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Abstract 
 

An alternative to masking unknown (X) values before the 
compactor (i.e., X-masking) is to capture X’s in the MISR 
and cancel them out after compaction (i.e., X-canceling).  
Existing X-canceling methodologies require a number of 
control bits to perform the X-canceling that is linear in the 
number of X’s to be canceled.  This paper describes a new 
methodology for X-canceling which can exploit the fact that 
the scan cells in which X’s are captured tend to be highly 
correlated in order to significantly reduce the number of 
control bits required for X-canceling.  X’s tend to be 
generated in certain portions of the design, and hence 
certain scan cells capture X’s with much higher frequency 
than other scan cells.  Instead of custom generating the 
control bits to cancel out only the X’s in one MISR 
signature, the proposed approach finds a general superset 
solution which can cancel out the X’s for many MISR 
signatures.  This allows the same control bits to be reused 
many times thereby significantly improving the amount of 
compression that can be obtained.  Architectures for 
implementing superset X-canceling are described along 
with experimental results. 
 

1. Introduction 
 

A major issue for compacting output streams in test 
compression and BIST is dealing with unknown ‘X’ values 
that arise due to uninitialized memory elements, bus 
contention, floating tri-states, and other sources.  X values 
corrupt the final signature making it unknown.  One way of 
handling X’s is to modify the circuit-under-test (CUT) so 
that it does not generate X values.  This approach is called 
X-bounding and requires adding design-for-testability (DFT) 
logic to prevent X value propagation to scan cells [Wang 06].  
Another approach, which does not require modifying the 
CUT, is X-masking which masks out X’s at the input to the 
compactor.  Mask control data is used to specify which scan 
chain outputs should be masked during which clock cycles 
[Wang 06].  A third approach is to design an X-tolerant 
compactor which can compact an output stream that contains 
X’s without the need for X-masking.  X-tolerant compactors 
have been developed based on linear combinational 
compactors [Mitra 04a], [Patel 03], [Sharma 05], [Leininger 
07], convolutional compactors [Rajski 05], and circular 
registers [Rajski 06], [Gizdarski 10].  While multiple-input 
signature registers (MISRs) are the most efficient for 

compacting output streams without X’s, they present 
difficulties when X’s are present because the X’s quickly 
spread and corrupt the signature bits [Mitra 04b]. 

In [Touba 07], the concept of canceling out X’s from 
MISR signatures was proposed.  An X-canceling MISR 
methodology was described which can achieve arbitrarily 
high error coverage very efficiently where error coverage is 
the percentage of scan cells that are observed in the presence 
of X’s.  Symbolic simulation is used to express each bit of 
the MISR signature as a linear equation in terms of the X’s.  
Linearly dependent combinations of MISR signature bits are 
identified with Gaussian elimination and are XORed 
together to cancel out all X values thereby yielding 
deterministic values that are invariant of what the final 
values of the X’s end up being during the test. 

In the methodology in [Touba 07], the MISR continues to 
compact X’s until it fills up (i.e., the number of X’s 
approaches the size of the MISR).  At that point, Gaussian 
elimination is used to find a custom solution for the control 
bits which will cancel out all the X’s in the signature.  The 
idea in this paper is exploit the fact that the scan cells that 
capture X’s are highly correlated.  X’s tend to be generated 
in certain portions of the design such that some scan cells 
capture many X’s while others may not capture any.  To 
illustrate the concept used in this paper, consider a simple 
example where the output response for each scan vector is 
compacted into a single MISR signature.  If the location of 
the X’s for two output responses are identical, then the same 
set of control bits can be repeated to cancel out the X’s in 
both MISR signatures.  Now suppose output response A has 
a subset of the X’s in output response B.  In this case, again 
the same set of control bits used for B can also be used for A 
since it will cancel out a superset of the X’s in A.  Now 
suppose output response A and output response B have 90% 
of their X’s in the same locations, but 10% of their X’s are in 
different locations.  In this case, Gaussian elimination can be 
used to find a superset solution which cancels all the X’s in 
both A and B including the 90% that are the same and the 
unique 10% for each of A and B.  The control bits for this 
solution can be repeated for both A and B.  If using a custom 
solution for each of A and B required n bits each, then the 
total number of control bits for both A and B would be 2n.  
However, the combined superset solution using the proposed 
method will contain only (0.9n+0.1n+0.1n = 1.2n) bits.   
Note that when using a superset solution, care must be taken 
that the non-X values that are canceled do not cause a loss of 
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fault coverage.  This will be discussed in detail in Sec. 3. 
Using superset solutions provides a way to significantly 
reduce the total number of unique control bits needed for 
output response compaction and thereby reduce tester 
storage requirements, and depending how it is implemented, 
also test data bandwidth requirements. 

Compressing output response with high X densities is 
recognized as a major challenge for achieving the high 
compression that will be needed for future generations of 
designs as technology continues to scale.  The superset X-
canceling technique described here provides a very efficient 
and elegant way to exploit X-correlations to address this 
problem.  There have been some techniques developed 
recently to exploit the locality of X’s for more efficient X-
masking before a compactor with fewer mask control bits 
[Czysz 10], [Wohl 10].  These methods are coupled with 
ATPG to minimize the number of mask control bits without 
losing fault coverage.  In [Czysz 10], the terms “intra-
correlation” and “inter-correlation” of X’s are used to refer 
to correlations of X’s within a single output response and 
across multiple output responses, respectively. Both are 
enhanced and exploited to reduce mask control bits.  While 
these methods are performing masking before the compactor 
and need to consider masking at every clock cycle (i.e., in 
each scan slice), the proposed approach has an inherent 
advantage in that no masking is performed before 
compaction.  A large number of scan slices are compacted 
together into a signature, and then the X’s are canceled out 
of the signature after compaction.  The location of the X’s 
within the scan slices and between scan slices is not a 
concern for the proposed method, and so all the focus can be 
placed on enhancing and exploiting the inter-correlations of 
X’s between the output responses of different test vectors.  
The intra-correlations are not relevant. 

The contributions of this paper include the following: 

•  A methodology for finding a superset X-canceling 
solution via Gaussian elimination so that the same set of 
control bits can be repeatedly used for many MISR 
signatures and incrementally modified when generating 
new solutions. 

•  Architectures for efficiently applying repeated and 
incrementally modified control bits for X-canceling. 

•  Experimental results for industrial circuits which 
demonstrate the improvement that can be achieved with 
superset X-canceling. 
 

2. Overview of X-Canceling 
 

This section gives a brief overview of the operation of an 
X-canceling MISR.  A more detailed explanation can be 
found in [Touba 07]. 

Assume the output response has been captured in the scan 
chains after applying a test vector.  The value in each scan 
cell is represented with a symbol.  An example is shown in 
Fig. 1.  Once the output response has been shifted in to the 

MISR, the final MISR signature can be expressed in terms 
of the symbols through symbolic simulation.  Each MISR bit 
is represented by a linear equation of the scan cell symbols.  
Fig. 1 illustrates this symbolic representation.  The final 
value of the top bit of the MISR is X1⊕O3⊕O8⊕O13, where 
Xi denotes an X value and Oi indicates a non-X value. 
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Figure 1. Example of Symbolic Simulation of MISR 
 

The focus here is on the unknown values, so each MISR 
bit equation can be reduced to a linear combination of the X 
values by assigning 0 to each non-X values without loss of 
generality.  These linear combinations can be expressed in 
the form of a matrix as shown in Fig. 2.  Each entry in the 
matrix has a 1 if the MISR bit corresponding to the row 
depends of the X corresponding to the column. 
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Figure 2. Linear Equations for MISR in Fig. 1 
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Figure 3. Gauss-Jordan Elimination of MISR Equations 
 

If the number of columns is less than the number of rows, 
i.e., the number of X’s is less than the MISR size, then some 
row combinations will be linearly dependent.  Gauss-Jordan 
elimination [Cullen 97] can be performed on the matrix in 
Fig. 2 to identify the linearly dependent combinations of 
rows as illustrated in Fig. 3.  The last two rows in Fig. 3 
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have all 0s and this indicates combinations of MISR bits in 
which all the X’s cancel out.  The first all-0 row corresponds 
to M1⊕M3⊕M5.  This implies that XORing MISR bits M1, 
M3, and M5 generates an “X-canceled” signature bit which 
depends only on scan cells that captured non-X values as 
shown below: 

M1⊕M3⊕M5 = O3⊕O5⊕O8⊕O10⊕O12⊕O13⊕O15⊕O17 
 

The values of these X-canceled MISR bit combinations are 
deterministic and can be predicted through simulation.  
Therefore, during test, they can be compared with their 
fault-free values in order to detect errors. 

The MISR is operated across many clock cycles and may 
span multiple test vectors until the MISR fills up with X’s.  
The MISR signature is then processed by selectively 
XORing linearly dependent combinations of MISR bits in 
terms of the X’s to generate X-free output response to send 
to the tester.  The error coverage can be made arbitrarily 
high by generating and checking a sufficient number of X-
canceled output responses.  The probability of not detecting 
an error drops by a factor of 2 for each X-canceled 
combination that is checked.  If q X-canceled combinations 
are checked, then the error coverage for will be 1-2-q.  So if 
q=7, then the error coverage will be 99.2%, and each MISR 
signature can capture up to (m-7) X’s where m is the size of 
the MISR. 

 

3. Superset X-Canceling for Output Responses
 of Entire Scan Vectors 

 

The proposed idea for superset X-canceling is to use the 
same set of control bits for processing multiple MISR 
signatures.  In this section, the simple case where one MISR 
signature is generated for each scan vector is considered 
first.  This assumes the size of the MISR is larger than the 
maximum number of X’s in any output response for a scan 
vector.  A more general solution for any size MISR and 
number of X’s is described in Sec. 4.  

 

3.1 Merging Responses 
As described in Sec. 2, canceling out the X’s in one 

MISR signature is done by using Gaussian elimination to 
identify MISR bit combinations that are linearly dependent 
in terms of all the X’s captured by the MISR signature.  So 
the control bits that are generated through this procedure 
will cancel all the X’s   To use the same set of control bits 
for two MISR signatures, the X locations for both MISR 
signatures can be merged together when performing 
Gaussian elimination.  Consider the following example 
where the X-locations in the output response for two test 
vectors are the following:  

 

Response 1:    1X01X01X01XX0X 
Response 2:    0XX1X11X00XX00 
 

The X-locations can be merged as follows (only the X’s are 
of concern): 

 

     Merged Response: -XX-X--X--XX-X 

Response 1 and 2 each have 6 X’s.  The merged response 
has 8 X’s.  As long as the number of X’s in the merged 
response does not exceed the maximum number of X’s that 
can be canceled in the MISR (which depends on the size of 
the MISR as described in Sec. 2), it is possible to find a 
solution for the control bits which will cancel all the X’s in 
the merged response.  Additional responses can be merged 
in as well provided the total number of X’s can still be 
handled by the MISR. 

If 7 X-canceled combinations are used, then an m-bit 
MISR can capture up to (m-7) X’s and provide more than 
99% error coverage of the non-X values.  However, note that 
when superset X-canceling is used, the number of scan cells 
whose values are canceled out is greater than the number of 
X’s in the output response, so some non-X values are getting 
canceled as well.  In the example shown above, Response 1 
has 6 X’s, while the merged response has 8 X’s.  If the 
control bits for the merged response are used for Response 
1, then there are 2 scan cells that capture non-X values 
which will be canceled out for all X-canceled combinations 
and hence no errors can be observed in those cells.  So when 
merging responses together for superset X-canceling, it is 
necessary to check that fault coverage will not be lost. There 
are two ways to do this. One is to perform fault simulation 
for the test vector assuming no observation for the canceled 
scan cells and verify that no coverage is lost, the other is that 
when the original fault simulation is performed, the 
necessary scan cells for capturing the fault effects can be 
marked with a D-value.  Output responses are only merged 
if no D values get canceled.  When performing the merging, 
two responses can be merged as long as they don’t have any 
conflicts in any scan cells where one response has an X and 
the other has a D.  
 

3.2 Procedure 
The procedure for selecting which output responses to 

merge together is a basic clustering algorithm where the goal 
is minimize the number of merged groups.  Output responses 
can be merged together provided the number of unique X 
locations in the merged set is within the amount that the 
MISR can handle.  A greedy procedure can be used as 
described below:  
Step 1:  Select the output response with the most X’s as the 
seed for the merged cluster. 
Step 2:  Compare all output responses with the cluster and 
identify a candidate that when merged with the cluster would 
increase the number of X’s the least. 
Step 3: Check if merging the candidate would prevent 
observation of any D.  If so, then go back to Step 2 to find 
another candidate. 
Step 4:  If the number of unique X’s in the merged cluster 
after adding the candidate can be handled by the MISR, then 
add the candidate to the cluster and go to step 2 to find the 
next candidate to add. 
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Step 5:  If no more output responses can be added to the 
cluster, then if there are still output responses remaining that 
are not part of any cluster, go to step 1 to form the next 
cluster.  Otherwise, the procedure completes. 
 

This procedure will find a good solution, but is not 
guaranteed to find the best solution.  Other heuristic 
clustering algorithms can be adapted for this problem as well 
[Xu 05].  

The amount of merging that can be performed will 
depend on how correlated the location of the X’s are across 
the output responses. An example of the distribution of X’s 
for one industrial circuit is shown in Fig. 4.  The scan cells 
are plotted along the x-axis sorted in descending order from 
the ones capturing the most X’s down to the ones capturing 
the least X’s.  The y-axis shows how many X’s are captured 
in that scan cell during the application of 3000 test vectors.  
This circuit has 97,643 scan cells, and out of those, 
only17,073 capture X’s. 90% of all the X’s are captured in 
4.8% of the scan cells. This high degree of X locality can be 
efficiently exploited by the proposed method. Obviously the 
degree of correlation of the X’s is very design dependent, 
but the structural dependence of X generation in circuits 
generally leads to a highly skewed distribution. Note also 
that the advanced ATPG methodology described in 
[Czysz 10] can be adapted for the proposed method as well 
to enhance the amount of inter-correlation while avoiding 
conflicts with D’s.  

0

500

1000

1500

2000

2500

0 97,64350,000

Scan Cells (sorted order)

N
u

m
b

er
 o

f 
X

’s
 C

ap
tu

re
d

25,000 75,000

 
Figure 4. Example of Distribution of X’s Captured in Scan Cells 

 

3.3 Implementation 
The on-chip hardware for superset X-canceling is 

illustrated in Fig. 5.  The scan vectors are ordered so that 
those which are using the same set of control bits for 
performing the X-canceling are applied consecutively.  
There are two ways that the control bits can be applied.  One 
is to directly drive them from tester channels using ATE 
vector repeat functionality to repeat the control values for 
all consecutive output responses that use the same control 
bits.  This approach reduces the tester memory storage 
requirements since only one copy of the control bits needs to 
be stored in the vector memory, but does not reduce tester 
bandwidth requirements.  The other approach is to have a 
register on-chip that drives the control bits, and the tester 
would simply load that register each time a new set of 

control bits is required.  This approach would also reduce 
tester bandwidth requirements. 

Scan Chain

Phase
Shifter

Scan Chain

Scan Chain

D
ec

om
pr

es
so

r

Tester
Channels

&

&

&

XOR

m-bit

X-Canceled
Combination

M
I
S
R

m-bit

S
H
A
D
O
W

Control
Bits  

 

Figure 5.  X-Canceling MISR Implementation 
 

4. Superset X-Canceling for Partial Responses 
 

Sec. 3 described the simple case where one MISR 
signature is used for each test vector.  However, this will 
only work if the MISR is sufficiently large to be able to 
store all the X’s in any output response.  To avoid this 
design dependence, this section describes a more general 
scheme that can be used for any size MISR, any size scan 
architecture, and any number of X’s.  The idea is to use 
multiple MISR signatures for the output response of each 
scan vector.  This is illustrated in Fig. 6.  The first set of 
scan slices is compacted in the first MISR signature, then the 
second set of scan slices is compacted in the next MISR 
signature, and so forth.  The same partitioning of the scan 
slices into MISR signatures is used for all scan vectors so 
that correlations in the X locations in the p-th partition of 
one scan vector will match up with correlations in the X 
locations in the p-th partition of another scan vector. 
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Figure 6.  Partitioning Scan Slices (One MISR Signature 
Generated for each Partition) 

Merging of the output responses is done individually for 
each p-th partition.  For example, the output responses in the 
first partition of all scan vectors are merged first to minimize 
the number of merged responses for partition 0.  Then the 
output responses in the second partition are merged 
independently from all other partitions to minimize the 
number of merged responses for partition 1. This is repeated 
for all the partitions.  The control bits for processing each 
merged partition are loaded from the tester into an on-chip 
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RAM at the start of the test session.  During the test session, 
the tester only needs to supply the index of the set of control 
bits that should be used for each MISR signature.  This is 
illustrated in Fig. 7.  For example, if for some scan vector, 
the response in the first partition was merged into the 3rd 

group, then the tester supplies the index value of 3, and on-
chip hardware converts that to a pointer into the on-chip 
RAM and fetches the appropriate control bits from the RAM 
to use for X-canceling of the first MISR signature.  If the 
second partition was merged into the 2nd group, then the 
tester supplies the index value of 2, and so forth.  So the data 
stored on the tester includes one copy of the control bits for 
each merged partial output response which are used to 
initialize the RAM, and then it stores one index value for 
each MISR signature which indicates where to fetch the 
control bits out of the RAM. 
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Figure 7.  Partitioning Scan Slices (One MISR Signature 
Generated for each Partition) 

 

Note that if there is a lot of variance in the number of X’s 
in the scan responses, then the scan responses can also first 
be divided into groups where within each group, the same 
scan slice partitioning is used.  For example, some group of 
scan responses might have 4 partitions (i.e., compact into 4 
MISR signatures) while another group might have 6 
partitions.  Each group would then be treated as if it were 
independent, and the RAM would be reloaded before each 
group of test vectors is applied. This encoding scheme 
described in this section is very efficient, but it requires the 
presence of a sizeable on-chip RAM.  For processors and 
other chips that have a cache or other large RAM present for 
functional purposes, it can be utilized to implement this 
scheme.  If not, then the scheme described in the next 
section can be used which requires only a small scratch pad 
RAM be present on-chip. 

 

5. Superset X-Canceling using Incremental  
 Update 

 

This section describes a way to perform superset X-
canceling for partial output responses without the need of a 
large on-chip RAM.  The idea is to have a small RAM 

which stores only one set of control bits for each partition.  
The test vectors are then ordered so that subsequent test 
vectors use the same control bits for most partitions.  Thus, 
the tester needs to only incrementally update the control bits 
stored in the on-chip RAM.  For example, if test vector i 
used the same control bits as test vector i+1 for all control 
bits except for the p-th partition, then the tester would only 
need to store and reload the control bits for the p-th partition 
when applying test vector i+1.   The size of the RAM would 
be limited to the number of control bits required to process p 
MISR signatures for scan responses using p-partitions.  The 
data stored on the tester would be limited to an index which 
points to the partition to be updated along with the control 
bits to store in that partition.  The on-chip hardware would 
decode the index and then store the control bits in that 
location for the RAM.  When tester has finished updating 
the necessary partitions, one bit is sent to indicate that the 
scan response for an entire test vector is ready to be 
compacted using the control bits stored in the on-chip RAM. 
 

6. Experimental Results  
 

Experiments were performed on four industrial circuits.  
Table 1 shows the results for generating a single MISR 
signature for the output response of each test vector.  The X-
density is shown for each circuit which is the number of X’s 
divided by the total number of bits in the output response.  
The third column shows the size of the MISR.  It must be 
large enough to store the maximum number of X’s in any 
output response.  The fourth column shows the number of 
bits that need to be stored on the tester using conventional 
X-canceling as described in [Touba 07].  Comparisons of X-
canceling with X-compact and other methods can be found 
in [Touba 07].  The results shown here are for using 7 X-
canceled combinations which provides 99.2% error 
coverage, i.e., 99.2% of all non-X values are observed.  The 
next columns show results for the superset X-canceling 
method proposed here also using 7 X-canceled combinations 
to provide the same 99.2% error coverage.  The results for 
superset X-canceling depend on how many D’s are in the 
output response data.  The actual locations of the D’s for 
these test sets were not available, so the experiments were 
done by randomly injecting different percentages of D’s, 
namely, 1% and 0.1%.  In each case, the number of bits that 
need to be stored on the tester are shown along with the 
improvement factor compared with X-canceling in [Touba 
07]. An improvement factor of 2 means that the compression 
ratio is twice as much as in [Touba 07]. As can be seen from 
the results, the proposed method is able to significantly reduce 
the number of control bits in most cases.  The fewer the D’s 
there are, the better the results are since there are less sources 
of conflict when merging output responses together.  Note 
that for Ckt-D, a very large MISR was required, and there 
were some cases where the proposed method did not improve 
results. However, the results were much better when multiple 
signatures per test vector were used as shown in Table 2. 
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Table 1.  Results for Proposed Superset X-canceling using 
one signature for the output response of each scan vector 

 

   X-Canceling
Proposed Superset  

X-Canceling 
Circuit X MISR [Touba 07] 1% D’s 0.1% D’s 

 Density Size Bits Bits Impv Bits Impv
Ckt-A 2.47% 1300 3.1M 1.7M 1.8 0.47M 6.6 
Ckt-B 0.50% 1300 5.2M 3.3M 1.6 0.55M 9.5 
Ckt-C 2.75% 3000 20.9M 11.5M 1.8 2.5M 8.4 
Ckt-D 2.38% 6000 48.9M 62.9M 0.8 21.4M 2.3 

 

Table 2.  Results for Proposed Superset X-canceling using 
small MISR with multiple signatures per scan response 

 

  X-Canceling Proposed Superset X-Canceling 

Circuit MISR [Touba 07]  1% D’s 0.1% D’s 

 Size Bits 
Partition 

Gran. 
Bits Impv Bits Impv

 128 3.2M Coarse 1.5M 2.1 1.5M 2.1 
Ckt-A   Fine 1.5M 2.1 1.4M 2.3 

 256 3.2M Coarse 2.0M 1.6 1.6M 2.0 
X-density   Fine 2.0M 1.6 1.7M 1.9 
= 2.47% Coarse 1.9M 1.6 0.5M 6.2 

 
512 3.1M 

Fine 2.1M 1.5 0.5M 6.2 
 128 5.4M Coarse 1.1M 4.9 0.48M 11.3

Ckt-B   Fine 1.2M 4.5 0.43M 12.6
 256 5.3M Coarse 1.5M 3.5 0.32M 16.6

X-density   Fine 1.9M 2.8 0.41M 12.9
= 0.5% Coarse 2.9M 1.8 0.60M 8.7 

 
512 5.2M 

Fine 3.1M 1.7 0.57M 9.1 
 128 22.1M Coarse 2.4M 9.2 1.1M 20.1

Ckt-C   Fine 3.3M 6.7 1.3M 17.0
 256 21.4M Coarse 3.2M 6.7 1.1M 19.5

X-density   Fine 4.0M 5.4 1.3M 16.5
= 2.75% Coarse 5.3M 4.0 1.3M 15.1

 
512 21.1M 

Fine 5.9M 3.6 1.4M 1.9 
 128 51.6M Coarse 21.8M 2.4 15.1M 3.4 

Ckt-D   Fine 18.8M 2.7 9.7M 5.3 
 256 50.2M Coarse 20.7M 2.4 10.4M 4.8 

X-density   Fine 22.7M 2.2 8.5M 5.9 
= 2.38% Coarse 31.8M 1.6 9.0M 5.5 

 
512 49.5M 

Fine 27.0M 1.8 8.5M 5.8 
 

In Table 2, results are shown for three different sizes of 
MISRs, namely 128, 256, and 512.  In this case, the output 
response for each test vector was partitioned and one 
signature was generated for each partition.  Results are 
shown for different numbers of partitions (one coarse and 
one fine granularity).  While the MISR size would need to 
be selected at design time, the number of partitions could be 
selected after the output response is already known allowing 
the opportunity to optimize it.  The results in Table 2 show 
very significant improvements in the amount of compression 
can be obtained (up to an order of magnitude improvement 
for some circuits). 

Note that all of these results could be further improved if 
this methodology was incorporated into the ATPG 
procedure along the lines of what was described in [Czysz 
10] to minimize conflicts from D’s and enable larger merged 
output responses. In addition, if the D’s show inter-
correlation, the results could be further improved. 

7. Conclusions 
 

The proposed method provides an efficient way for 
exploiting correlations in the location of X’s.  Three 
different implementations were described which can be 
employed based on the particular design situation.  With 
continued increase in design size and complexity, the 
proposed method provides an avenue for scaling up 
compression to keep with expected increases in design size 
and complexity. 
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