reduce propor-

0.50

P S A e et il

0.28

b ey
-

tionally 1 as it illustrated by dashed
0'%’ ’ 0.0.5 s {0 s e Y n
15 -1.0 05 0.0 +05 410 +LS : S

line on picture (for n = 16). These results
agree with the probability theory and mathematical statistics. Unfortunately, nonlinear trans-
formations make performing mathematical operations with fuzzy intervals difficult. That’s
why the linearization based on Clifford algebra of dual numbers was used for the metrological
self-assurance achievement. Its main idea is to replace calculations with real numbers by cal-
culations with dual numbers D =(q,b), Where a=a(¢) is the real part of dual number and

b=a'(f) is infinitesimal part. Such linearization is called automatic differentiation [2].
All arithmetic operations for the dual numbers are determined in such manner:
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peanu3alii METPOJIOrHYECKOro aBTOCOMPOBOKICHHA miporpamMM OblIa BHITIOJHEHA JIMHEapH-
3als ¢ TOMOIIBIO CHEUUATEHOTO A pepeHIMpOBaHN, ocHoBaHHOTO Ha anrebpe K-
dopma ¥ MaTeMaTMYecKoro anmapara JAyalbHbIX quce D=(a,b), rae a=a(x) — AeHCTBH-
TenbHAs 4acTh, b=a'(x) — MHOUHKTEIUMATIbHAS FacCTh. Takoe muddepeHIMpoBaHUE B aH-
I0S3BIYHOM JIUTEpAType UMEHYETCs aBTOMaTHIECKUM nuddepeHIpoBaHHeM MPOrpaMMHO-

ro Koja.
{15t ryasibHBIX YMCEN OTIPE/ICNIEHBI BCC apudMeTHIECKIE OTepalyy

DliDZ:(alab])i(abbz):(aliaZablibz)’
Dy -D, = (ay, by)-(az, by) = (@ -az, a1 - by +ay-by)s
Dy _(ap,by) a1 by-ay=b;-a

D, (a2.by) \a2’ a3

)

a TaKxke QYHKIMOHATIBHOE NpeobpasoBanue f (D)= (f(a). f '(a))-

Peann3aius aBToMaTHueckoro auddepeHuupopanus He TpeOyeT BBIYUCIICHUS KO-
HEYHBIX Pa3HOCTEMN, OHO BBINONHACTCA MPU KAXKIOM BLIUMCIIEHUU KaXJIOro pe3ynpTara ¢ To-
HOCTBIO 710 MAIIMHHOTO Hyls. Braroaps 06beIMHEHUIO B OJIHOM MporpamMme HEYETKHX WH-
TEpBAIOB U YIMOMSIHYTOTO b depeHIEPOBaHUs TIPU BBINOJIHEHAN KaX0TO BBIYHCIICHUSA Ha
BBIXOJIC TIPOTrPaMMBbl TIOJIb30BaTEllb MOJy4aeT pe3ybTar BBIUUCIIEHUS M WHTEPBAJILHYIO Xa-
paKTEePUCTUKY €r0 MOrPEIHOCTH. TO CBUIETEIBLCTBYET O TOM, YTO TaKUE MPOrpaMMbl obua-
JIal0T CBOMCTBOM METPOJIOTHYECKOr0 aBTOCOMPOBOKACHH.

B mpe/cTaBICHHOM JIOKIIJle W3JI0XKEHbI apryMEHTRL B MOJIb3y MCIOJIL30BAHUS HE-
YeTKOro MHTEepBaia i BhIPAKEHHs MOrPeLIHOCTH. DT apryMeHTbl OCHOBaHbI Ha pe3yibTa-
Tax, MoJTydeHHBIX HesaBucumo I1. B. Hogurkum, M. A. 3emensmanom, B. 5. Kpelinosuyew, a
TaKke Ha NpaBuiiaX MpeiCTaBIeHUA morpenHocTeil M3MEPEHNMHA, periaMeHTHPOBaHHBIX OTC
YecTBEHHBIMM HOPMATUBHBIMHM JOKyMEHTaMH. B jfokinane MpHBOAATCS nprUMepbl HE3HAYH-
TeNbHOM MOJEPHU3ANN NPOrpaMM C LETBI0 MPUIAHUA UM CBOICTBA METPOJIOTHYECKOTO aB-
TOCOTIPOBOJK/EHHUS. MeTposiornyeckas arrecTalus Takux NpoOrpaMM BBITIOJIHACTCSA MYTEM
BEIHCITUTETHHEIX SKCIIEpUMEnToB MeTooM MonTe-Kapro.
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D £D, =(al’bl)i(a2’b2)=(al tay, b i'bz)’
D,-D, = (als bl)'(az’bz)‘: (al “ay,a,-b, +a, 'bl)’

Dy _ (a,8) _ (ﬂ E_G_MJ and
D, (az» bz) a, : a;
in addition the functional transformation £(D)=(f(a), f'(a))-

The automatic differentiation doesn’t request calculating finite differences. It pro-
duces accurate derivatives for each calculation fast. So if uncertainty representation as fuzzy
intervals and automatic differentiation are combined in one program, user of this software will
get for each calculation result interval characteristic of its error. This indicates that such soft-
ware has metrological self-assurance.

In the report arguments to use fuzzy interval for uncertainty expression are presented.
These arguments are based on results that were obtained independently by P. V. Novitsky,
M. A. Zemelman, V. Ya. Kreinovich and based on rules for measurement results errors ex-
pression that are regulated by domestic normative guides. In the report examples of programs
code modification for giving them the metrological self-assurance are presented. It highlights
that this modification is insignificant. Metrological attestation of such programs is performed

with Monte-Carlo method.
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