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In this paper, we proposed a test data compression scheme targeted for minimizing 

the amount of test data. The proposed scheme can reduce the test application time and 
minimize the amount of compressed test data, which reduces the size of data memory in 
ATE and the time needed to transfer test data. A decoder design is also presented. Ex-
perimental results on ISCAS benchmark circuits show that the compressed data pro-
duced by our method are much smaller than previous methods. 
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1. INTRODUCTION 
 

In Cored-Based system-on-a-chip (SOC), the testing problem is mainly caused by 
the vast variety of intellectual property (IP) cores. Since IP cores may come from various 
IP vendors, a standard test interface has to be provided to facilitate the testing process. 
The IEEE 1500 [1] was proposed for that purpose. Another problem in SOC testing is 
due to the tremendous amount test data to be applied to the circuit under test (CUT). The 
limited I/O channel capacity, speed, and data memory in automatic test equipment (ATE) 
render it difficult to apply the enormous amount of test data to an SOC [2]. 

Many test set compaction algorithms have been developed [3, 4]. Among these 
methods, MinTest [4] provided the smallest test sets for scan test. The continuous scan [5] 
approach changes the test-per-scan structure to test-per-clock, so that test vectors can be 
overlapped and thus test data are reduced. Some test data reduction techniques are 
achieved through structure modification [6-11]. Test data encoding methods based on 
Golomb coding [7] was presented in [8-11]. This variable-length coding method achieves 
good compression rate with small hardware overhead. This data compression will reduce 
the requirement for data memory in ATE as well as the communication time to transfer 
test data from ATE to CUT. In order to achieve this goal, one usually needs to start with 
a test set that is not so compact (i.e., not so random), since truly compact patterns cannot 
be efficiently compressed. As a result, the test application time, which is decided by the 
number of applied test patterns, will be longer. 
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In this paper, we propose a new test data compression scheme that is targeted for 
minimizing both test application time and the volume of compressed test data. The pro-
posed method starts with a very compact test set (e.g., one from MinTest [4]), and tries to 
modify the given test vectors to a form that can be easily compressed. This method ap-
plies a Forced Bit-Inversion (FBI) algorithm, which is based on the Forced Pair-Merging 
algorithm [3], for test pattern modification. The test quality will not be sacrificed by this 
modification, since it reaches the same fault coverage as the original one. In this way, we 
can minimize test application time to achieve high compression rate. The proposed 
method was verified with some ISCAS benchmark circuits. In most cases, the amount of 
compressed test data produced by this method is much smaller than those obtained by 
other methods. Besides, our test application time is always shorter. A decoder for this 
scheme is also presented, and the area overhead is insignificant. 

2. PRELIMINARIES 

Some basic ideas for data compression and coding methods are presented in this 
section. 

 
2.1 Test Data Compression 
 
Definition 1  The test set TD is a precomputed test data for an IP core, while the com-
pressed test set TE is obtained by encoding TD to a much smaller set. The size of the test 
data set and the compressed set are denoted as |TD| and |TE|. 
 
Definition 2  The compression rate (CR) of an encoding scheme is (|TD| – |TE|)/|TD|. 

The compressed set TE is stored in ATE memory, and an on-chip decoder is used for 
pattern decompression to obtain TD from TE during test application. The size of com-
pressed test data, |TE|, is decided by the compressing algorithm as well as the original TD. 
The selection of TD has a profound impact on the final TE, since it is usually very difficult 
to compress a test set in which the distribution of 0’s and 1’s is random. 
 
2.2 Golomb Code 
 

Golomb coding is a powerful implementation of run-length encoding of binary 
streams. However, this encoding technique may not achieve a satisfactory compression 
rate when the probabilities of 0 and 1 are about the same. Before the encoding, first it is 
necessary to decide whether 0 or 1 is the more probable bit. Without loss of generality, 
we shall assume that 0 is the more probable bit in the following discussion. 

 
Definition 3  A stream of i consecutive 0’s (1’s) is denoted as 0i (1i). 
 
Definition 4  A stream of one or more consecutive 0’s (1’s) is denoted as 0* (1*). 
 
Procedure 1: Golomb Encoding. 
(1) A code word is broken into runs of the form 0i1. 
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(2) Encode each run of 0i1 as 1q0y, where i = q × m + r (0 ≤ r < m), and y is the binary 
representation of r, using log2m bits. 1q is Group Prefix; y is Tail and 0 isolates 
Group Prefix and Tail. 

(3) The final coded bit stream is of the form: MPb code1 code2 … coden, where 
MPb: is the (1-bit) value of the more probable bit, 
codej: the code of the jth run. 

3. PROPOSED COMPRESSION METHOD  

The proposed scheme is a modified Golomb coding method, in which both 0* and 1* 
are encoded. The goal is to reduce both TD and TE with this encoding scheme. 
 
3.1 Basic Idea 
 

Most of the research results on test data compression focus on reducing the amount 
of encoded test data (TE). However, this approach may actually lead to a larger volume of 
applied test data (TD), and thus increases test time. In order to reduce both TD and TE, the 
proposed scheme starts from a compact test set, in which the number of test vectors is 
near minimum. The proposed method tries to change each vector so that the new vector 
has longer runs of 0’s and 1’s but the fault coverage is not sacrificed. Instead, the pro-
posed scheme tries to exploit consecutive 0’s and 1’s inside test patterns for compres-
sion. 

There are two possible types of test set: either every bit in a test vector is fully 
specified, or some bit are not specified. A test vector with unspecified bits is usually re-
ferred to as a test cube. If the initial test set is not fully specified, it will be easier to com-
press. However, the size of recovered test data TD will be larger, and thus the test appli-
cation time is longer. An example of test set with test cubes is shown in Fig. 1. Since the 
don’t- care bits in test cubes can be randomly assigned to 0 or 1, it is possible to produce 
longer runs of 0’s and 1’s. As a result, the compression rate can be greatly increased. 

 
x x x 0 0 x x x 1 x x x x x x x x
x x x 1 0 x x x 1 x x x x x x x x
x x x x 0 0 1 0 0 x x x x x x 1 x
x x x x 1 0 1 0 0 x x x x x x 1 x

0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 
1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1 
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 
1 1 1 1 1 0 1 0 0 0 0 0 0 0 0 1 1 

Test cubes Test vectors

 
Fig. 1. Assign 0 or 1 to don’t-care bits in test cubes. 

 
In this paper, we adopt a greedy approach to assign don’t-care bits from left to right, 

in which either ‘0’ or ‘1’ is selected to make the current run longer. According to this 
heuristic, the test cubes in Fig. 1 are assigned to the test vectors as shown. However, 
some test cubes cannot be efficiently handled with this heuristic. Consider the third and 
forth test vectors in Fig. 1, in which there is a 1 sitting between two runs of 0’s. In these 
cases, there are short runs that are difficult to be compressed. In order to push the com-
pression rate to an even higher level, the idea used in Forced Pair-Merging (FPM) algo-
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rithm [3] is applied here. This algorithm was first presented for static test set compaction. 
It used the concept of “raise bit” to change only one bit each time without affecting es-
sential faults [3]. When a 1 is changed to 0, or vice versa, it is necessary to check if the 
new test vector can detect the same number of essential faults. Whenever the coverage of 
essential faults is not affected, the bit is raised to x (i.e., don’t-care), so that the new test 
cube may be merged with other test cubes [3]. 

In the proposed method, however, it is not necessary to merge a test cube with other 
patterns to reduce the size of a test set. Instead, we look for those bits whose inversions 
(i.e., 0 → 1 or 1 → 0) can create a longer run of 0* or 1*. For example, consider test vec-
tors 3 and 4 in Fig. 1. The single 1’s locating between two runs of 0* are good candidates 
for bit inversion. For each candidate bit inversion, we need to check if the new test vector 
created by this bit inversion still detects the same set of essential faults. If the fault cov-
erage is reduced, the bit inversion will not be accepted. This procedure is referred to as 
the Forced Bit-Inversion (FBI) henceforth. With a good don’t-care bits assignment heu-
ristic and the FBI algorithm, we can achieve a very high compression rate. It will be dis-
cussed in the next section. 

Since both 0* and 1* have to be enocded, the Golomb coding outlined in section 2.2 
cannot be applied directly. In the proposed encoding scheme, a test vector is first 
changed to alternate runs of 0* and 1*, and then the length of each run is encoded in the 
same way as Golomb code. Once the value of the first run is known, the other runs are 
also known. The encoding mechanism of the two-value (2-V) Golomb code is similar to 
the alternating run-length coding scheme [9]. An example of the encoding scheme is 
shown in Fig. 2. In this example, we have m = 4, n = 45, CR = 10/45 = 0.22. R is the 
value of current run. 

 
TD 000 111111 0 1111 00000 1111111 00 111111111 00000000 

 l1 = 3 l2 = 6 l3 = 1 l4 = 4 l5 = 5 l6 = 7 l7 = 2 l8 = 9 l9 = 8 
TE 011 1010 001 1000 1001 1011 010 11001 11000 
R  0 1 0 1 0 1 0 1 0 

Fig. 2. A 2-value Golomb coding example. 
 
3.2 Compression Procedure and FBI Algorithm 
 

The proposed compression method works as follows. 
 

Procedure 2: Test Data Compression 
Step 1: Generate an initial test set Tinitial. 
Step 2: If all test patterns in Tinitial are deterministic (i.e., no test cubes), go to step 4. 
Step 3: Assigned 0’s and 1’s into don’t-care bits to create longer runs of alternate 0* and   

1*. 
Step 4: Eliminate redundant test patterns, and the test set is T. 
Step 5: Apply FBI algorithm to maximum run lengths in each test pattern. The result is a 

newtest set T’. 
Step 6: Reorder patterns in T’ to generate a sequence TD with maximum 0* and 1*. 
Step 7: Encode TD with two-value Golomb codes. 
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Step 5 is the FBI algorithm, which inverts some bits in the test patterns. The FBI 
algorithm is outlined below. In each iteration of the while loop, the algorithm picks the 
pattern with the maximum number of bit transitions from the test set. The algorithm tries 
to invert some bits to get longer runs of 0’s and 1’s. For example, 00100 can be changed 
to 00000 or 00111, while 11011 can be changed to 11111 or 11000. After the bit inver-
sion, we must update the essential fault list for this test pattern again. The function up-
date_ essential_fault() is for that purpose. When the above process is finished, the reduc-
tion of essential faults has to be checked. If there is no reduction, the move is accepted; 
otherwise, it is discarded. 

 
Algorithm: Foced_Bit_Inversion 
FBI(T) { 
   T’ = ∅; 
   swi = the number of switching in pattern pi; 
   while (T != ∅) { 
     select pattern pk ∈ T with maximum swk; 
     change_pattern(pk);  // Similar to raise bit 
     update_essential_fault_list(); 
     T’ = T’ ∪ {pk}; T = T − {pk}; 
   } 
   check_essential_fault_list(); 
} 
return T’; 

4. DECOMPRESSION CIRCUIT  

The decoder of 2-V Golomb Code consists of a Finite State Machine (FSM) and an 
Output Control Register (OCR), which is used to indicate the value in current run. Fig. 3 
shows the 2-V Golomb code decoder architecture. TE_in is the encoded test vectors sent 
by ATE, and TD_out is the test data to be applied to cores. Two handshaking signals rdy 
and valid are provided: rdy indicates whether the decoder is ready to accept next data 
from ATE, and valid indicates when the output is valid. The OCR is a 1-bit register indi-
cating whether the current run is 0 or 1. The FSM output signal inv, when it is set to 1, 
informs the OCR that current run is finished, and TD_out should be inverted for next run. 
The signal reset initializes the output of OCR to the first bit value in TD, and set the sig-
nal inv to 0. Since it is always possible to select a test pattern starting with 0 as the first 
pattern in TD, signal reset may only need to reset the OCR. A log2m-bit counter is em-
ployed to count down from m − 1 to 0 whenever the Group Prefix is a 1. The signal inc is 
used to restart the log2m-bit counter and cf indicates that log2m-bit counter has finished 
counting. The decoder works as follows. 

 [Run Prefix] Whenever the input TE_in is 1, the counter counts m cycles. The signal 
rdy is low while the counter is counting, and it enables the input TE_in at the end of m 
cycles to accept another bit. The FSM output signal invt is set to 0 for m cycles, since  
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reset 

invt TD_out 
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Fig. 3. The two-value Golomb code decoder. 
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Fig. 4. The state transition diagram of the FSM. 

    

   these m bits belong to the same run. During this process, the FSM makes the valid 
signal valid high. 

 [Run Tail] When the input TE_in is 0, the FSM starts decoding the tail of the input 
codeword. Depending on the Tail bits, the number of 0’s sent to TD_out is different. 
The rdy and valid signals are used for handshaking. 

 
The state diagram of the FSM in the decoder is given in Fig. 4. The states s1 to s3 

correspond to prefix decoding, while states s4 to s7 corresponds to tail decoding. We 
synthesize the FSM with the TSMC 0.35μm technology, and the results are shown in 
Table 1. The decoder statistics for Golomb encoding FSM [7] is also shown in Table 1 
for comparison. The size of the proposed decoder is almost the same as Ref. [7]. In other 
words, the proposed method achieves higher compression rate with only a little hardware 
overhead. 

Table 1. Comparison of decoder hardware overhead. 

Item Port Nets Cells Reference Area
Golomb code [7] 8 39 34 14 59.49
2-V Golomb code 8 39 34 16 67.83
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5. EXPERIMENTAL RESULTS 

We experiment the proposed method with some ISCAS benchmark circuits, and the 
results are shown in this section. It is assumed that a single scan chain is used. The FBI 
algorithm is used to invert some bits in the test vectors so that the run lengths can be 
maximized. As a result, the proposed method achieves better compression rate. The test 
vectors used in the experiments were generated by MinTest [4]. MinTest is by far the best 
combinational test compaction method in the literature. Table 2 illustrated the compari-
son between the proposed method and Golomb coding [7]. The first column gives circuit 
names and columns 2 to 5 show results of Golomb encoding [7]. The column under m is 
the Golomb code’s divider. Column 5 (CR) is the compression rate in percentage. Col-
umns 6 to 12 show our results, which are obtained by the proposed method with FBI and 
without FBI (NFBI) algorithm plus 2-V Golomb coding. Column 13 compares FBI and 
NFBI. The results show that the FBI significantly improves the compression rate. On 
average, the improvement is 66.22%. Column 14 compares the amount of compressed 
data produced by our method with the results from [7]. Obviously, the proposed method 
achieves better compression results in most cases. However, in some circuits (e.g., 
C1908), the FBI cannot reach good results. The problem mainly comes from the heuristic 
of bit selection in FBI. 

 
Table 2. Experimental results: ISCAS’85 using MinTest test patterns with FBI & NFBI. 

Table 3 shows the results for ISCAS’89 circuits, and compares them with both 
Golomb code [7] and alternating run-length code [9]. Since the proposed method starts 
with MinTest patterns, our test data volumes (TD) are smaller in all cases. In the last two 
columns we compare the encoded test data volumes (TE) of the proposed method (P) with 
respect to Golomb [7] and alternating run-length [9] codes, and the results show that the 
proposed method achieves even better results. 

6. CONCLUSION 

In this paper, a two-value Golomb coding method is proposed to encode test patterns. 
This method, when combined with the FBI algorithm, achieves better compression rate  

Golomb coding [7] Proposed method 
Comparison 

(TE) 
FBI + 2-V  

(Deterministic)
NFBI + 2-V 
(Don’t-care) 

Circuit 
TD m TE CR(%) TD 

m #TE CR(%) m TE CR(%)

FBI/ 
NFBI 
(%) 

FBI + 2-V/ 
[7] (%) 

C1355 4828 4 2627 45.59 3444 4 2626 23.75 4 2781 19.25 94.43 99.96 
C1908 4587 4 2876 37.30 3498 2 3818 − 9.15 2 4711 − 34.68 81.04 132.75 
C2670 20271 8 8903 56.08 10252 8 4567 55.45 2 13275 − 29.49 34.40 51.30 
C3540 6450 4 4846 24.87 4200 4 3058 27.19 2 5560 − 32.38 55.00 65.82 
C5315 15486 4 9443 39.02 6586 4 5417 17.75 2 8684 − 31.86 62.38 57.37 
C7552 25254 2 21338 15.51 15111 4 9217 39.00 2 18815 − 24.51 48.99 43.20 
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Table 3. Experimental results: ISCAS’89 using MinTest test patterns. 

Circuit Golomb coding [7] 
Alternating RLE 

code [9] 
Proposed method 

Comparison 
(TE) 

 TD m TE CR (%) TD TE 
CR 
(%)

TD m TE
CR 
(%) 

P/[7] 
(%) 

P/[9] 
(%) 

S641 1404 2 1098 21.79 − − − 1155 8 320 72.29 29.14 − 
S713 1404 4 1080 23.08 − − − 1155 4 447 61.30 41.39 − 
S1196 4448 4 2570 42.22 − − − 3729 4 1120 69.97 43.58 − 
S1238 4864 4 2685 44.80 − − − 3993 4 1180 70.45 43.95 − 
S5378 23754 4 14085 40.70 23754 11694 49.23 20758 16 4601 77.84 32.67 39.34 
S9234 39273 4 22250 43.35 39273 21612 55.03 25935 16 2462 90.51 11.07 11.39 
S13207 165200 16 41658 74.78 165200 32648 19.76 163100 64 10794 93.38 25.91 33.06 
S15850 76986 4 40717 47.11 76986 26306 34.17 57434 32 4566 92.05 11.21 17.36 
S35932 4007299 32 59573 98.51 − − − 19393 8 11637 39.99 19.53 − 
S38417 164736 4 92054 44.12 164736 64976 39.44 113752 16 42421 62.71 46.08 65.29 
S38584 199104 4 104111 47.71 199104 77372 38.86 161040 16 37951 76.43 36.45 49.05 

than other compression methods. Besides, the volume of decompressed data is always 
smaller. As a result, test application time can be minimized, too. A decoder for this 
scheme was presented, and the hardware overhead is relatively small. Experimental re-
sults show that the proposed method requires less than half of the test pattern length and 
it gives better results than one-value Golomb coding [7] and alternating run-length [9] 
codes. 
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