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CPABHEHME MOLENEN BHELLHUX OTKA30B 3JIEMEHTAPHOIO
MYJINbTUNNEKCOPA NOTMYECKOIO 3JIEMEHTA NMJINC FPGA
OTHOCUTEIbHO NOKPbLIBAKOLLWUX TECTOBbIX HABOPOB

PaccmatpuBaetcsi TeCTMpOBaHUE 3NEMEHTapHOro MyrnbTunnekcopa — cenektopa MS 2-1, co-
CTaBISIIOLLEr0 OCHOBY JTOrMYECKNX 3NIEMEHTOB KOH(MUIYpUpyeMbIX NOrn4eckux 6rokoB NporpaMmmmnpyemMbix
nornyeckmx cxem MNMUC Tvna FPGA (field-programmable gate array). PaccmarpusaioTca Mofgenu ogHo-
KpaTHbIX KOHCTaHTHbIX OTKa3oB (stuck- at fault), 3ambikanuii (bridging fault): «moHTaxHoe U, UITN» (wired
AND, OR), gpoMuHaHTHble 3ambikaHusi (dominant, dominant AND, OR). OnpenensitoTcsi KOHTPOSbHbIE
1 QuarHocTmyeckune TecTbl. [1okazaHo, YTO COBOKYMHOCTb TECTOBbIX HABOPOB OTHOCUTENbHO OAHOKPATHBIX
BHELLUHUX KOHCTaHTHbIX OTKA30B SIBMSETCS TakOBOW M OTHOCUTENbHO BHELLUHWX 3aMblkaHuiA. [onyyeHHble
TecTbl cogepxart nubo ogHy eauHuuy B Habope (001,010), nubo oguH Honb: 101,110, 4yTo No3sonser
MCMNOoNb30BaTb 3TOT (haKT AN NOCTPOEHUs TecToBbix HabopoB Ansa KJ1b peanbHon pasmepHocT. Kpome
TOro, NONy4eHHOe MHOXECTBO TECTOB OKa3arnocb AOCTaTOMHbIM U NSt Pa3fNMyeHust BCEX PaCCMOTPEHHbIX
OTKa30B, TO €CTb Af1sl AUAarHOCTUPOBaHWS, onpeaeneHns B1uaa oTkasa.

KnioueBble cnoBa: nporpammupyemasi norudeckas uHterpanbHas cxema (MNAC), norndeckuin
anemeHT J13, mynbTunnekcop — cenektop MS 2-1, ogHoOKpaTHble KOHCTaHTHbIE OTKas3bl, 3aMblKaHUs!, JOMU-
HaHTHbIE 3amMblKaHusi, MOHTaxHoe W, LT, Tabnuua dyHKUMI 0TKa30B, TECTOBbLIE HABOPHI.

S.F. Tyurin', S.V. Ermakov', A.Yu. Gorodilov’
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’Perm State National Research University, Perm, Russian Federation

EXTERNAL FAULT MODELS COMPARISON OF FPGA PLIC
LOGIC GATE MULTIPLEXER WITH RESPECT
TO COVERING TEST SETS

In this paper testing the elementary multiplexer, MS 2-1 selector forming the basis of configu-
rated logic block gates of programmable logic circuits (FPGA type) has been considered. Models of
single stuck — at faults, bridging faults: wired AND, OR, dominant, dominant AND, OR have been exam-
ined. Also, check and djagnostic tests have been defined. It has been shown that the aggregation of test
sets related to single external stuck-at faults is the same as the aggregation of test sets related to exter-
nal bridging faults. The tests received contain either a single one in the set (001, 010) or a single zero:
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101, 110, that allows us to use this fact to construct test sets for configurated logic blocks of real dimen-
sion. Moreover, a great number of tests received proved to be sufficient to disfinguish all the faults con-
sidered that is for diagnostics and deternination of all fault types.

Keywords: programmable logic integrated circuits (PLIC), logic gate, multiplexer, MS 2-1 selec-
tor, single stuck-at faults, bridging faults, dominant, dominant AND, OR; wired AND, OR, fault functions
table, test sets.

OcHoBo#f Jormueckux 31eMeHToB (JID) KOoH(UTypupyeMBIX JOTHYe-
ckux 6mokoB (KJIB) TVIMC tuna FPGA (field-programmable gate array) siB-
JSIIOTCS. MYJIBTHILIEKCOPBI B BHJIE JiepeBbeB mepenatomux MOII-Tpan3uc-
TopoB [1]. PaccmoTpum ycioBHOe rpaduueckoe o6o3nauenue (YI'O) ame-
MEHTapHOI0 MYJIbTUILIEKCOPA — cellekTopa Ha 2 kaHana — MS 2-1 (puc. 1).

Xl —A MS .

D

X2 —0
X2 1

X3 —1

1 [

X3 1
a o

Puc. 1. Mynstumnekcop cenextop MS 2-1 Ha 2 kanana: a — YI'O
3JIEMEHTAPHOT0 MYJIBTHIUIEKCOPa — CEJIEKTOpa Ha 2 KaHaja; 6 — peaar3alus
Ha nepenaromux MOII-TpaH3ucTopax 0e3 BEIXOTHOTO HHBEPTOPa

Taxkoit MYJIBTUIIJICKCOP OTHOCUTECIIbHO BHCITHUX BXOJJ0B OIMMUCBIBACTCSA

JIOTHYECKOH (hyHKIMEH TPEX apryMeHTOB:
Z=X1X, V XX, (1)

CpaBHUM MOJIENM BHEIIHUX KOHCTAHTHBIX OTKa30B M OTKA30B THUIA
3aMBIKaHUN TAKOTO 3JEMEHTAPHOIO MYJIBTUIUIEKCOPA OTHOCHUTEIBHO II0-
KpBIBAIOIINX TECTOBBIX HA0OPOB. BBIIBUHEM T'HIIOTE3y O TOM, YTO CYIIECT-
ByeT 00lee MUHUMAJIBHOE TMOKpHITHE, OOHApYKUBAIOIIEee U T€ U JIpYrue
OJIHOKPATHBIE OTKa3bl.

Mogaesib OJHOKPATHBIX KOHCTAHTHBIX 0TKAa30B
PaccmoTpuM OJTHOKpaTHBIE KOHCTAHTHBIE OTKa3bl BXOJOB MYJIBTHII-

nekcopa 2-1 [2].
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IIpu KOHCTAaHTHOM OTKa3e aapecHoro Bxojaa X1=0:
z(xl=0)=;1x2vx1x3=6-x2v0-x3zxz. 2)
IIpu KOHCTAaHTHOM OTKa3e ajpecHoro Bxoaa X1=1:
z(xl:1)=;1x2vx1x3=i-x2vl-x3=x3. 3)
IIpu KOHCTAaHTHOM OTKa3e BXoJa JaHHbIX X2=0:
z(x,=0)= ;1x2 VX Xy = xi-0v X, Xy = XX, “4)
IIpu KOHCTAaHTHOM OTKa3€ BXOJa JaHHBIX X2=1:
z(xz:1)=;1x2vx1x3=;1-1vx1-x3=;1vx3. 5
IIpu KOHCTAaHTHOM OTKa3e BXxoJa JaHHbIX X3=0:
z(x;=0) = ;1x2 VX Xy = ;1x2 vx 0= ;1x2. (6)
IIpu KOHCTAaHTHOM OTKa3e BXoJa JaHHBIX X3=1:
z(x;=1)= ;1x2 VX Xy = ;1x2 vx -l=xVvx,. (7

[Momyynm Tabnuity (QyHKIUE OJHOKPATHBIX KOHCTAHTHBIX OTKa30B
BX0JI0B (puc. 2).

TIT2Th
KOHCTAHTHLIE OTHA3L! TG
T X1 X2 X3 2 Z0A=0) | Zp0=1) | Z(%2=0) | Zpe=1) | 2D | Z(%a=1)
TO 0 0 ] 0 0 ] ] [1 0 o
T 0 0 1 0 0 M 0 1] 0 [1}
T2 0 1 0 1 1 0] [0] 1 1 1
T3 1] 1 1 1 1 1 [0] 1 1 1
T4 1 0 0 0 0 0 ] 0 0 11
15 1 0 1 1 01 d 1 1 0] 1
T6 1 1 0 0 11 0 0 0 0 [0
7 1 1 1 1 1 1 1 1 9] 1

Puc. 2. Tabnuia GyHKINIT OTHOKPATHBIX KOHCTAHTHBIX OTKAa30B BXOJOB

As Ap

source destination

Bs Bp
bridging fault

Puc. 3. Monens oTka3oB THMa
«3amblkaHue» A, B
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40

OueBugHO, 4TO B Tabnuie (CM. puc. 2) siapa HET — HET CTOJIOIOB
C 0/1HO# MeTKOo!. TakuM 00pa3oM, MOKHO BU3YyaJlbHO MOJIY4YUTh, HAIIPUMED,
nokpsitue T1-T2-T5-Té6.
K Takoil MoJenr MOKHO CBECTU M OTKa3bl BHYTPEHHHUX MEpEIaroInX
MOII-TpaH3uCTOPOB — IIOCTOSIHHO OTKPBITY», «IIOCTOSTHHO 3aKPBITY.

Moaeanb OTHOKPATHBIX 0TKAa30B-3aMbIKaHMI1

PaccmoTpuM opHOKpaTHBIE OTKa3bl-3aMBIKAHHWS BHEIIHHX BXOJOB
MynbTHILIEKCOpa 2-1 [3, 4] (puc. 3).
Takas MoJenp BKJIIOYAET BapUaHT «MOHTaxxHoe WM», «MOHTaXHOE
WNIIN» [4] (puc. 4).

Ag Ap As Ap
L

BS_I_ Bp, Bs Bp

Wired-AND Wired-OR

Puc. 4. Monens oTKa30B THIA «MOHTa)KHOE Iy,
«MoHTaxkHoe JIN» A, B

MomnTtaxknoe U (wired AND)
B sTOoM ciiyuae:

(x;)wired & (x;)
(x,)wired & (x,)

z= ;1x2 VXX, = (0x,)(xx,) v (X, )x; = (x1 v ;z)xlx2 VXX, X5

(x,)wired & (x;)
z= ;1x2 VXX, = @)x2 V(x,x)x; = (x1 v x3 )X, VXX, =
= XIX, V X, X3 V XX,
(x,)wired & (x;)
z= ;1x2 VXX, = G)xz)@ VX (x,x5) = ;1x2x3 VXX,
MownTtaxkunoe UJIHU (wired OR)
IIpu sTOM:

(x;)wired OR(x;)
(x,)wired v (x,)

z= ;1x2 VXX = (V) (X VX)) V(X VX)X = XX VXX,

(8)

)

(10)

(11)
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(x,)wired v (x;)

z= ;1x2 VXX, = (X v ag)x, V(g vox)(x vxg) =

- = (12)
=X1X,X3 VX VX =X VX, VX
(x,)wired v (x5)
Z=;1x2vx1x3:>;1(x2vx3)vxl(x2vx3): (13)

=X1X, V X1X; V XX, VXX =X, V X;.

[MToyunm Tabnuibl GYyHKIHUNA OTKA30B «MOHTaXHOE M), «MOHTaXHOE
NIIN» (puc. 5).

MonTaxHoe U

T X1 X2 X3 z (X1842) Z(X1X3) Z(X2X3)
TO 0 0 0 0 0 0 0
™ o 0 1 0 1] 0 0
T2 0 1 0 1 0] 1 0]
T3 0] 1 1 1 @ 1 1
T4 1 0 0 0 0 0 0
15 1 0 1 1 [0] 1 0]
T 1 1 0 0 0 1] 0
T7 1 1 1 1 1 1 1
MonTaxHoe U
T X1 X2 X3 Z (X1uX2) | ZX1uX3) | Z(X2ux3)
TO 0 0 0 0 0 0 0
T 0 0 1 0 1] 1] 1
T2 0 1 0 1 [0 1 [
13 0] 1 1 1 1 1 1
T4 1 0 0 0 0 M 0
15 1 0 1 1 1 1 1
T6 1 1 0 0 1] [1] )]
7 1 1 1 1 1 1 1

Puc. 5. Tabnuia hyHKINIT OHOKPATHBIX OTKAa30B
3aMBbIKaHH «MOHTakHOe My, «MmoHTaxkHOe NIV »

PaccMoTpuM NOMUHAHTHBIC 3aMbIKAHUS:
JomunantHoe 3ambikanue (Dominant) (puc. 6).

AS AD AS AD

BS BD Bs BD

A dominates B B dominates A

Puc. 6. lomruHaHTHBIE 3aMBIKaHHS
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Takum 06pazom, (x;)Dominant(x;).
Tak, npu (x,)Dominant(x,)

Z= XX, VXX = XX VXX = XX

JomunantHoe U (Dominant) (puc. 7).

Ag AD‘ Ag AD‘
Bs Bp Bg Bp
A dominant-AND B A dominant-OR B

Puc. 7. JomunantHoe 1
Crenosarenbro, (x;)Dominant(x; & X;).
Taxk, npu (x,)Dominant(x, & x,)
z= ;1x2 VXX, = xi (%) vV x,X; = X, X;5.

JomunantHoe UJIN (Dominant) (puc. 8).

Ag Ap As Ap
Bg Bp, Bs Bp
B dominant-AND A B dominant-OR A

Puc. 8. JomunantHoe NJIN

[osromy (x;)Dominant(x; v x;).
Tak, npu (x,)Dominant(x, v X,)

Z=X1X, VXX = X1(X VX)) VXX = XX, VXX

[Momyynm Tabaub! GYHKIUH TOMUHAHTHBIX OTKa30B (pHC. 9).

Onpeueﬂe}me KOHTPOJIbHBIX TECTOB

(14)

(15)

(16)

[TonyynmM KOHBIOHKTUBHOE MOKpPBITUE [S] Tabmuil GyHKIUNA OTKAa30B

(puc. 2, 5, 9):
— i puc. 2:

(TSVT6)(TIVT2)(T2vT3) (TOVT1) (TSVTT) (T2vT3) (T4VT6).
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TIT2TE
HowyHanra D X | Xi=Xi XEXi T8
Ownen

7 X1 X2 X3 2 (X1 D X2) | (X1 D X3) | (2 D X1} (X2 D X3) | (X3 D K1) (X3 D X2
T0 4] 1] o a
T1 ] 0 1 0 1 1
T3 ] 1 ] 1 0 ] 0
T3 [u] 1 1 1 0
T4 1 1] O a 1
T5 1 0 1 1 [} o
T8 1 0 0 1 1 1
7 1 1 1

DomusantHoe M (Xi_D_Xj> | Xi=ki; X=Xt
T X1 %2 X3 F X1_D_X2) | (X1_D_X3) | (X2_D_X1} | (X2_D_X3) | (¥3_D_X1) (X3 D_X2
T0 (4] 1] O o
T (4] Li] 1 a
T2 (] 1 (] 1 0 L]
T2 ] 1 1 1 "]
T4 1 1] v} o
T8 1 1] 1 1 1] 0
TE 1 1 i} o 1
§Fd 1 1 1

DomuHanTHos MITH (Xi_D_XjF> (X=X X=XV X

T ¥ X2 X3 Z (X1 D X2} | (X1 D X3) | (X2 D X1} (X2 D X3} | (X3 D _X1) (X3 D X2
TO [i] 0 1] o
i) ] (i 1 0 1 1
T2 o 1 o 1 0
T3 [u] 1 1 1
T4 1 1] o a 1
T5 1 Li] 1 1
T8 1 t o o 1 1
T 1 i 1

Puc. 9. Tabauip! GyHKIMI TOMHHAHTHBIX OTKA30B

PackpeiB 16, HannpuMep, MOXkHO Noay4uTh nokpeitue T1T2TS5T6 (BbI-
JICJIEHO 1IBETOM Ha pHC. 2);
— JUIsl puC. 5 — MOHTaxkHOe U:

(T2VvT3VTS)TO(T2VTS). (18)
Mownrtaxnoe UJIN:
T2(T1vT4vT6)(T2VT6). (19)
— Juig puc. 9 — JOMHUHaHTAa:
T2T6(T2vTS) (T5vT6) (T1VT6) (T1vT2). (20)
JHomunanTtHoe U:
T2T5T6. 21

JomunantHoe MJIN:
T1T2T6. (22)
Ananmu3 (18)—(22) nmo3BomsieT caenaTh BBIBOJ O TOM, UYTO TOKPBITHE
T1T2T5T6 Takxke sABIAETCS KOHTPOJIBHBIM TECTOM JJIsi OTKa30B-3aMblKa-

Huii. OOpaTuMm BHMMaHue, uTo TecThl T1, T2 conepkar oqHy €IUHUILY B Ha-
6ope (001,010), a rectst T5,T6 — oqun HONB: 101,110.

43



C.®. Tiopun, C.B. Epmaros, A.FO. 'opoounos

Onpeueﬂe}me AUATHOCTHYECCKHX TE€CTOB

[TonipoOyem mpoBEpUTH €€ OJHY TUIIOTE3y O TOM, YTO IMOJYUYEHHOE
MHOKECTBO TECTOB JOCTATOYHO JUISI Pa3IMUCHUS BCEX PACCMOTPEHHBIX OT-
ka30B. [loctpoum Tabnuily pa3nuueHusi OAHOKPATHBIX KOHCTAHTHBIX OTKa-
30B BX0J0B (puc. 10).

X1=0)\X1=0}X1=0\X1=0)X =0} X1=1}X1=XI=1\X1=1 [X2=0)x2=0XX2=0)x2=1 \X2=1)[X3=0
T X1 X2=0)X2=1 [ X3=0)X3=1 Y X2=0)X2=1 {X3=0)X3=1 {X2=1 {X3=0YX3=1 {X3=0XX3=1 {X3=1
TO (1] (1] (1] (1] | [1]

(W[ (1] (1] (1] | 01 | [1] (1] | [1]

(B[ [0 |0 (0] [ [0] | [0] |[0o] |[0] | [0]

T3 [0] [0] [0] | [0] | [0]

T4 (1] (1] (1] (1] | 1]
(W[ 01 [[01 [[0] [0] [0] [0] [0] [0]
W[ [m [ |m [1] [1] (1] | 1]

7 [0] [0] [0] [0] [0]

Puc. 10. Tabnura pa3nudeHns: OHOKPATHBIX KOHCTAHTHBIX OTKAa30B BXOJOB

Buaum, uTo i1 3TOro BHIa OTKa30B MHOKecTBO TecTtoB T1, T2, TS,
T6 mocTaTouHO AJIsl pa3IUUYCHUS BCEX PACCMOTPEHHBIX Map O0TKa30B.

Jia oTtka3zoB Tuna «MmoHrtaxHoe W, MJIN» (puc. 11) 3T0 mokpsitue
0oJiee ueM 10CTaTOYHO.

(X1 X2)
(X1 X3)

(X1 X2)
(X2 X3)

(X1 X3)
(X2 X3)

(X1vX2)
(X1vX3)

(X1vX2)
(X2vX3)

(X1vX3)
(X2vX3)

—
S
[t}

[0]

(1]

—
S
=

t‘.JJE‘ dJJS‘ —

—
S
— =

(1]

Puc. 11. Tabmuua pa3nuueHnst OHOKPATHBIX KOHCTAHTHBIX
0TKa30B THNa «MoHTaxHoe U, NJIN»

JlJ11 TOMMHAHTHBIX OTKa30B (pHc. 12) runores3a NoATBEPKAAETCS.

(XIDX2)
(XIDX3)

(XIDX2)
(X2DX1)

(XIDX2)
(X2DX3)

(XIDX2)
(X3DX1)

(XIDX2)
(X3DX2)

(XIDX3)
(X2DX1)

(XIDX3)
(X2DX3)

(XIDX3)
(X3DX1)

(XIDX3)
(X3DX2)

(1

(1

(1

(1 (1

[0]

[0] [0]

[0]

[0]

[0]

[0]

[0]

[0]

[0] [0]

(1

(1

(1]

(1]

(1

(1

[0]

[0]

[0]

[0]

[0] [0]

CCEECCERE

(1

(1 (1

(1

(1

(1

(1
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(X2DX3) (X2DX3) (X3DX1)
T (X3DX1) (X3DX2) (X3DX2)
TO
[7] [
T2 [0] [0]
T3
T4
[ [0] [0]
T6 (1] (1] (1]
T7

Puc. 12. Oxonuanue

Jnst nomunantHoro UM, MJIN (cMm. puc. 9) umeercst Mo ogHOMY CIly-
Jaro, KOTJa OTKa3 He BIMSIET HAa PadOTOCIMOCOOHOCTH YCTPOHCTBA
((X1D&X3), (X1DVvX2)), u 1o 0AHOMY ClIy4aro, KOTJila OTKa3bl HE pa3iiu-
qarotes ([(X2D&X1), (X2D&X3)], [(X3DvX1), (X3DvX2)]). B cimyuae
HEpa3IMYEHUsS] 0TKA30B PEATU3YIOTCS OJMHAKOBBIC (DYHKIUHU, U X TapUPO-
BaHHE B cMbIce [6—12] OyneT B NMpHUHIUIIE aHATIOTUYHBIM. JIeTKO BUIIETH,
4yTO BCe MeTKU A joMuHantHoro U, MJIU (cm. puc. 9) nexar B 30He yKa-
3aHHBIX TECTOBBIX HAOOPOB.

Takum 00pa3oM, BBJIBHHYTas THUIOTE3a O TOM, YTO COBOKYITHOCTh
MIPOBEPSIONIUX TECTOBBIX HA0OPOB (KOHTPOJBHOTO TECTa) OTHOCHTEIHHO
OJIHOKPATHBIX BHEIIHUX KOHCTAHTHBIX OTKA30B SIBJISICTCS TaKOBOH M OTHO-
CUTEIILHO BHEIIHUX 3aMbIKaHUH. [lomydeHHbIe TeCThl cojepkar b0 OJHY
eannuny B Habope (001,010), mubo oxun Houb (101,110). Kpome Toro, no-
JTY4eHHOE MHOXECTBO TECTOB OKa3aJIOCh JOCTATOYHBIM H JIJISl Pa3JIHyCHUS
BCEX PAaCCMOTPEHHBIX OTKA30B, TO €CTh JUIsl TUATHOCTUPOBAHUS, OTIPEIeIie-
HUS BUJA OTKasza. B nanpHeiem 1enecoo0pa3Ho aBTOMATU3MPOBATH MPO-
HeAYpY TOCTPOCHHS TAOIUI] PYHKIIMA OTKA30B U KOHBIOHKTHUBHBIX ITOKPHI-
TUH, PACCMOTPETH CITydail pa3IMYeHHs] PAa3TUYHBIX THIIOB Iap OTKAa30B Me-
K1y coboil. LlemecooOpazHo Takke MPEMIONKUTh MPOLEAYPY, YIPOIIaro-
IIyI0 HAaXOXKJIEHHWE TECTOBBIX HAOOPOB JJIsi MYJIbTHUIUIEKCOPOB, MMEIOIIHX
n = 4,5,6,7 u Ooyiee apecHBIX BXOJOB, KOrJa oOIlee YHUCI0 MEePEMEHHBIX

TecTHpoBaHus S onpenensercs kak S =n+2"(21).
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