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Abstract 1：Though test application time and test power is 
reduced drastically in the extended compatibility scan tree, 
the number of output is too large. This paper proposes a 
response compactor to reduce its output number as well as the 
test response data volume. This compactor is composed by an 
XOR network. Exploring the characteristic of extended 
compatibilities and the structure information of the circuit 
under test, it can effectively solve error diffusion problem, and 
achieves low hardware overhead. Experimental results show 
the applicability of the response compactor. As for the 
ISCAS’89 benchmark circuits, the compactor can have the 
highest compression ratio to 77 while keeping the same fault 
coverage. 
Keyword: design for testability, full scan testing, scan tree, test 
response compaction, XOR network 

I. Introduction 
As the VLSI chips become complex, the test generation 

time and test cost increase rapidly. Now, the cost of testing an 
integrated circuit(IC) accounts for a considerable proportion 
of the cost of the IC[1]. Many design for testability (DFT) 
methodologies[2] have been proposed to guarantee high fault 
coverage and to reduce the test cost effectively. 

Full scan design is a very important technology in the 
DFT methodologies. By connecting all the scan cells of a 
circuit as a chain and adding a test mode, full scan design 
reduces test generation time drastically. However, its test 
application time is very long and test data volume is quite 
large. The techniques in [3-5] reduce the test application time 
and test data volume in scan test by cutting the scan chain 
into some sub-chains to shift in the test vector simultaneously. 
These multiple scan chain technologies increase the number 
of inputs and outputs, and occupy the limited number of the 
pins in a chip. Therefore the compaction of the number of 
outputs in multiple scan chain designs becomes more 
necessary. Assume a compactor has n inputs and m outputs, 
where n, m are natural numbers, n>>m. Many compactors 
have been proposed for multiple scan chain designs. 
X-Compact [6] has been proposed based on an XOR network. 
It guarantees that when two or any odd number of errors 
appear at the compactor inputs at the same time, there will be 
no aliasing happens. Block compactor [7] makes several scan 
cycles data as a block to be compacted, and it can achieve 
high compaction ratio with less aliasing. Convolutional 
compactor [8, 9] uses an XOR network and a no-feedback shift 
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register chain to implement the logic circuit of convolution 
operation. In [9], after analyzing the fault responses of the 
benchmark circuit, it found that most faults are only 
sensitized to less scan cells (generally less than 4), which 
makes the design based on the XOR network suit to multiple 
scan chain technologies. 

Recently, scan tree technologies[10-14] have been 
proposed to reduce test application time and test power. Scan 
tree technologies construct the scan cells to a tree structure. In 
scan shift operations, via the root node, which corresponds to 
a scan cell, test data is shifted into each node of scan tree. 
Scan cells in the same level have the same test data. 
Therefore, to keep fault coverage, the test data of the scan 
cells in the same level should be compatible. Compared to 
single scan chain construction, scan chain techniques reduce 
the length of the longest scan chain in the circuit. Thus, it can 
reduce test data volume and test application time. However, 
in scan tree construction there are a lot of scan outputs. 
Furthermore, in scan shift operations after test response is 
captured, the inner nodes of a scan tree will diffuse theirs 
values to several outputs at the same time. It will make 
aliasing happen easily during compaction and be hard to 
design a compactor. To resolve such a problem, [15] extended 
the concept of compatibilities in [11-14], and proposed an 
extended compatibility scan tree construction. This method 
can reduce test application time and test power effectively. 
Nevertheless, it increases the number of scan output as well 
as the test response data volume. 

To reduce the number of scan outputs, this paper 
proposes a novel test response compactor for extended 
compatibility scan tree construction. The proposed compactor 
is composed by an XOR network. Furthermore, we reduce the 
number of scan outputs more by considering the structure 
information of the circuit under test	 (CUT). 

The rest of this paper is organized as follows. In section 
2, the structure of an XOR network is described. In section 3, 
we show how to reduce the number of scan outputs using the 
structure information of CUT. Section 4 shows how to 
construct a compactor for extended compatibility scan tree 
construction. Section 5 reports on some experimental results 
for our proposed compactor. Section 6 concludes with a brief 
summary. 

II. Preliminaries 
A. Extended Compatibility Scan Tree 

Figure 1(a) shows a single scan chain which has 6 scan 
cells and it test set with X’s, where X denotes a don’t care bit. 
According to normal compatibility[15], the scan chain can be 
constructed to a scan tree shown in Figure 1(b). The length of 
the longest scan chain is reduced to 4. Test application time is 
reduced 1/3. From Figure 1(b) we can see that for each test 
vector, the value of scan cell ff1 is complementary with that of 
ff6, the value of ff6 can be that of ff1 XOR that of ff4 . We can 
reduce test application time more by employing NOT-, XOR- 
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and NXOR compatibilities[15]. The extended compatibility 
scan tree and it test set is shown in Figure 1(c). 
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(c) Extended compatibility scan tree 

Figure 1. Extended compatibility scan tree and its test set 

B. XOR Network 
Figure 2(a) shows the structure of an XOR network 

with eight inputs and five outputs. A single input is diffused 
to multiple outputs by XOR network. The inputs and outputs 
of the XOR network showed in Figure 2 (a) satisfy the 
following relations. 

3211 OOOI ++=               (1) 

4322 OOOI ++=               (2) 

4313 OOOI ++=               (3) 

4214 OOOI ++=               (4) 

5415 OOOI ++=               (5) 

5316 OOOI ++=               (6) 

5437 OOOI ++=               (7) 

5428 OOOI ++=               (8) 
These equations are named as correlative polynomials. They 
denote the value of an input of a compactor can be 
propagated to which outputs. As shown in Equation 1, input 
I1 will diffuse to the outputs O1, O2, O3. The correlative 
matrix is shown in Figure 2(b). In the matrix, 1 means that 
the input and output are associated and 0 means that they are 
not associated. 
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           (b) Correlative matrix 
Figure 2. An XOR network and its correlative matrix 

III. Reduce the Number of Scan Outputs Using the 
Structure Information of CUT 

This section will describe the following definition and 
theorem to show how to reduce the number of scan outputs 
using the structure information of CUT. 
Definition 1. We call a sub-path including a leaf node and 
any other node whose out degree is exact one as a unique 
sub-path. 

For example, as shown in Figure 3, the sub-path (m, o) 
is a unique sub-path. (m, o, and q) is a maximal unique 
sub-path. Every leaf node has one maximal unique sub-path. 
The maximal unique sub-paths of leaf nodes m, f and e are (m, 
o, q), (f) and (e) respectively. 

 
Figure 3 Extended compatibility scan tree 

Theorem 1. We can add an XOR gate between two leaf 
nodes to reduce the number of scan outputs if the 1&(2|3|4) 
conditions are satisfied without losing fault coverage. 

1. Any nodes that have the same sequential depth in 
their maximal unique sub-paths have no common predecessor 
in the combinational part of the CUT. 

2. The head nodes ni1, ni2 of their maximal unique 
sub-paths have different sequential depths. 
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3. The head nodes ni1, ni2 of their maximal unique 
sub-paths have the same sequential depth and they have no 
common parent node. 

4. The head nodes ni1, ni2 have a common parent node 
and there exists a sibling node excluding themselves.  

For example, as shown in Figure 3, the maximal unique 
sub-paths of nodes m and l are (m, o, q) and (l, n, p) 
respectively. If nodes m and l, o and n, q and p have no 
common predecessor in the combinational part, though the 
head nodes q and p have the common parent node r, the scan 
output m and l can be connected together via an XOR gate 
because node k is a sibling of nodes q and p. 

If scan outputs a and b, e and d, m and l can be 
connected together by an XOR gate to form a new output 
respectively, the number of scan outputs is reduced from 8 to 
5 as shown in Figure 3. The number of scan outputs can be 
reduced by checking the scan outputs using Theorem 1. 

IV. Test Response Compactor for Extended 
Compatibility Scan Tree Construction 

In scan tree techniques, the scan cells are constructed 
into a tree structure. This technique has large numbers of 
output ports, and the value captured by a scan cell might be 
propagated to multiple scan outputs, which brings much 
difficulty to compact the outputs of the scan tree. As shown in 
Figure 4, the error captured by scan cell 6 will propagate to 
scan outputs 13 and 15. Figure 4 gives a possible compactor 
design which will introduce in the following subsection. 
 

 
Figure 4. A test response compactor 

A. Design a Compactor for Scan Tree Construction 
As shown in Figure 4, the response of node 6 can be 

propagated to scan outputs 13 and 15. Though the response of 
node 6 can be propagated to O1, O2, O4, O5, its error response 
can only be observed by O4, O5. This can be expressed using 
the following binary addition. The correlative polynomials of 
outputs 13 and 15, which are inputs of the XOR network, 
denoted in binary are I13=11010 and I15=11001. 
I13+I15=00011，that means the captured value of node 6 can be 
only propagated to the outputs O4 and O5. Therefore, every 

node of the scan tree will have a correlative polynomial to 
show the relation with the outputs of the compactor. 

According to a theorem in [6], if each column in the 
correlative matrix is distinct and has the same odd numbers of 
1, then the compactor can detect the fault when two or any 
odd numbers of errors occur at the same time in absence of 
X’s. The number of inputs n and outputs m of a compactor 
should meet the following condition:  

nC k
m >=                      (9) 

where k is the number of outputs which are correlative to an 
input. 
 As shown in Figure 4, the compactor has 7 inputs. 
According to Expression 9, we choose the correlative 
polynomial set with output number is 5, and k=3. The 
correlative polynomial set has 10 correlative polynomials. 

The process to design a compactor of a scan tree can be 
dealt to the process to assign an appropriate correlative 
polynomial to each scan tree output. That is equivalent to 
ascertain the correlative relationship between the scan outputs 
and the compactor outputs. The next paragraph will describe 
how to assign the correlative polynomial to the scan outputs. 

During shifting out, the response of a scan cell of scan 
tree might be propagated to some outputs several times at 
different scan cycles. For example, the response of scan cell 1 
in Figure 4 can be shift out in the 4th and 5th scan shift cycles. 
The sequential depths set of scan cell 1 is {4, 5}. We group 
the scan cells, which have the same sequential depths set, into 
a sequential clique. For example, scan cells 3, 4, 5, and 6 in 
Figure 4, are grouped in a sequential clique. During assigning 
the correlative polynomial to an output of a scan tree, it has to 
satisfy the following rule. The correlative polynomial of the 
scan cells in the same sequential depths set of a scan tree is 
distinct to guarantee to produce errors when two scan cells 
captured errors, while the correlative polynomial cannot be 
zero if the size of a scan cell’s sequential depths set is one. 
The algorithm to design a compactor is described in the 
following steps shown in Figure 5. 

Step 1: Input a scan tree which is constructed by [16]; 
Step 2: Calculate the number of different sequential 

depths for each scan cell and gather the scan cells which have 
the same sequential depths set; 

Step 3: Assign an unassigned correlative polynomial to 
a leaf node according to depth priority search; 

Step 4: Backtrack to its farther node; 
Step 5: If the node has an unvisited child, goto Step 3; 
Step 6: Calculate its correlative polynomial. If it does 

not satisfy the rule, feedback to the leaf node and reassign an 
unassigned correlative polynomial, then go to Step 4. If it is 
not the root node, then go to Step 4; 

Step 7: Terminate the algorithm with the assigned 
correlative polynomials. 
B. Design a Compactor for Extended Compatibility Scan Tree 

The input value of the scan cells in an XOR/NXOR- 
compatible clique is obtained by XOR inputs of two 
compatible cliques in two different level of a scan tree. The 
XOR/NXOR-compatibility brings the characteristic that the 
inner nodes of a scan tree have several sequential depths. 
Such  characteristic  will  release the  restriction  during 
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Figure 5 The algorithm to design a compactor 

constructing a compactor. As shown in Figure 3, since the 
extended compatible clique node a, the size of sequential 
depths set of node j is increased to two. Increasing the size of 
sequential depths set of a node makes its captured error can 
propagate to the input(s) of the compactor through several 
paths with different sequential depths. 

The technique which employs XOR- and 
NXOR-compatibilities efficiently reduces test application 
time and test power though it needs a lot of leaf nodes. 
Furthermore, it also improves the observability of inner nodes 
in a scan tree, which benefits the design of a compactor. 

V. Experimental Results 
We have conducted experiments on the full scan 

version of larger ISCAS’89 benchmark circuits in C language 
on a PentiumIV2.4GHz with 512 MB RAM. In the 
experiments, we use the ATPG tools “TestGen” of Synopsys 
to generate test cubes and HOPE simulator to perform fault 
simulation. 
Table 1. Results for the proposed test response compactor  

Table 1 shows the results for the proposed test response  Input a scan tree 
compactor. The first four columns describe the circuit’s 
names, the number of faults, the fault coverage, and the 
number of scan outputs of extended compatibility scan tree. 
The next three columns give the experimental results about 
the number of outputs in the proposed compactor, the number 
of outputs which are correlative to an input (“#K”), and the 
number of alias. From table 1, we can see that the number of 
outputs is reduced drastically without losing fault coverage. 
For S35932, the compression ratio is about 77X.  

Calculate the number of different sequential 
depths of scan cells and gather them 

Assign an unassigned correlative 
polynomial to a leaf node 

according to depth priority search 

Backtrack to its parent node  
VI. Conclusions 

This paper proposes a response compactor for extended 
compatibility scan tree construction. The proposed compactor 
is composed by an XOR network. Our approach, which takes 
advantages of extended compatibility scan tree and uses the 
structure information of the CUT, is effectively to solve the 
problem introduced by the diffusing of errors, to reduce the 
number of outputs, and to achieve low hardware overhead. 

Does the node 
have an unvisited 

child node? 

Yes 

No   No  
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Circuits #Fault #FC(%) #S-out #C-out #K #Alias
S1423 1515 99.076 32 7 3 0
S5378 4551 99.121 47 6 3 0
S9234 6927 93.475 70 7 3 0
S13207 9815 98.462 261 10 3 0
S15850 11725 96.682 240 10 3 0
S35932 39094 89.809 1013 13 5 0
S38417 31180 99.442 680 10 5 0
S38584 36303 95.741 414 11 5 0
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