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In this paper, complementary Huffman coding techniques are proposed for test data

compression/ decompression of complex SOC designs during manufacturing testing. In-

stead of the compatible relationship between test data blocks, complementary features

between test blocks are also exploited. Based on this property, more test data blocks can

share the same codeword and the size of the modified Huffman tree can be reduced. This

will not only reduce the area overhead of the decoding circuitry but also substantially in-

crease the compression ratio. A graph model is also proposed for don’t-care assignment

of test cube. This problem can be transformed to the clique partitioning problem whose

complexity is basically NP-hard. Therefore, in order to exploit the compatible and com-

plementary relationships between test blocks, a heuristic algorithm is proposed for filling

test cubes. Thereafter, given the set of test vectors, two algorithms are proposed for

complementary Huffman encoding. The compression ratio and hardware overhead of the

decoding circuitry are analyzed. According to experimental results, the area overhead of

the decompression circuit is lower than that of the full Huffman coding technique.

However, it is a little bit higher than that of the selective Huffman coding technique.

Moreover, the compression ratio is higher than that of the selective and optimal selective

Huffman coding techniques.
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1. INTRODUCTION

Due to the ever-increasing complexity of SoC designs, a large amount of test pat-

terns should be sent from the ATE’s to test embedded cores through the ATE channels.

However, since the bandwidth of ATE channels and the capacity of ATE memory are

limited, the cost of testing and test application time will increase considerably. To allevi-

ate these problems, test compression techniques are usually adopted in today’s SOC era.

In general, there are three kinds of test compression tech-
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niqueslinear-decompression-based [1-3] scheme, broadcast-scan-based scheme [4-8],

and code-based scheme [9-25]. The linear compressor consists of only XOR gates and

flip-flops. The test data coming from the tester can be expanded and then fill the scan

chains. The main concept of broadcast-scan-based scheme is broadcasting the same test

data to multiple scan chain. Since different independent circuits share the same test pat-

terns, the number of test patterns and test application time can be reduced substantially.

The code-based scheme is appropriate to compress the pre-computed test set without

requiring any structural information of IP cores. It partitions the test set into test blocks.

Thereafter, don’t-care assignment algorithms are used for filling the don’t-care bits of test

blocks. After this procedure is finished, codewords generated by the adopted coding

scheme can be used to replace the filled test blocks. In [10-12], dictionary-based com-

pression schemes are proposed. Due to the regularity of these schemes, the advantages of

multiple-scan architecture can be preserved, and very low test time can be achieved.

In [9], a run-length-based (RLE) technique is proposed for multimedia cores. For the

(RLE) scheme, it encodes runs of 0’s by using fixed-length codewords. This scheme can

reuse the decoder and encoder in a multimedia core for compression/decompression of

test data. Therefore, the incurred hardware overhead is almost negligible. For the statisti-

cal-based schemes [13-21], there are many Huffman encoding techniques proposed in

[13-16]. However, the size of the decoder will increase exponentially as the encoded

symbols increase [13].

To cure this problem, the selective Huffman encoding technique was proposed in

[14]. It only encodes the symbols with higher occurrence frequencies. One extra bit is

added to indicate whether these symbols are encoded or not. The size of the decompres-

sion circuit can be further reduced than the full Huffman encoding techniques. This tech-

nique was further improved in [15] by the optimal selective Huffman coding technique,

which regards all non-encoded symbols as one. The variable-to-variable Huffman encod-

ing technique can be applied to multiple scan chains which can encode different compati-

ble block sizes with the same codeword as discussed in [16]. Other techniques [18-21] try

to merge different encoding techniques for different demands such as the compression
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ratio, test application time, power, capacity of memory, and the area overhead. In [24],

scan chain partitioning techniques are proposed for high test data compressibility with

routing constraints. The relationships between signal probability and data entropy are

also explored. Data entropy is an important notion from information theory. It represents

the degree of randomness for a set of symbols and provides the lower bound on the aver-

age number of bits for each encoded symbol. Many previous works use the concept of

entropy to estimate the limits of the proposed test-pattern compression techniques

[14-24].

In this paper, complementary Huffman coding techniques are proposed. The correla-

tions between test blocks of the test set are exploited to further reduce the size of Huff-

man tree. That is, more test blocks that are compatible or complementarily compatible

can be merged, filled into the same symbol. Since the number of test blocks that filled

into the same symbol increases, the number of symbols for all test blocks that should be

encoded will decrease. The occurrence frequency of symbols will then increase. The en-

tropy of these symbols will also decrease. Therefore, the required bit number of code

words will be greatly reduced. Moreover, the size of the modified Huffman tree is greatly

reduced. The hardware overhead of the decompression circuit then can be greatly re-

duced.

Based on the compatible/complementary property, a graph model is proposed for the

don’t-care assignment problem. It is shown that this assignment problem can be trans-

formed to the clique partitioning problem. It is well known that the complexity of the

clique partitioning problem is NP-hard. Therefore, in order to explore these relationships

between test blocks, a heuristic algorithm is proposed. This algorithm will bias the oc-

currence frequencies of merged test blocks and thereafter reduce the number of symbols.

After the don’t-care assignment procedure is finished, two complementary Huffman cod-

ing algorithms (Alg_1 and Alg_2) are proposed to encode the filled symbols. We also

proposed the architecture of the decoding circuitry. The compression ratio and hardware

overhead of the decoding circuitry are also analyzed. According to experimental results,

the compression ratio is higher than that of the selective and optimal selective Huffman
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coding techniques. Moreover, the area overhead for implementing our decompression

circuit is lower than that of the full Huffman technique.

The rest of this paper is organized as follows. In the next section, the conventional

statistical coding techniques are reviewed. The basic concepts of the proposed schemes

are described in Section 3. The algorithm used to fill the test blocks is described in Sec-

tion 4. Section 5 describes 2 complementary Huffman coding techniques. The implemen-

tations of the decompression circuit are described in Section 6. Experimental results for

ISCAS 89 benchmark circuits are given in Section 7. The hardware overhead of the de-

compression circuit and compression ratios are compared with previous works. Finally,

some conclusions are given in Section 8. The preliminary version of this paper can be

found in [25].

2. REVIEW OF STATISTICAL CODING TECHNIQUES

Huffman coding technique is basically a statistical coding scheme, which is a

fix-to-variable coding scheme. It represents test data blocks of fixed length by variable

length codewords. Symbols occur more frequently have shorter codewords than symbols

that occur less frequently. This will reduce the average number of bits for a codeword.

Therefore, the goal of test compression is achieved. However, if all the symbols have the

same occurrence frequency, then no compression can be achieved.

It is well known that the test patterns in a test set generated by a deterministic ATPG

tool possess a lot of correlations. In order to exploit the correlations in a test set, each

scan pattern is first partitioned into k-bit test blocks. If the length of a scan pattern is not a

multiple of k, don’t-care bits can be added. The don’t-care bits in each test block can be

filled with don’t-care assignment algorithms to transform it into a symbol (with each

don’t-care bit assigned) to skew the frequency of occurrence. Therefore, the shortest pos-

sible codeword can be selected for each test block and the compression can be maximized.

An example of deriving the Huffman code is shown in Fig. 1 [14]. In this example, the

test set is divided into 4-bit test blocks. Table 1 [14] shows the frequency of occurrence

for each of the possible symbols. The compression ratio is determined by how skewed the
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frequency of occurrence is.

In this example, the 13 symbols (S0-S12) used to construct Huffman tree are shown in

Fig. 2. The complementary correlations between symbols are not exploited. The entropy

of these symbols is 2.8. From Table 1 we can see that the length of the longest Huffman

codeword for these symbols is 6. The average codeword length is 2.87. We can see that

the entropy and the average length of codewords will be reduced in the following section

by using our techniques.

0010 0100 0010 0110 0000 0010 1011 0100 0010 0100
0010 0100 0010 0110 0000 0110 0010 0100 0110 0010
0010 0110 0010 0010 0010 0100 0100 0110 0010 0010
0001 0100 0010 0111 0010 0010 0111 0111 0100 0100
1100 0100 0100 0111 0010 0010 0111 1101 0010 0100
0010 0000 0101 0101 0011 0110 0010 1000 1000 1111

Fig. 1. The example test set divided into 4-bit blocks [14].

Table 1. Huffman Coding of the example [14].

Symbol Freq. Block Huff. Code

S0 22 0010 10
S1 13 0100 00
S2 7 0110 110
S3 5 0111 010
S4 3 0000 0110
S5 2 1000 0111
S6 2 0101 11100
S7 1 1011 111010
S8 1 1100 111011
S9 1 0001 111100
S10 1 1101 111101
S11 1 1111 111110
S12 1 0011 111111
S13 0 1110 -
S14 0 1010 -
S15 0 1001 -
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Fig. 2. Huffman tree for the example shown in Table 1 [14].

3. OVERVIEW OF THE PROPOSED SCHEMES

Basically, using a Huffman code can achieve the maximal compression. However, if

the number of symbols to be encoded is very large, some symbols will have long code-

words that exceed the constraints of the decoder for feeding the scan chain. Therefore,

alternate statistical encoding schemes should be exploited. In order to ease our discussion,

some definitions are defined first.

We say that two k-bit test blocks A = (ak-1,…,a0) and B = (bk-1,…,b0) are compatible

if for each care-bit pair ai and bi, 0 i k, ai bi = 0. Similar, they are complementarily

compatible if ai bi = 1. For example, test blocks X0X1 and 10X1 are compatible. Test

blocks X0X1 and 11X0 are complementarily compatible.

In conventional techniques, only compatible test blocks are merged and share the

same codeword. However, the complementarily compatible property is also helpful for

further increasing of compression ratio. For example, in Table 1 (assume all don’t-care

bits of test blocks are filled), S1 (0100) and S7 (1011) are complementarily compatible.

Therefore, they can be merged as a new symbol (we call merged symbols thereafter) S1,7.

The occurrence frequency is 14. Similarly, S0 (0010) and S10 (1101) are complementarily

compatible and can be merged as S0, 10. The occurrence frequency of S0, 10 is 23. The
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merged results for all the symbols in Table 1 are shown in Table 2. The “Joint Fre-

quency”column denotes the accumulated probability of two symbols Si and Sj, 0 i 12.

From this table we can see that instead of the original 13 symbols, we only need to en-

code the 8 merged symbols. Therefore, the size of the Huffman tree can be reduced sig-

nificantly. Moreover, the skewing of the occurrence probabilities is helpful for the com-

pression of test data. For example, the entropy of the merged symbols in Table 2 is 1.69

which is greatly less than the original 2.8. This is helpful in increasing the compression

ratio.

Table 2: Merged Symbols of Table 1

4. DON’T-CARE ASSIGNMENT TECHNIQUES

In general, test patterns generated by commercial ATPG tools contain massive un-

specified bits (don’t-care bits) that can be assigned with 1’s and 0’s in a way to skew the

frequency distribution. This is helpful to maximize the compression efficiency. In [14],

two don’t-care assignment techniques are proposed. However, only compatible charac-

teristics are used in their techniques. Two blocks are compatible if there is no conflict in

any bit position of the two blocks. For our complementary coding techniques, beside the

compatible blocks are exploited, complementarily compatible blocks are also searched.

Consider the example test set containing three test patterns (P1-P3) as shown in Fig.

3(a). Assume the block size is 4, then the test set contains 9 test blocks V1 = 1X01, V2 =

10X1, V3 = 1X01, V4 = 10X1, V5 = 01XX, V6 = 01X1, V7 = 10X1, V8 = 101X, and

V9 = 01XX. An undirected graph G(V, E) can be used to represent these test blocks. The

set of vertices denotes the set of test blocks. For vertices Vi and Vj V, an edge e E is

added if Vi and Vj are identical. For example, the graph model for the test blocks shown in

Symbol Joint Freq. Pattern

S0, 10 23 0010
S1, 7 14 0100
S2,15 7 0110
S3, 5 7 0111
S4, 11 4 0000
S6, 14 2 0101
S8, 12 2 1100
S9, 13 1 0001
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Fig. 3(a) is shown in Fig. 4(a). This graph model consists of 5 cliques (C2,4,7, C5, 9, C1, 3,

C6, C8), where the subscript denotes the vertices contained in the clique) [22]. Therefore,

the original test set contains 5 types of test blocks, including 1X01, 10X1, 01XX, 01X1,

and 101X.

(a) (b)

Fig. 3. (a) Test set before don’t-care assignment, and (b) after applying Alg_comp.

(a) (b)

Fig. 4. (a) Graph model of the original test blocks; (b) graph model with compati-
ble and complementarily compatible properties exploited.

If the compatible and complementarily compatible properties are exploited for these

test blocks, the new graph model is shown in Fig. 4(b). In this figure, each vertex denotes

a clique generated from Fig. 4(a). If two vertices are compatible, a gray edge is added

between them (e.g., C2,4,7 and C1, 3). Similarly, if two vertices are complementarily com-

patible, then a dashed edge is connected between them (e.g., C2,4,7 and C5, 9, C1, 3 and C5, 9,

C6 and C8). We can see that the graph model shown in Fig. 4(b) contains only two cliques

(Clique 1 and Clique 2). Clique 1 contains vertices C2,4,7, C5, 9 and C1, 3 Clique 2 contains

vertices C6 and C8. Therefore, only two symbols are required to encode these 9 test

blocks. This will greatly reduce the number of codewords and their average length.

For a test set containing C symbols (e.g., the number of vertices in Fig. 4(b), the

P1: 1X01 10X1 1X01 01001 01001 01001
P2: 10X1 01XX 01X1 01001 11001 00101
P3: 10X1 101X 01XX 01001 10101 11001
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clique partitioning problem is defined to partition C into c cliques, where c < C. It was

shown that the complexity of this problem is NP-hard [23]. Therefore, heuristic algo-

rithms are required to solve this problem in reasonable computation time for large prob-

lem instances. In the following, a heuristic algorithm Alg_comp is proposed to perform

don’t-care assignment.

In Alg_comp, we first search for the most frequently occurring unspecified test block

F1. Thereafter, it is compared with the next most frequently occurring unspecified test

block F2. If there is no conflict in any bit position, these two blocks are merged by spe-

cifying each unspecified bit position the same value if there is a specified bit in either

block. All F2 test blocks in the test set are appended with 0 to indicate that it is merged

with test block F1. For example, if test block F1 = 00XX is merged with test block F2 =

0X1X, the result is 001X. All F1 and F2 blocks in the test set will be changed to 0001X.

The bold zero indicates that F2 is compatible with F1.

Alternatively, if there is a conflict, F1 is compared with the complement of F2. If

there is no conflict in any bit position (F1 and F2 are complementarily compatible), then

they are merged in the same manner described above. All F2 test blocks in the test set are

appended with 1 to indicate that it is merged with F1 block in its complementary form.

For example, if F1 is 00XX and F2 is 1X0X, block 00XX is merged with block 0X1X,

which is the complement of block 1X0X. The resulting block is 001X and all F1 and F2

blocks in the test set are changed to 1001X. The bold “1”indicate that F1 and F2 are

complementary merged. Thereafter, F1 is compared with all the other unspecified blocks

in decreasing order of frequency and merged if possible. This process is finished if there

is no more block that can be merged with F1. This process is then repeated until there is

no more blocks that can be merged in the test set. Any remaining X’s can be randomly

assigned 0’s or 1’s since it has no effect on the compression ratio.

As an example, we apply Alg_comp for the test blocks shown in Fig. 3(a). Let STB

denote the set of test block types for a given test set. For example, STB = {1X01, 10X1,

01XX, 01X1, 101X} for the test set shown in Fig. 3(a). In the test set, the frequency of
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occurrence of block 10X1 is 3, that of blocks 1X01 and 01XX is 2, and that of other

blocks is 1. After applying the first step of Alg_comp, the most frequently occurring un-

specified block 10X1 is found. It is compared with 1X01, which is the next most fre-

quently occurring unspecified block. Since there are no conflicts, these two blocks can be

merged and the result is 1001. All 1X01 in the test set are appended with 0. The merged

block 1001 is compared with other unspecified blocks. It is merged with 10XX, which is

the complement of the unspecified block 01XX. All 01XX blocks in the test set are ap-

pended with 1. At this time, STB = {1001, 01X1, 101X} and blocks 10X1, 1X01, and

01XX are transferred to 01001, 01001, and 11001, respectively.

This process is repeated and 01X1 is merged with 010X, which is the complement of

the unspecified block 101X. Since there are no more unspecified blocks that can be

merged in the test set, therefore, the process is finished. The blocks 01X1 and 101X are

changed to 00101 and 10101, respectively. The final test set is shown in Fig. 3(b). Re-

gardless of the appended bit, there are only two test blocks1001 and 0101 that should

be encoded. This is consist with the graph model shown in Fig. 4(b)

5. COMPLEMENTARY HUFFMAN ENCODING TEC HNIQUES

When all the don’t-care bits of unspecified blocks are assigned by Alg_comp algo-

rithm, the first bit of each merged block denotes whether the block is complementary

merged or not. In this section, two algorithmsAlg_1 and Alg_2 are proposed for en-

coding all the specified blocks. Test volume and area overhead of the decoding circuitry

can be reduced significantly by using these two algorithms.

Fig. 5. The test set after don’t-care assignment (block size = 4)

00110 00110 10110 00110 00110 00110 10110 10110 00110 00110 00110 00110

00110 00110 10110 00110 00110 00110 00110 00110 00110 00110 01010 01010

00110 00110 00110 00110 00110 00110 10110 00110 00110 00110 00110 00110

01110 00110 00110 00111 11010 00111 10110 00110 00110 00110 00011 10110

10111 00110 11010 00110 00110 00110 00110 11010 01010 10110 00110 10110
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5.1 Alg_1: With One Control Bit Added

After using alg_comp algorithm for filling the don’t-care bits, test blocks with com-

patible or complementarily compatible relationship are regarded as one symbol to reduce

the number of symbols. Therefore, it can greatly reduce the size of Huffman tree. How-

ever, in order to distinguish the complementary or compatible pairs, one control bit is

appended to the codeword of the complementary pair. This control bit is used to indicate

the decoder whether the decoded blocks should be complemented or not.

Fig. 6. Huffman tree for (a) Alg_1; and (b) Alg_2.

Table 3: Results of Complementary Encoding Techniques

Alg_1 Alg_2
Symbol Freq. Test

Block Huffman
Code

Final
Code

Huffman
Code

Final
Code

40 0110 00 0S0 49
9 1001

0
10

0
100

Sgroup 13 ------ ------ ------ 10 ------
3 1010 010 110S1 6
3 0101

10
110

110
10110

2 0011 0110 1110S2 3
1 1100

110
1110

1110
101110

1 1111 01110 11110S3 1
0 0000

1110
------

11110
------

1 0111 01111 11111S4 1
0 1000

1111
------

11111
------
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An example is shown in Fig. 5 and Table 3. Blocks 0110 and 1001 constitute a

complementary pair. Therefore, they share the same symbol S0. Similarly, blocks 1010

and 0101 share symbol S1. The occurrence frequencies of all test blocks are shown in the

third column. The joint occurrence frequencies of all symbols are shown in the second

column. Thereafter, all symbols are encoded based on the conventional Huffman coding

techniques. The original Huffman codes are shown in the fourth column. However, one

control bit (in bold case) is appended to each codeword to form the final codewords as

shown in the fifth column. For example, the original Huffman code is 0 for blocks 0110

and 1001. However, a “0”is appended to form the final codeword for block 0110 and a

“1”is appended to form the final codeword for block 1001. For the decoding circuitry,

this control bit is used to determine whether the decoded test blocks should be comple-

mented or not. The Huffman tree for this example by using Alg_1 is shown in Fig. 6 (a).

5.2 Alg_2: Regarding all complementary blocks as a group symbol

For Alg_1 encoding technique, one control bit is required for each codeword. This

will impact the compression ratio. Therefore, in order to substantially improve the com-

pression ratio and reduce the area overhead for Huffman decoding. Alg_2 treats all com-

plementary blocks as a group symbol (Sgroup). For example, in Table 3, the complemen-

tary blocks 1001, 0101, and 1100 are treated as symbol Sgroup. The occurrence frequency

of Sgroup is the sum of the occurrence frequencies of 1001, 0101, 1100 (the numbers inside

the thick rectangles in the third column) which is equal to 13. This group symbol is then

encoded along with other symbols by using the conventional Huffman coding technique.

The Huffman code for Sgroup is 10 as shown in this table. This control code is then ap-

pended to the Huffman code of other symbols to form the final code words of comple-

mentary test blocks. For example, The Huffman code for block 0110 is 0. When the con-

trol code“10”is appended, the final code for the block 1001 is 100. The Huffman tree by

using Alg_2 is shown in Fig. 6(b). Due to the usage of the complementary property

among symbols, the size of the Huffman tree can be reduced significantly.

6. DECOMPRESSION CIRCUITS

Once the test blocks have been encoded by the proposed complementary coding
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techniques, a decompression circuit should be embedded into the circuit under test for

decompressing the compressed data stream. The design issues are lower hardware over-

head and the decoding speed. The architecture of the decompression circuit is shown in

Fig. 7. It mainly consists of a finite state machine (FSM), a complementer, and a serial-

izer. The compressed test data are stored in the main memory of ATE’s. Moreover, the

decoder is also clocked by the tester clock from a test channel (not shown in Fig. 7). The

handshaking between the ATE and the decoder is controlled by the signals ready and

send. If the ready signal is asserted, it informs that there are valid compressed test data to

be transmitted from the ATE. The decoder replies to this signal by asserting the send sig-

nal. Thereafter, the ATE starts to send the compressed test data to the decoder.

If the length of each test block is k, then the outputs of the FSM include k-bit data

outputs and two control signalsend_bit and complement. The end_bit signal is used to

indicate whether a codeword has been decoded completely. If this signal is asserted, the

k-bit data outputs then can be forwarded to the complementer for further operations. The

signal complement is used to indicate if the k-bit data outputs from the FSM should be

complemented or not. The outputs of the complementer include the original k-bit outputs

(org_block) which carry the original test block data and the valid signal. The valid signal

is used to inform the serializer to serially send out the org_block signals to feed the scan

chain.

Fig. 7. Architecture of the decompression circuit.
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Table 4: Comparisons of compression ratio

7. EXPERIMENTAL RESULTS

In order to compare the compression ratio (CR) of our techniques with previous works,

massive experiments are conducted to derive the compression ratio. The value of CR can

be defined as follows:

where ONB denotes the original number of test data bits and CB denotes the compressed

number of test data bits. Experimental results based on ISCAS89 benchmark circuits are

shown in Table 4. Test set of all these benchmark circuits are generated with Synopsys

TetraMAX ATPG tools. The block size can be set to be 4, 8, 12, or 16 bits. The results of

selective Huffman coding, optimal selective Huffman coding, and the two algorithms

proposed in this paper are compared as shown in this table.

From this table we can see that the compression ratio of Alg_2 is always better than

that of Alg_1. This is because one control bit should be added for each generated code-

word (even for the symbol with the highest occurrence frequency). It is obvious that the

added control bit will impact the compression ratio. In contrast with Alg_1, Alg_2

merges complementary test blocks as a symbol Sgroup and encodes them with the conven-

tional Huffman coding techniques. Therefore, control bits will not be added for the sym-

Selective Huffman [14] Optimal Selective Huffman [15] Alg_1 Alg_2
8 symbols selected for

encoding
16 symbols se-

lected for encoding
8 symbols selected for

encoding
16 symbols selected

for encoding
All symbols selected for

encoding
All symbols selected for

encoding
Circuit

4 8 12 16 8 12 16 4 8 12 16 8 12 16 4 8 12 16 4 8 12 16

S5378 28.9 50.1 53.0 53.0 50.2 55.1 53.8 47.1 54.7 54.9 51.1 55.8 57.5 55.0 46.69 67.67 66.40 57.81 66.15 75.54 70.87 60.46

S9234 30.0 50.4 50.7 46.1 50.2 54.2 51.0 51.4 55.3 51.8 46.1 57.7 56.8 51.9 49.27 73.48 80.07 82.11 70.41 82.65 85.44 85.36

S13207 45.6 69.2 76.6 78.6 69.2 77.1 79.7 69.9 80.2 83.4 83.1 80.6 84.3 84.5 49.93 74.84 83.15 87.12 74.53 86.92 91.12 93.12

S15850 38.8 60.0 63.6 61.6 59.9 65.6 64.8 62.1 67.9 67.3 63.6 69.3 70.4 67.2 49.88 74.40 82.34 85.79 73.49 85.00 88.99 90.36

S38417 34.9 55.3 56.9 54.4 55.5 58.9 57.3 55.9 60.9 59.3 55.2 62.8 61.8 58.6 50.00 74.84 78.97 80.08 74.65 86.99 87.31 86.29

S38584 37.8 58.5 62.2 61.7 58.5 63.9 64.1 60.4 65.4 65.2 63.3 66.9 68.0 66.1 49.94 74.89 82.71 86.15 72.31 84.82 88.73 90.3

,
ONB

CBONB
CR
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Table 5: Comparisons of area overhead and number of required states

bols with high occurrence frequencies. The compression ratio can be improved signifi-

cantly.

Moreover, the proposed two algorithms usually have higher compression ratio than

the selective and optimal selective Huffman coding techniques. This is due to the fact that

one control bit should be added for each codeword to determine if the symbol has been

selected for encoding. We can also find that the amount of compression increases with an

increase in the block size for most cases. The selection of a suitable block size is then a

tradeoff between the hardware overhead and the compression desired. Although more

skewed occurrence frequencies of symbols will result in better compression ratio for se-

lective Huffman coding. However, the compression ratio will decrease if the distribution

of the occurrence frequencies of symbols is more uniform. For our techniques, the distri-

bution of occurrence frequencies only has slight influence on the compression ratio.

The hardware overhead (HO) of the decompression circuit is defined as follows:

where ADEC denotes the area of the decoder and ABEN denotes the area of the benchmark

Full Huff. Selective Huff. Alg_1 Alg_2
Circuit

Block
Size

(k)
Num. States

(2k-1)
Area

overhead Num. States
(n + k)

Area
overhead Num. States

(2k-1)
Area

overhead Num. States
(2k-1)

Area
overhead

S5378 8
12

255
4095

47.9
79.2

16
28

4.0
10.4

128
2048

21.36
38.57

128
2048

22.97
41.83

S9234 8
12

255
4095

30.0
51.1

15
28

4.6
8.6

128
2048

11.48
16.8

128
2048

12.94
17.78

S13207 8
12

255
4095

13.6
23.6

13
26

1.6
3.7

128
2048

5.40
6.96

128
2048

5.46
7.14

S15850 8
12

255
4095

13.0
26.1

16
33

1.3
4.5

128
2048

5.48
8.22

128
2048

5.51
8.90

S38417 8
12

255
4095

6.9
21.3

15
29

0.7
1.3

128
2048

1.08
1.3

128
2048

1.12
1.52

S38584 8
12

255
4095

7.5
19.7

15
30

0.6
1.3

128
2048

1.49
1.75

128
2048

1.60
1.88

,
BEN

DEC

A
A

HO 



16

circuit. We use Synopsys Design Compiler to synthesize the benchmark circuits and the

decoder for different block sizes. The results are shown in Table 5. In this table, the

numbers of required states for the Huffman decoder are also shown. For the selective

Huffman coding technique, we assume n test blocks are selected for encoding. As de-

scribed above, Alg_1 and Alg_2 consider the compatible and complementary relation-

ships between test blocks, the number of leaf nodes of the Huffman tree is reduced.

Therefore, we can see that the number of states by using Alg_1 or Alg_2 is only half of

that using the full Huffman coding. However, it is larger than that of the selective Huff-

man coding since only a fixed number of symbols are selected for encoding. The reduc-

tion of states will further reduce the complexity of the decoder. In this table, we can see

that the area overhead by using Alg_1 and Alg_2 is greatly smaller than that of the full

Huffman encoding technique. However, it is slightly larger than that of the selective

Huffman coding technique. For large ISCAS benchmark circuits, the area overhead is

only 0.5% higher. Although the area overhead of the proposed complementary Huffman

coding technique is larger than that of the selective Huffman coding technique, it has

10%~30% improvement in compression ratio.

8. CONCLUSIONS

In this paper, complementary Huffman coding techniques are proposed for test

compression of SOC designs. Instead of exploiting compatible blocks as the conventional

techniques, complementarily compatible blocks are also explored for further increasing of

the compression ratio. A graph model is also proposed for don’t-care assignment of test

cube. This problem can be transformed to the clique partitioning problem whose com-

plexity is basically NP-hard. In order to exploit the compatible and complementary rela-

tionships between test blocks, a heuristic algorithm is proposed for filling the don’t-care

bits in the test blocks. After the don’t-care bits are specified, two algorithms are also

proposed for the encoding of test blocks. We also propose the architecture of the decom-

pression circuit. According to experimental results, the area overhead of the decoding

circuitry is lower than that of the full Huffman coding technique. Moreover, the compres-

sion ratio is higher than that of the selective and optimal selective Huffman coding tech-

niques. Although the area overhead is slightly larger than [6], however, the compression

ratio is much better than it.
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