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Abstract : This paper present s a new test data compression/ decompression method for SoC testing ,called hybrid run

length codes. The method makes a full analysis of the factors which influence test parameters :compression ratio ,test

application time ,and area overhead. To improve the compression ratio ,the new method is based on variable2to2varia2
ble run length codes ,and a novel algorithm is proposed to reorder the test vectors and fill the unspecified bit s in the

pre2processing step . With a novel on2chip decoder ,low test application time and low area overhead are obtained by

hybrid run length codes. Finally ,an experimental comparison on ISCAS 89 benchmark circuit s validates the proposed

method.
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1　Introduction

Wit h the steady increase in complexity of sys2
tem2on2a2chip ( SoC) designs , testing is an impor2
tant factor t hat determines t he cost of t he design.

The test data volume is a major p roblem encoun2
tered in t he testing of SoC designs. The increasing2
ly large volume of SoC test data is exceeding the

memory and I/ O channel capacity of commercial

automatic test equip ment ( A TE) . For closing the

ever2increasing gap between A TE speed ,channel ,

and memory requirement s versus SoC test data vol2
ume , t here are two main potential solutions. The

first solution is t he built2in self2test (BIST) [9 ] ,and

it has emerged as an alternative to A TE2based ex2
ternal testing. But t he BIST is now extensively

used for memory testing , and not as common for

logic testing. The BIST also int roduces perform2
ance penalties. The second solution is based on t he

use of test data compression/ decomp ression tech2
niques[ 1～8 ] . This solution does not int roduce per2
formance penalties and guarantees f ull reuse of t he

existing embedded cores. Recently ,several efficient

test data compression techniques have been p ro2
posed ,such as statistical codes[1 ] , Golomb codes[2 ] ,

f requency2directed run2lengt h ( FDR) codes[3 ] , se2
lective Huff man codes[ 5 ] , and alternating run2
lengt h codes[8 ] . In t his paper ,a new class of varia2
ble2to2variable run length compression codes is

p resented ,which is referred to as hybrid run2lengt h

codes. The method is based on analyzing t he factors

t hat influence test parameters : comp ression ratio ,

test application time , and area overhead. Unlike

ot her p revious approaches[ 1～3 ,5 ,8 ] , which improve

some test parameters at t he expense of t he ot hers ,
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t he p ropo sed met hod is capable of improving all t he

t hree parameters simultaneously.

2　Hybrid run2length codes

2. 1　Compression algorithm

In t his section ,t he hybrid run2lengt h codes al2
gorit hm is described. It is a variable2to2variable

lengt h coding , which map s variable2lengt h runs of

0s to variable2lengt h code words. The hybrid code

is const ructed as follows :t he runs of 0s are divided

into group s A1 , A2 , A3 , ⋯, A k , respectively ,and k

is determined by the run2lengt h L of test vector

and t he bit s width of tail words ( L t ) . The block

size of p refix Lp is determined by L t ( L p = L t + 1) .

The encoding procedure of L t = 1 is shown in

Fig11. The hybrid code has the following proper2
ties : (1) The tail section consist s of two part s : t he

flag bit and the tail words. The flag bit is used to

obtain lower area overhead , which is a constant

“zero”; (2) The prefix is constit uted of blocks ,and

t he first bit of each block is t he constant“one”; (3)

For L t = 1 ,t he size of t he kt h group is equal to 2 k ,

i . e. , A k contains 2 k members ; (4) The codeword

contains p refix , flag , and tail words. In order to

show the compression efficiency of t he new coding

st rategy , a p robability analysis for t he test data

source is p resented and hybrid run lengt h coding is

compared wit h FDR codes , Golomb codes ,and en2
t ropy bounds. Defining a test set t hat p roduces 0s

and 1s wit h p robabilities p (0 < p < 1) and 1 - p ,re2
spectively. The smallest and t he longest run

lengt hs that belong to group A k are 2 k - 2 and 2 k + 1

- 3 at L t = 1. Whereas ,if L t = 2 , t he smallest and

t he longest run lengt hs are (22 k - 7) / 3 and (22 k + 2 -

7) / 3 ,respectively. So t he compression gain of hy2
brid run lengt h codes at L t = 1 is given by

βH ( L t = 1) =λ/ HL t = 1 = 1/ 2 (1 - p) ∑
∞

k = 1
p2 k - 2 (1)

whereλ is t he average number of bit s in any run

generated by t he data source and H is t he average

codeword lengt h for hybrid run lengt h. If L t = 2 ,

t he compression gain also can be obtained ,which is

given by

βH( L t = 2) =λ/ HL t = 2 = 1/ (1 - p) ×　　　　　

(∑
∞

n = 1

3 n( p
(22n - 7) / 3 (1 - p2 k ) ) (2)

We now compare t he compression gain obtained by

hybrid run length codes wit h t he different codes in

Ref s. [ 2 ,3 ] .

Run

lengt h
Group

Prefix

( L p = 2)

Tail

Flag L t

Code

words

0

1
A1

No 0 0 00

No 0 1 01

2

3

4

5

A2

10 0 0 1000

10 0 1 1001

11 0 0 1100

11 0 1 1101

6

7

8

9

A3

10 10 0 0 101000

10 10 0 1 101001

10 11 0 0 101100

10 11 0 1 101101

⋯⋯ ⋯⋯ ⋯⋯ ⋯⋯ ⋯⋯ ⋯⋯

Fig. 1　Hybrid run2length coding (L t = 1)

Figure 2 shows t hat t he compression gain of

hybrid codes is always higher t han t hat of Golomb

codes for all values wit h p > 0191. At L t = 1 , t he

compression gain is t he same as FDR codes.

Whereas , t here is a significant difference between

βH andβF ,when L t = 2 and p > 0195.

Fig. 2　Comparison of compression gain obtained with

different codes

2. 2　Pre2processing of test data

To improve t he compression ratio of hybrid

run lengt h codes , before encoding t he test set s ,an

efficient test vectors reordering algorit hm and a dy2
namic do not cares bit s filling procedure used in t he

pre2processing step are p resented ,called the itera2
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tive sort filling st rategy ( ISFS) . It assigns the

donot cares bit s in t he original test set to zeros or

ones. At t he first step ,it finds an unsorted vector

f rom t he original test set (array inp ut) randomly.

Then it calculates the minimal and maximal ham2
ming distances between the vector and t he last vec2
tor in t he array outp ut . According to t he hamming

distance , it fill s do not care bit s of the vector .

Hamm D is t he t hreshold value of the hamming

distance defined by user . The algorit hm of the pro2
posed procedure is shown in t he following pro2
gram.

Sort ( Hamm D , Hamm L)

sort t he first line : Array Outp ut [ 0 ] < = Array

Inp ut [ x ] ;

while ( sort p rocess is not finish)

label1 : Find an unsorted line ;

label2 :Calculate Hamming distance between Array

Inp ut [ i ]and Array Outp ut [ j ] ;

if (Min D > Hamm D) ∥current Array Outp ut

[ j ] is not good

　Find another unsorted line and goto label2 ;

else (Array Outp ut [ j ] has not changed) ∥change

t he filling st rategy of Array Outp ut [ j ]

　change t he x value using different bit index for

Array Outp ut [ j ] and goto label1 ;

else∥assort current Array Outp ut [ j ]

　j < = j - 1 ,Array Outp ut [ j ] < = Array Inp ut

[ x ] , Hamm L < = ( Hamm L - 1) and goto la2
bel1 ;

else

　Fill X bit value for Array Inp ut [ i ]and Array

Outp ut [ j ] ;∥let hamming distance equals to Max

D

endif

endwhile

3　Test appl ication time analysis

Test application time ( TA T) is firstly influ2
enced by t he compression ratio , and t hen by the

type of t he on2chip decoder . TA T is determined by

t he time needed to t ransport t he code words into

t he on2chip decoder and t he time needed to decode

t he compressed test set for internal scan chains.

The upper bound of TA T can be obtained on t he

assumption that decoding begins af ter complete

code words are t ransferred f rom t he A TE. And if

t he decoder has a parallel st ruct ure , t he lower

bound of TA T can be obtained , which is deter2
mined by t he larger one of Tshift and Tdecode . If t he

Tshift is t he time required to t ransport t he code

words and Tdecode is t he time required to decode t he

compressed test set s ,t he TA T can be given by

max ( Tshift , Tdecode ) ≤TA T ≤TA Tup = Tshift +

Tdecode =
L cw

f A TE
+

L src

f scan
=

1
f A TE

( L cw +
L src

a
) (3)

where a = f scan / f A TE is t he ratio between t he on2
chip test f requency ( f scan ) and t he A TE operating

f requency ( f A TE) ,L cw is t he total lengt h of t he code

words ,and L src is t he length of t he data source. The

experimental result s of TA T of hybrid run2lengt h

codes and t he comparison wit h ot her codes meth2
ods will show in Sec15.

4　Test data decompression

In this section ,we illust rate t he design of t he

decoder of t he hybrid run lengt h codes. The design

is different f rom t he FSM2based decoder in Ref s.

[2 , 3 , 8 ] . The block diagram of t he decoder is

shown in Fig. 3. Due to t he tail flag bit in t he code

words ,t he cont roller of t he decoder is really simple

and can be efficiently implemented. The tail flag is

used to distinguish between t he prefix section and

t he tail section of the code words , and t hen p ut

t hem into different shif t registers.

The ctl is t he inp ut signal used to cont rol t he

shif t of p refix or tail bit s. The shif t registers store

t he inp ut code words , and are divided into two

part s , t he even bit s and t he odd bit s. These two

group s of registers ,t he adder and t he selector C are

used to count the lengt h of the even and t he odd

prefix ,respectively. The B [ 1 ∶0 ] is one of t he in2
p ut signals of t he adder. The signal Dout is t he de2
coder outp ut . For group size k ,t he decoders of FDR
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Fig. 3　Decoder used for on2chip pattern decompression

and Golomb are formed f rom a FSM ,at t he least 9

states ,and a k + log2 k bit s counter . Compared wit h

t he decoders of FDR and Golomb ,t he p roposed de2
coder has only an internal buffer ,a shif t register of

size 2 k ,and an adder . Thus ,for t he same group size

k ,a visible reduction in area overhead is obtained.

For all of t hese on2chip decoders ,wit h t he different

group size of 4 ,8 ,and 16 , t he statistical and com2
parative data of t he area overhead are illust rated in

Table 1. All of t hese circuit s are synt hesized wit h

t he synop sys design compiler and mapped to t he 22
inp ut nand cell of the TSMC35 library. As shown

in Table 1 , t he area overhead of Golomb is up to

larger one time than t he hybrid at L t = 1. And the

area overhead of t he FDR is larger t han t hat of the

hybrid at t he different values of L t and group sizes.

Table 1　Area overhead comparison

Compression

met hod

Area overhead

(map to 22input nand gate)

Group size

4 8 16

Golomb 125 227 307

FDR 320

Hybrid ( L t = 1) 76 138 212

Hybrid ( L t = 2) 118 182 267

On t he ot her hand , t he simple and efficient

st ruct ure of the decoder is also beneficial to reduce

t he TA T. As described in Sec13 , TA T is deter2
mined by t he Tshift , Tdecode ,and type of decoder . Be2
cause the decoder of t he hybrid is made up of the

shif t registers and adder , it almost does not need

any wait cycles between t he t ransfer and decoding

processes. For example , when t he code words

t ransfer into odd bit s of t he p refix shif t register at

t he A TE operating f requency f A TE ,t he decoder can

generate pat terns at on2chip test f requency f scan and

outp ut f rom Dout immediately. On t he next stage ,

t he A TE can t ransfer t he next code words into t he

even bit s of t he p refix shif t register ,and t he decod2
er will begin to generate the second pat tern after

t he first pat tern has fed into t he internal scan

chains. Therefore ,t he decoder of t he hybrid almost

works in parallel characteristic as long as f scan >

f A TE .

5　Results

To validate t he efficiency of t he new met hod ,

experiment s were performed on t he f ull scan ver2
sion of the large ISCAS 89 benchmark circuit s.

These benchmark circuit s are sequential , synchro2
nous ,and use only D2type flip2flop s. For example ,

S9234 ,S13207 ,S15850 ,S38417 ,and S38584 are re2
al2chip based and rely on partial scans. Especially ,

S35932 ,S38417 ,and S38584 are t he largest circuit s

in t he ISCAS 89 and t he scales of combinational

gates are 16065 , 22179 , and 19253 , respectively.

Test set s used in t hese experiment s were obtained

by Min Test dynamic compaction , which is also

used in Ref s. [ 2 ,3 ,8 ] . Min Test is an advanced A T2
P G system presented by Hamzaoglu and Patel in

1998 ,and it is considered as one of t he best test set

compaction tools. The proposed hybrid run lengt h
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codes were implemented in C + + .

In t he first set of experimental data ,as shown

in Table 2 ,t he compression percentage (cp) of dif2
ferent codes met hods were compared. Before the

test set s are encoded by hybrid run length codes ,

t he iterative sort filling st rategy ( ISFS) is used to

reorder t he test vectors and fill t he unspecified bit s

in t he test vectors. Table 2 clearly shows that the

p roposed met hod leads to bet ter compression rati2
os ,especially at L t = 2. TD is t he original test data

bit s of the source data and TE is t he code words

bit s af ter encoding. The cp is ( 1 - TE/ TD ) ×

100 %. On average ,t he percentage compressions of

hybrid run lengt h codes at L t = 1 are 16174 % ,

11104 % ,and 5181 % higher t han that of Golomb ,

FDR and alternating run lengt h codes. These val2
ues are increased to 17188 ,12118 ,and 6187 ,respec2
tively at L t = 2 ,and is bet ter t he values than at L t

= 1. All of t hese validate t he efficiency of the p ro2

posed met hod.

Table 3 shows t hat t he ISFS is not only effi2
cient for use with hybrid run lengt h codes ,but also

suitable for ot her compression codes to imp rove t he

compression ratio s. Before t he test set s are encoded

by Golomb or FDR codes , we can reorder and fill

t he unspecified bit s in t hem by ISFS to increase t he

percentage of zero , namely 0s p robability. Accord2
ing to Section 211 , t he 0s p robability is directly

p roportional to t he compression ratio . Table 3

shows t hat t he percentage of zero increases up to

90131 % on average af ter using ISFS. Table 3 also

describes t hat Golomb and FDR codes obtain an

obvious increase of t he comp ression percentage by

t he ISFS in t he pre2processing step of encoding. As

table shows , there is an increase about 7149 % for

t he Golomb codes and 13120 % for t he FDR codes

by the ISFS.

Table 2　Compression obtained using different codes methods

Circuit
Size of

TD/ bit

Golomb [2 ] FDR [3 ] Alt run lengt h [8 ] Hybrid run lengt h L t = 1 Hybrid run lengt h L t = 2

m cp/ % cp/ % cp/ % Size of TE cp/ % Size of TE cp/ %

S5378 23754 4 40. 70 48. 19 N/ A 10347 56. 44 9987 57. 96

S9234 39273 4 43. 34 44. 88 44. 97 15376 60. 85 16068 59. 09

S13207 165200 16 74. 78 78. 67 80. 23 25093 84. 81 21847 86. 78

S15850 76986 4 47. 11 52. 87 65. 83 22371 70. 94 21201 72. 46

S35932 28208 N/ A N/ A 10. 19 N/ A 14739 47. 75 15928 43. 53

S38417 164736 4 44. 12 54. 53 60. 56 60187 63. 47 58072 64. 75

S38584 199104 4 47. 71 52. 85 61. 14 76208 61. 73 71641 64. 02

Table 3　Compression ratios obtained after using iterative sort filling st rategy

Circuit
Size of

TD/ bit

Max of run

lengt h

Ave of run

lengt h

Percentage

of zero/ %

Golomb coding FDR coding

Size of TE cp/ % Size of TE cp/ %

S5378 23754 153 10. 11 90. 10 12085 49. 13 10090 57. 52

S9234 39273 226 12. 25 91. 83 18009 54. 14 16826 57. 16

S13207 165200 443 36. 11 97. 63 51387 68. 89 26516 83. 95

S15850 76986 573 17. 19 94. 18 30596 60. 26 22744 70. 46

S35932 28208 1601 3. 91 74. 39 26687 5. 40 18024 36. 10

S38417 164736 1366 12. 32 91. 88 74727 54. 64 57500 65. 10

S38584 199104 746 12. 91 92. 25 88255 55. 67 71168 64. 26

　　For a TA T comparison , a simulator was im2
plemented based on t he TA T analysis for

Golomb[2 ] , FDR[3 ] , and t he hybrid run lengt h

codes. For Golomb and FDR decoders , it was as2
sumed t hat t he data is fed into t he decoder at the

A TE operating f requency and t he internal FSM

reaches a stable state af ter one internal clock cycle.

In other words ,t hey need a wait cycle. However ,as

described in Sec14 , t he decoder of t he hybrid does

not need wait cycles between t he t ransfer and t he
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decoding processes , so TA T is determined by the

larger one of Tshift and Tdecode . In order to p rovide an

accurate comparison ,we use t he same group size as

in Table 2. The result s are reported in Table 4.

Table 4　TA T comparison for different codes methods

Circuit f A TE/ M Hz a
Test application time/ ms

Golomb [2 ] FDR [3 ] Hybrid runlengt h L t = 1 Hybrid runlengt h L t = 2

S5378 50 4 0. 333 0. 294 0. 247 0. 239

S9234 50 4 0. 514 0. 483 0. 343 0. 359

S13207 50 4 1. 328 1. 260 0. 897 0. 782

S15850 50 4 0. 943 0. 793 0. 489 0. 463

S35932 50 4 0. 658 0. 412 0. 240 0. 259

S38417 50 4 2. 196 1. 869 1. 502 1. 449

S38584 50 4 2. 550 2. 219 1. 802 1. 694

6　Conclusion

According to t he demonst ration in t he above

sections and t he experiment s result s ,we can draw a

conclusion t hat compression ratio is influenced by

t he filling and reordering algorit hm and by the

comp ression algorit hm ,t hat area overhead is influ2
enced by t he feat ure of the decoder , and t hat test

application time is influenced by t he compression

ratio and the type of t he on2chip decoder . This pa2
per p resent s a new compression met hod called hy2
brid run lengt h codes. Unlike p revious app roaches

t hat reduce some test parameters at t he expense of

t he ot hers ,t he p roposed compression met hod is ca2
pable of minimizing test parameters simultaneous2
ly. This is achieved by accounting for multiple in2
terrelated factors t hat influence the result s ,such as

p re2processing t he test set to t he coding algorit hm

with ISFS ,and t he type of t he decoder . The result s

in Section 5 show that t he p roposed method ob2
tains constantly bet ter compression ratio s com2
pared wit h references. Furt hermore , t he decoder

leads to saving more hardware overhead compared

with decoders in t he references. It is shown t hat

t he p roposed met hod decreases the A TE memory

and channel capacity requirement s by obtaining

good compression ratio s. Thus ,it is an effective so2
lution for test data comp ression/ decompression for

SoC designs.
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一种基于编码的低硬件开销的测试数据压缩方法 3

方建平　郝　跃　刘红侠　李　康

(西安电子科技大学微电子学院 宽禁带半导体材料与器件教育部重点实验室 , 西安　710071)

摘要 : 提出了一种新的测试数据压缩/解压缩的算法 ,称为混合游程编码 ,它充分考虑了测试数据的压缩率、相应

硬件解码电路的开销以及总的测试时间.该算法是基于变长2变长的编码方式 ,即把不同游程长度的字串映射成不

同长度的代码字 ,可以得到一个很好的压缩率.同时为了进一步提高压缩率 ,还提出了一种不确定位填充方法和测

试向量的排序算法 ,在编码压缩前对测试数据进行相应的预处理 .另外 ,混合游程编码的研究过程中充分考虑到了

硬件解码电路的设计 ,可以使硬件开销尽可能小 ,并减少总的测试时间.最后 , ISCAS 89 benchmark电路的实验结

果证明了所提算法的有效性.
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