2021 4 7 H
Bk Ha4l

Journal of Zhengzhou University ( Engineering Science)

WM K 2 R (T %) Jul. 2021

Vol. 42 No. 4

TEHS . 1671-6833(2021)04-0013-06

5 F B L 25 0 B L P B 4 T TSR 7 A 5

R, REE, T2E, R

h, B0 A, ALK

(B RETP R TR 50 Y BB, 280 & AL 230009)

W OE. EERERNXTEY AN XN LR A FENXRA G, AT AE L, R —
A TRALAWGE BN Xk, S TNEER SN R B A RBEF R Adon KL
FEAANAMKASEA > EGTERE RS ET TN XAR T ELEHS, HL B IEE R
B 69K AL FF G B AR R N B e B R R 4, 3P GR R P AR o A 24T X S ad A M) i SR o)
KA R Y R At AR R R AL AR AR R TR S R R, AR GE TR A ey R el bR F R TR At
B, FEs R A, 5 KNN A 8w )2 5ok 40 Wb | AU Ak S0 ok fL T o & ) X 3 i K R e iE 4T
B B kA AR R AL, S A G K T AR L R AU AR AR ST R AR AR GE BRI X B 2 8 LT T AR
25 28% Wy M X B ], 5 Hp B AR B R ROME Y 3 R PR R F sk AR B BT AR B 0 B ok R R R 1A 5 @ R

WEAR,

KR EAR BN K AR &5 K 0K E] K R A

FESES . TN4OT XEkPREARD: A

0 5

i 2L AE B SR R BB R 1 R R R
B I TR 3 A S T R A L (EL S B R
WA IR R T 2D M FRAC Bl A 4 AR
i H A b A e A Uk 08 AR AR A 4 AR
[ RS TR BT O A LG ok G, TR 3 D A
AR T 3 v e AR

TEAEGE i VISR | T A ot Fr 29 5% AR 1)
AR IR A AR A 0 3 B AR, 9k 2 R e g
R H | 8 R IR O T R L S
A 0% 5 3 R0 0 38 5 0 A 3 B 3 T R e
A A AR AR I P 8 A 3 R A B
P SE 3 R I 3 s HE T A i
WL T

TEI A HE R v, MR S TR0 390 X Gk B A
T B A 2 AT P AR A A A P R
LRSI B e B T I A R M R T
DAfR A7 A% M AS F B b R DR 4G I AR 4R i T
O ERL R AR T
R R VR 1) T2 A8 £ 1 B 0 58 R 6 e B L ) T
BE S R AT A LG o (5 2% 5 4 kL B B 3t

il

%5 B #5:2020-12-05;1& 1T H #1 :2021-03-16

doi:10. 13705/j.issn.1671-6833. 2021.02. 016

LR B0 ATE /R R S50 #4718 2, Xl 7=+
73 RERY

BEXS DL TR, S SO — bR Bl
IMAKT7 35 TR #E AT T IR e S
07 V5 R T RE AR T 21 B e BRE RS e B I 3 i R0
HARBE B0 AN Ta] Stk U B8 R o 58 Bl
MTIE X R o AT 0I5 3wl DL B A L )
BRI A 98 0 3 B ) B [ B R A A e Y T
NI

1 FEHLAR AT R

1.1 BEHZRMEE R

55— 55 5 2 28 R[] B AL AR PR A R —
I T e SR A 4 7 o RO HE B — P A
LRI AT  REASFURRAE (4 B AL 8 B A 15 A A
PRI Z R LA 22 5 e g 4 i S vk i iz ks
JI R B R BE Y, R RE N AR € . 3 T Bagging
B UL B AL AR AR 125 45 A D SR 22 8] BLAS 5%
M), A R o T K AR Y ) 35 AT T

AR JBR R T A R I H R R £, R
i (B BCHE VK (8] 2547 T 204 22 , i A B F 2R AR5
0T A b 7 Rk el AR PR 3R DU IE R AT

HE&WB . FRXAARRFREESEITH (61371025,61874156) ; [ R B KR 2855 H (62027815)
TEZ RN 5 %A (1964— ) B ZHENEN B I Tk R84 18+, 2N S 70 VLSTIIK 5+ 5 oL A

AR T A ST, E-mail : mxyil26@ 126.com,,



14 M K % (T % )

2021 4F

MO . 5 SVM BE AR UL, BE ML AR MR VL 7E
TR X A4 J32 260 i R A 1 A O ) 00 I ok 2 T P
L R] 52 A B A A, AT PR 58 e B B O
HR P A R A ] DL o O E B RR AR
() EE B B RS I I XS R BT 0 Y 5T
[ 2L < 2 ] ) O B L R S v
TN, AT 4 et 000 3 s ]
1.2 $EEEH

A5 12K Y BEHL AR AR A R AE J 221 1P 55 ok
XTREAEFEAT PEAL 75 20003 20 ) 3 2245 8, AT
XoF 4 4 U 20 1A A I B DAl /0 I i), 3 AR
I Y B A SRR B g A R AR A B AL AR AR
rh B RS 1Y BT R B S BOT A X E AT LA
HEFP o FEAE X B B 1Y 57 Bk 3E AT L] R JE 48 2L
Kefiiid, FECHREGI, N

| K] | K

Gl, = EQIZ;pMpr=17- ;;Pﬁo (1)
e bk RoRA kDG p, RN A n PGk
T o5 00 He 9 BPAT 28 TS a5 n HP B AL A B 2 S
A HAG AR A — R

REA n DR x, 2y, -, x, , B A HRAE
(KL JE 8 BOF 7, BDER o NI AEAEBE WL AR AR T A
PEARB A RN B R O B A e, ARAE «,
FENT A n A EZEME ) RIY 80 n 3 BT IS 1Y R e 48
AR R

VIM, = GI, - GI, - GI (2)

K. VIM,, AEFEEZVEE 55 GI G, 250 3
NG ZE AT 2 A E T R R AR A

e Ja O B A — (b Ab B .

VIM,
VIM = (3)

i VIM,
j=1

A VIM, AT R 3 2

2 @&t

2.1 AXFHE

AR SCHR B8 O O R R AN A 1 BT
N g E S DR | e S ) o Sl
GESMLE, BT UIZEEA I 2k ik n] LA GE
RS B BRGE T U R 4R 85 7 rh B A I 3L 0 F
e AT ) 010 A et AR D O AR B X
BRI HETHER o BE D G R T B 2 i T E
HELE DT B9 e /i 810 3RS i DA R
F AT I, AT LS PR 3 S e e A, DA T 9 2

IMCIRF ], SRy PR AIEAS SCT7 3 B0 P £l 9 2
I DSES T i B O T 1k BT AR B Y

B
e
B BEEE
e

|Wﬁ% | S
3

BEBLAR AR

—
LR
B1 SRREmNGZRE

Figure 1 Process of chip quality prediction method

AH BE T 7 5 I 5 3 9 1) v AT R HE )T
ASC R EAEXT G MR I3 4 2 48 A A R 9
DA & B AR R AT 1Y H A A4 D 3 30T BT 2 1 1Y
M I A [ I 2 ] B AR i R
WF 5 Bk BEPRAT B I X ) = SO R, AR SC
J7 % v R 04 21 A I 3K A R 45 D2 22
() ) 460 AR B 25 8 DL UG, A a0 S 0 K ot s kA 0 3
HFATHEIE

BEARIYIN 2556 BT, AR 408 2% D 3 2 % Joie & 930 30
S ER e o ol W v E NN S (1o A i SO 54
T B HE P A 0 a0 e 0 AR 0N e A 0
(S R ko (AN ORI W S D e B 1
2.2 BREERN

{68 FH B AT AR AR 1 52 BOES R o 0 ) o L
MR,

Step 1 ZU#E Tl b 3, ARl 05 Fr BT &
ARAT M I 44 BRI D D | 2 i
A B I 2 B ) A A SR Horh ok
R NI o B o O AN S I 7o & 1 D I O )
(IER AV

Step 2 FFAEFEE, X Step 1 H 282 Fi b B
A8 e D R 8 AT 20 A O BBURRALE |

Step 3 FIH Step 2 H £ MUY FRAE 2 37 B T
Wi AL AR AR 3 S o SR AR A

Step 4 AL B A (1 & B8 2 4, DU DR TIE B A
SRR E N

Step 5 SEEFHII . Ky JoAR 2 By 68 F il i L



5 430

Dy AR A BT LR AR A 8 H B 3 R M A i 15

PR FHE ST T I A 7 o s
3 SEES

3.1 XRERE

S IR 5% A Windows 10 & 48,4 GB N 17,
IntelCore-i54210 2. 6 GHz AbFRES S8 i ] (4 315
Fr R R A — AR A5 5 0 i i 3 D 3 5
Fo LML T 6 BB, 3t 57 117 M A
Forh To B S o 47 630 A, Bl o 9 487
Ao BT TCBOBE I R bR B MR TR, A R R B
R A TN [) 10 A5 A [ A A 25, BT A A 48 A
47 2, LRSI AR 16 Nk, H it
72 AR H

SCUS K FH Python3. 7 BKMF, 16 B BCHE 09
20%1E S 3K 46, LA I A 4 B 11 424 SR
Fo A B AL AR AR 7, D SR B 19 50 100, B
BLBRN TR 0, SE3EAT 2 2H S50 2 2H 525 i I ik
R EMEL S 1AL RS RN
9 5234, B F B 1901 A58 2 S b G
OB B 9 544 4> UREE R B0k 1880 1,
3.2 HBEEEM

2 45T 16 AN 4 B A I B HE Y
2R A RN E , Hoh S e i R 16
MR, B KB S 10 R4, J5 L2525 rp X
T 2 1 I I 4 AR B e R AT BDAR 1R
MHBRES 10 MR AL, 55 2 M BR S 10 A5 9 ik

JoAE AT FI W

41, DL 2t

JE—

HF'5

—

0.069 29
0.088 37
0.109 21

AR RWRINO—WUNWLWWMN®KIO O

—_—

0 0.020.04 0.06 0.080.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24
FAE R
2 WA TEEENHERF

Figure 2 Order of test groups importance
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Table 1 Prediction accuracy
o s HEBH R/ %

Ak T A 3 40 4k 51 %2
0 0 99. 84 99. 85
1 10 99. 81 99. 82
2 10.9 99.78 99.78
3 10.9.7 99. 68 99.74
4 10.9.7.8 99. 40 99.53
5 10.9.7.8.2 99. 24 99. 28
6 10.9.7.8.2.15 99. 06 99. 16
7 10,9.7.8.2,15.13 98.97 99. 05
8 10.9.7.8.2.15.13.5 98. 89 98. 87
9 10,9.7.8.2,15.13 511 96. 13 96. 29

10 10,9.7.8.2,15,13.5.11.6 94. 00 94. 06

11 10.9.7.8.2,15.13.5.11.6.12 92.11 91. 88

12 10.9.7.8.2,15,13.5.11.6,12 1 90.73 90. 67

13 10,9.7.8.2,15,13.5.11.,6,12.1.3 87.217 87. 68

14 10,9.7.8.2,15,13.5,11.,6.12.1.3 4 83. 46 83. 60

15 10,9.7.8.2.15,13 .5.11.,6,12.1.3 4 14 83.42 83.58

16 10.9.7.8.2,15,13.5.11.6,12.1.3 4,14 16 0 0
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Table 2 Results of test escapes
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Table 3 Results of test time reduction %
o NEW% - kﬁ@ﬁ&
B o B Ho2d
0 0 0 9 46. 11 46. 16
1 11.90 11.66 || 10 57.78 57.82
2 17. 62 17.39 || 11 62.75 62. 81
3 19.33 19.15 || 12 66. 12 66. 28
4 22.80 22.56 || 13 69. 60 70. 03
5 28. 00 27.77 || 14 81.37 81.78
6 33.24 33.03 || 15 90. 14 89.93
7 38.45 38.24 || 16 100.00  100. 00
8 44.23 44.05
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Table 4 Prediction accuracy of the three algorithms

e _ HE# R/ % ‘
B B AR bR KNN St A E|
0 99. 84 99. 36 90. 48
1 99. 81 99. 13 90. 48
2 99.78 98. 48 90. 41
3 99. 68 97.92 90. 36
4 99. 40 97. 83 90. 27
5 99. 24 97.59 89. 99
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Figure 3 Test escapes of three algorithms
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Table 5 Average running time of three models
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Figure 4 Test time reduction in three methods

Pl B F] 5 KN RTEZ  [l 09 5303 4 I
BE AL AR AR 35 45 04 Bn 29 09 SR I, HOAR SCT5 3%
AE T A 5 2 I (]

SEH

[1] YILMAZ E, OZEV S,SINANOGLU O, et al. Adaptive
testing : conquering process variations [ C]//2012 17th
IEEE European Test Symposium ( ETS).Piscataway .
IEEE,2012:1-6.

[2] STRATIGOPOULOS H G,STREITWIESERC. Adaptive
test flow for mixed-signal ICs[ C]//2017 IEEE 35th
VLSI Test Symposium ( VTS ). Piscataway: IEEE,
2017.1-6.

[3] MARINISSEN E J, SINGH A, GLOTTER D, et al.
Adapting to adaptive testing [ C ]//2010 Design,
Automation& Test in Europe Conference & Exhibition
(DATE 2010) .Piscataway : IEEE,2010.:556-561.

[4] CHEN M J, ORAILOGLU A. Test cost minimization
through adaptive test development[ C]//Proceedings of
the IEEE International Conference on Computer
Design. Piscataway:IEEE ;2008 .234-239.

[5] AKKOUCHE N, MIR S, SIMEU E, et al. Analog/RF
test ordering in the early stages of production testing
[C]//2012 IEEE 30th VLSI Test Symposium ( VTS).
Piscataway;: IEEE ;2012 .25-30.

[6] XUE C,SHAWN R D.A one-pass test-selection method
for maximizing test coverage [ C ]//2015 33rd IEEE
International Conference on Computer Design (1CCD).
Piscataway : IEEE ,2015.621-628.

[7] GONCALVES H,LI X,CORREIA M,et al. A fast spa-
tial variation modeling algorithm for efficient test cost
reduction of analog/RF circuits [ C ]//2015 Design,
Automation & Test in Europe Conference & Exhibition
(DATE) .Piscataway ;: IEEE 2015 :1042-1047.

[8] AHMADI A, NAHAR A, ORR B, et al. Wafer-level
process variation-driven probe-test flow selection for
test cost reduction in analog/RF ICs[ C]//2016 IEEE
34th VLSI Test Symposium ( VTS) .Piscataway: IEEE,
2016:1-6.



18 BN K F W (T % R) 2021 4

[9] WANG K L,LIN BY,WU C W,et al.Test cost reduc- iation and failure characterization through pattern clas-
tion methodology for InFO wafer-level chip-scale sification of test data from multiple test stages[ C]//
package[ J ] .IEEE design & test,2017,34(3) :50-58. 2016 IEEE International Test Conference ( ITC).Pis-

[10] GRADY M,PEPPER B,PATCH J,et al.Adaptive tes- cataway : IEEE ,2016:1-10.
ting-cost reduction through test pattern sampling[ C]// [14] AHMADI A, XANTHOPOULOS C, NAHAR A, et al.
2013 IEEE International Test Conference (ITC).Pis- Harnessing process variations for optimizing wafer-level
cataway:IEEE ,2013.1-8. probe-test flow [ C ]//2016 IEEE International Test

[11] LIUM Y, PAN R J, YE F M, et al. Fine-grained Conference (ITC).Piscataway:IEEE,2016.1-8.
adaptive testing based on quality prediction[ C]//2018 [15] GOTKHINDIKAR K R, DAASCH W R, BUTLER K
IEEE International Test Conference ( ITC ). M, et al. Die-level adaptive test; real-time test
Piscataway:IEEE ,2018:1-10. reordering and elimination [ C ]//2011 IEEE Interna-

[12] AGRAWAL M, CHAKRABARTYK. Test-cost modeling tional Test Conference.Piscataway:IEEE,2011.:1-10.
and optimal test-flow selection of 3-D-stacked ICs[J]. [16] ZEHede AR K, 1 55 Bk L T B HL AR Ak MOPSO By
IEEE transactions on computer-aided design of integrated IR B LA GE R Ay A [ T] A M R 2522 i ( T2
circuits and systems,2015,34(9) .1523-1536. fZ) ,2019,40(4) :80-85.

[13] HSU C K,SARSON P,SCHATZBERGER G, et al.Var-

An Adaptive Test Method of IC Based on Random Forest

YI Maoxiang, SONG Chenyu, YU Jinxing, SONG Tai, LU Yingchun, HUANG Zhengfeng

(School of Electronic Science and Applied Physics, Hefei University of Technology, Hefei 230009, China)

Abstract; An adaptive test method based on random forest was proposed to solve the problem of high test cost
caused by increasing test time.For the chip of the training model, by calculating the Gini index, the impor-
tance of each test group to the model classification in the process of the chip parameter test was obtained, and
the feature importance was used to quantify it. Then the importance of the test group was ranked to screen out
the most important test groups for predicting the quality of the chip. At the same time, the number of defective
chips that could be detected in each test group was counted. Part of the test was performed on the chips in the
test set, the test time was reduced by deleting some test groups, and the random forest algorithm was used to
predict the quality of the chips, so as to achieve a compromise between prediction accuracy and less time. Ex-
perimental results showed that compared with KNN and logistic regression algorithms, random forest could al-
ways maintains the best prediction accuracy, test escape level and running time. Compared with traditional test
methods, the test time could be reduced by about 28% while maintaining a low test escape level. Compared
with the other two representative adaptive testing methods, the proposed method performed better in reducing
the test time.

Key words: IC test; random forest; adaptive test; test time; test cost



