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Abstract—A new scan architecture called reconfigured scan forest is proposed for

cost-effective scan testing. Multiple scan flip-flops can be grouped based on

structural analysis that avoids new untestable faults due to new reconvergent

fanouts. The proposed new scan architecture allows only a few scan flip-flops to

be connected to the XOR trees. The size of the XOR trees can be greatly reduced

compared with the original scan forest; therefore, area overhead and routing

complexity can be greatly reduced. It is shown that test application cost, test data

volume, and test power with the proposed scan forest architecture can be greatly

reduced compared with the conventional full scan design with a single scan chain

and several recent scan testing methods.

Index Terms—Scan forest, test application cost, test data volume, test power.
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1 INTRODUCTION

SCAN design makes test generation of a circuit the same as that of a
combinational one, which can obtain complete fault coverage and
make test application cost, test data volume, and test power
prohibitively high [1], [5], [11], [23], [27]. Test application cost, test
power, and test data volume can be reduced by efficient test
generation schemes [16], [21], [22], test compression techniques [2],
[7], [8], scan flip-flop ordering [10], clock disabling [9], [19], extra
logic insertion [13], [19], test input reduction [6], and new scan
architectures [3], [4], [12], [15], [18], [19], [25], [28].

Test compression techniques are used to reduce test application

time, test power, and test data volume. Chandra and Chakrabarty

introduced a method to reduce test application cost and test data

volume via test data compression based on Golomb encoding

scheme [7] and frequency-directed run-length codes [8]. A test

pattern compression methodology [2] was presented with a small

number of virtual scan chains, which were used to drive a large

number of internal scan chains and reduce the test data volume

significantly. Wohl et al. [24] designed a noncancelling compactor

by connecting each input of the compactor to multiple outputs.

They also proposed a compactor to support diagnosis by using

extra inputs to control different phases in the testing process. Mitra

and Kim [17] presented a test response compactor that tolerates

don’t cares in test responses. The method was proposed based on a

�-compactor matrix, where all rows of the matrix represent the

compactor inputs and columns represent the compactor outputs.

Similarly, the �-compactor supports diagnosis.
A lot of new scan architectures have been proposed to reduce

test application cost and test power. Lee et al. [15] presented a

novel test application scheme by driving multiple scan chains with
a single scan-in signal in a core-based system, which can reduce
test application time drastically without any degradation on test
efficiency. The Illinois scan architecture drives multiple scan
segments by a single scan-in [12] in the same circuit. This
technique can effectively reduce test application time, which may
also cause some degradation on fault coverage or test efficiency.
Serial scan shifts may be necessary for some test vectors. A new
scan architecture called scan forest was proposed to reduce test
application time, test power, and test data volume recently in [25].
It is found that many scan flip-flops can be assigned the same
value for all test vectors. No new reconvergence generates when
merging the group of scan flip-flops. The predecessor of the group
is a scan flip-flop selected from another group of scan flip-flops.
All scan flip-flop groups form multiple scan trees. However, the
scan forest connects most of the scan flip-flops to XOR trees that
may cause area and routing complexity problems. Another
problem is that random construction of the XOR trees in [25] can
produce fault aliasing. Various tree-based scan architectures were
proposed to reduce test application time and test power in [3], [4],
[18], [28] recently.

The main differences between the proposed scan forest
architecture and the Illinois scan architecture should be 1) con-
struction of the scan architectures, 2) scan shifting scheme, and
3) the test response compaction scheme. The Illinois scan
architecture groups scan flip-flops based on test vector analysis,
where it contains one scan-in signal and the same number of scan
flip-flops at any level. The scan forest contains multiple scan-in
signals, where it is not necessary for each level to have the same
number of scan flip-flops. Scan flip-flops in the scan forest are
grouped based on structural analysis. Scan forest does not
introduce any aliasing faults, where all test vectors are applied in
parallel. However, the Illinois scan architecture needs serial scan
shifting, which makes the test data volume and test application
time reduction ratio of the Illinois scan architecture not as good as
those of the scan forest. As for the test response compaction
scheme, the Illinois scan presents an MISR-based scheme. The scan
forest compacts test response based on structural analysis, which
introduces no aliasing. Area overhead of the test compactor is the
same as that of the cancellation compactor, where all inputs are
connected to the compactor only once.

Let the test circuit be the circuit used to generate tests after
design for testability. The average test power is test power
consumption of all test vectors in the test set divided by the
number of tests and the peak test power is defined as the maximum
test power consumption when applying one test vector in the test
set, like [2], [7], [8], [9], [15].

2 SCAN FOREST TO REDUCE TEST APPLICATION

COST, TEST DATA VOLUME, AND TEST POWER

Scan forest [26] is proposed to reduce test application cost, test data
volume, and test power consumption. The scan forest architecture
contains a couple of scan trees. The root of each scan tree is driven by
a primary input. In each scan tree, a group of scan flip-flops is driven
by the scan-in, where only one of the scan flip-flops in the group
drives another group of scan flip-flops, and so on. All leaf scan flip-
flops in the scan tree are connected to the XOR trees. Outputs of all
XOR trees are multiplexed with primary outputs. Fig. 1 presents a
test circuit of the circuit with a scan forest, where scan flip-flops in
the same group share the same pseudoprimary input. Pseudoprim-
ary outputs of the leaf scan flip-flops are connected to the XOR trees
as presented in Fig. 1. Two scan flip-flops can be put into the same
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group if they do not have any common successor in the

combinational part of the circuit. The original idea of scan flip-

flop grouping is from [26], to reduce the number of extra pins.
A table is defined as follows: convði; jÞ ¼ 1 if two scan flip-

flops i and j have at least one common successor in the

combinational part of the circuit; otherwise, convði; jÞ ¼ 0. We

say two scan flip-flops i and j satisfy the test signal condition if

convði; jÞ ¼ 0. Another table is defined as follows: predði; jÞ ¼ 1 if

two scan flip-flops i and j have a common predecessor in the

combinational part of the circuit; otherwise, it is equal to 0. Two

scan flip-flops i and j are said to meet the test response compaction

condition if predði; jÞ ¼ 0.
The table convði; jÞ can be obtained as follows: First, get the set

of primary outputs or pseudoprimary outputs by traversing all

combinational successors of each pseudoprimary input. Consider a

scan flip-flop i, each of the remaining scan flip-flops j, set

convði; jÞ ¼ 1 if i and j reach at least one common primary output

or pseudoprimary output. Similarly, the table predði; jÞ can be

constructed. The above technique can greatly reduce the CPU time

to construct the scan forest architecture [25]. CPU time to construct

a reconfigured scan forest is presented in Section 5.
The testing scheme of the fully scanned circuit with scan forest

is presented as follows: First of all, set the circuit into test mode

and scan in values of the test with respect to the leaf scan flip-flops

at the last level into the scan forest, where the number of different

values is at most the number of scan trees. After that, the values of

the scan flip-flops corresponding to the scan flip-flop groups at the

last but one level are scanned into all scan trees. The values of the

PPIs of the leaf scan flip-flops are scanned to the next level

simultaneously. Continue the above process until all values of the

test vector are scanned in. Set the circuit into the functional mode;

all flip-flops capture responses from the combinational logic when

all values of the PPIs and PIs are applied. After the test responses

have been received at primary outputs and scan flip-flops for the

first test vector, the next test vector is scanned in as stated above

while the test responses captured at the scan flip-flops are shifted

out. Continue the above process until all test vectors have been

applied. Let #vectors and levels be the number of test vectors and

levels of the scan forest. The test application time TAT for a fully

scanned circuit with a scan forest is

TAT ¼ #vectors � ðlevelsþ 1Þ þ levels: ð1Þ

In most cases, only a very small number of shift cycles is necessary

to apply one test into the scan forest because levels can be very

small. All scan flip-flops in the same group are assigned the same

value for all test vectors; therefore, the test data volume can also be

greatly reduced. The scan forest connects all leaf scan flip-flops to

the XOR trees, which can cause a routing problem, an area

overhead problem, and some aliasing faults.

3 XOR TREE CONSTRUCTION TO AVOID FAULT

ALIASING

A new scan architecture, called reconfigured scan forest, is
introduced to resolve the above problems. In the original scan
forest [25], outputs of the leaf scan flip-flops are randomly selected
to connect to the XOR trees. This scheme can generate a number of
aliasing faults. The reconfigured scan forest can greatly reduce the
size of the XOR trees, effectively avoiding fault aliasing compared
with the scan forest while it reduces test power, test data volume,
and test application time like the scan forest [25]. Fig. 2a shows a
scan tree with 11 leaf scan flip-flops. The scan tree is reorganized
into a new tree with five leaf scan flip-flops, as shown in Fig. 2b.
The area overhead of the XOR trees and routing complexity can be
greatly reduced. As for two leaf scan flip-flops, f1 and f2, in the
same scan tree, there exists a common predecessor v in the scan
tree that can only be the root. There exist two paths from both leaf
scan flip-flops to the node v in the scan forest ðf1; v1; v2; . . . ; vi; vÞ
and ðf2; v

0
1; v
0
2; . . . ; v0j; vÞ. Generally, it is required that all pairs of

flip-flops ðf1; f2Þ; ðv1; v
0
1Þ; ðv2; v

0
2Þ; . . . , have no common predecessor

in the combinational part of the circuit, respectively, in order to
avoid fault aliasing.

It is not necessary for each group of flip-flops to meet the above
condition when constructing the scan tree properly. As shown in
Fig. 3, scan paths 1-3-8 and 2-5-11 are compatible. Let (7, 10) meet
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Fig. 1. Test circuit of the reconfigured scan forest designed circuit.

Fig. 2. Reconfigured scan forest: (a) the scan tree and (b) the reconfigured scan

tree.

Fig. 3. XOR tree construction in a single scan tree.



the test response compaction condition. It is sufficient for (7, 10) to
be connected to the same XOR gate a if 7 and 10 do not have any
common combinational predecessor because 7 and 10 are con-
nected with two compatible scan paths. As for XOR gate c, we need
to consider flip-flop pairs (6, 9), where the scan flip-flop pair meets
the test response compaction condition. However, it is not
necessary for flip-flop pair (2, 4) to have no common predecessor
because any fault effects captured at 2 can also be observed at the
output of gate b. Any fault effects captured at flip-flop 2 can also be
propagated through path 2-5-11-b.

There may still exist some aliasing faults even though the above
conditions have been met. Let us consider scan flip-flop 1 in Fig. 4.
As for any fault effects propagated to scan flip-flop 1, they can also
be propagated to scan flip-flops 7 and 8 simultaneously, which are
masked by the XOR gate a as presented in Fig. 4a. It is very
dangerous to meet this kind of situation because all fault effects
propagated to flip-flop 1 are masked. However, this kind of
aliasing fault can be avoided by using the following schemes: 1) All
leaf scan flip-flops connected to the same XOR tree should be in
different scan trees if possible and 2) any pair of leaf scan flip-flops
in the same scan tree connected with the same XOR tree should be
in different subtrees that are driven by the root directly.

The known compatible scan path information can be used to
construct XOR trees. Another useful scheme can be used to
construct the XOR trees to avoid fault aliasing. A flip-flop can be
exchanged with another unmarked flip-flop at the same level of the
scan tree when no common predecessor condition is unable to
meet. The above scheme can greatly improve the flexibility to
construct the XOR trees. Let scan flip-flop pairs (7, 10), (3, 5), and
(1, 2) meet the test response compaction condition as shown in
Fig. 4b; connecting scan flip-flops 7 and 10 to the same XOR gate
generates no aliasing fault. The scan paths (1, 3, 7) and (2, 5, 10) are
compatible. It is better to reconstruct the XOR tree and reconfi-
gured scan tree as shown in Fig. 4b, where scan flip-flop 9 is
connected with flip-flop 3 instead of 5. As shown in Fig. 4b, it is
necessary for the flip-flop pair (8, 11) to have no common
combinational predecessor in order to connect scan flip-flops 8
and 11 with the same XOR gate. As for the XOR tree b, it is enough
if scan flip-flops 9 and 12 have no common combinational
predecessor without checking scan flip-flop pair (3, 6).

More attention is paid to XOR tree construction for multiple
scan trees. As shown in Fig. 5, three leaf scan flip-flops are

connected to the same XOR tree f1. Each pair of scan flop-flops in
the groups (13, 19, 22), (7, 10, 12), and (3, 5, 6) do not have any
common predecessor in the combinational part of the circuit. Leaf
scan flip-flops 14 and 17 can be connected to the same XOR tree if
14 and 17 do not have any common combinational predecessor.
Three leaf scan flip-flops, 16, 18, and 21, can be connected to the
same XOR tree c only if they do not have any common
combinational predecessor. Scan flip-flop pairs (15, 20) and
(8, 11) must have no common combinational predecessor in order
to construct the XOR tree f3.

4 CONCURRENT CONSTRUCTION OF THE

RECONFIGURED SCAN FOREST AND XOR TREES

A number of empirical techniques were presented to establish the
scan forest and the XOR trees in Section 3. A comprehensive
procedure is proposed to construct the scan forest and XOR trees
concurrently, as presented in Fig. 6. The procedure calculates the
compatible tables predðÞ and convðÞ for all scan flip-flop pairs to
construct the reconfigured scan forest and the XOR trees based on
the schemes introduced in Section 3. The proposed method finds
the expected depth of the scan forest and the average number of
scan flip-flops in each group according to the greedy scan flip-flop
grouping scheme. The greedy scheme puts all scan flip-flops j into
the group of scan flip-flop i if convði; jÞ ¼ 0 deletes all scan flip-
flops selected from the scan flip-flop set. The same scheme is used
to group the remaining scan flip-flops until all scan flip-flops have
proceeded. A similar scheme is introduced to calculate the table
predði; jÞ. First, our method gets the set of primary inputs and
pseudoprimary inputs that reach all scan flip-flops, using which
the table predði; jÞ is calculated. For each pair of scan segments
ði; v1; v2; . . . ; vdÞ and ði; f1; f2; . . . ; fdÞ driven by the same scan-in
signal, the scan flip-flop pairs ðv1; f1Þ; ðv2; f2Þ; . . . ; ðvd; fdÞ must
satisfy the test signal condition. That is, we must have
convðv1; f1Þ ¼ 0; . . . ; convðvd; fdÞ ¼ 0. Compared with the greedy
scan flip-flop scheme in [25], CPU time to construct the
reconfigured scan forest can be greatly reduced.

Two scan segments, ði; v1; v2; . . . ; vdÞ and ðj; v01; v02; . . . ; v0dÞ, can
be connected to the same XOR tree if they are compatible, where i
and j are different roots of two scan trees, v1; v2; . . . ; vd and
v01; v

0
2; . . . ; v0d are scan flip-flops, and vd and v0d are leaf scan flip-

flops. We call two scan segments ði; v1; v2; . . . ; vdÞ and
ðj; v01; v02; . . . ; v0dÞ compatible if each pair of scan flip-flops
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Fig. 4. XOR tree construction to avoid fault aliasing.

Fig. 5. XOR tree construction in multiple scan trees.



ðv1; v
0
1Þ; ðv2; v

0
2Þ; . . . ; ðvd; v0dÞ meets the test response compaction

condition. In this case, it is sufficient for the scan flip-flop pairs

to meet only the test response compaction condition. Two

segments driven by the same root can also be compatible.

However, the test signal condition must still be satisfied. As for

two scan segments ði; v1; v2; . . . ; vdÞ and ði; v01; v02; . . . ; v0dÞ, they are

compatible if scan flip-flop pairs ðv1; v
0
1Þ; ðv2; v

0
2Þ; . . . ; ðvd; v0dÞ meet

the test signal condition and the test response compaction

condition simultaneously.
Our method first tries to get as many compatible scan segments

as possible. It is better to construct compatible scan segments in

different scan trees. As shown in Fig. 7, the scan forest contains

three scan trees. Our method gets five complete scan segments,

two for the first two scan trees each and one for the third scan tree.

Two segments (r1, 1, 2, 3, 4) and (r2, 11, 12, 13, 14) are compatible

because scan flip-flop pairs (1, 11), (2, 12), (3, 13), and (4, 14) meet
the test response compaction condition. Similarly, compatible scan

segment pairs (r1, 7, 8, 9, 10) and (r3, 22, 23, 24, 25), and (r1, 7, 8, 9,
10) and (r3, 22, 23, 24, 25) are also constructed.

It is not necessary for two scan segments to have the same

length to connect them to the same XOR tree. As shown in Fig. 7,
two scan segments (5, 6) and (18, 19, 20, 21) are compatible only if

(5, 20) and (6, 21) meet the test response compaction condition
because scan flip-flop 5 is driven by scan flip-flop 2. It is not

necessary for (2, 19) or (1, 18) to meet the test response compaction
condition because fault effects of the common predecessors of 2

and 19 or 1 and 18 can be propagated along the scan paths (r1, 1, 2,
3, 4) to the outputs. As for scan paths (r2, 11, 15, 16, 17) and (r2, 22,

23, 26, 27), it is not necessary for the scan flip-flop pairs (23, 15) and
(22, 11) to meet the test response compaction condition because the

fault effects of their common predecessors can be propagated

along the scan path (r3, 22, 23, 24, 25). All scan flip-flops in the
same scan tree and at the same level should meet the test signal

condition.
The average size of the scan flip-flop groups at each level of the

scan trees is the most important factor of the test data compression
ratio. As for the test response compaction ratio, it is determined by

l � nxor, where l is the depth of the scan trees and nxor is the number
of XOR trees plus the number of primary outputs. The average size

of the scan flip-flop groups in the scan trees and the number of

XOR trees is determined by the structural features of the circuit.
No aliasing fault is produced by the reconfigured scan forest and

the XOR trees.
When the circuit has a very large number of scan flip-flops (for

example, the circuit contains more than 100,000 scan flip-flops),
each scan flip-flop group may contain up to 1,000 scan flip-flops. It

is not good for each scan-in signal to drive so many scan flip-flops
directly. A new scan tree architecture, shown in Fig. 8, can be used.

Each node in the scan tree drives a scan chain similar to the

reconfigured scan forest after the number of nodes at the same
level has been large enough. Therefore, any node in the scan tree

does not drive many nodes. This can completely reduce the
routing complexity.

5 EXPERIMENTAL RESULTS

The proposed reconfigured scan architecture has been implemen-

ted and the ATALANTA test generator is adopted to generate tests
[14]. The test circuit without the XOR trees as shown in Fig. 1 is

used to generate tests. After the XOR trees have been added to the
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Fig. 6. Procedure to construct the reconfigured scan forest.

Fig. 7. Example of the reconfigured scan forest.

Fig. 8. Scan tree construction for very large circuits.



circuit, the HOPE fault simulator [14] is utilized to do fault

simulation using the test vectors on the reconfigured scan forest

designed circuit. Table 1 presents results of the ISCAS circuits. As

shown in Tables 1 and 2, TA, TP, PTP, alias, AO, nef, TDR, leaf,

group, and size represent test application cost reduction ratio, test

power reduction ratio and peak power reduction ratio correspond-

ing to full scan design with a single scan chain, the number of

aliasing faults, area overhead, the number of redundant faults in

the DFT logic, test data volume reduction ratio, the number of leaf

scan flip-flops, the number of scan flip-flop groups, and the

maximum size of the scan flip-flop groups, respectively. Para-

meters alias and nef are controlled to be 0 by the reconfigured scan

forest architecture for all benchmark circuits. It is shown that the

number of leaf scan flip-flops greatly decreases after using the

reconfigured scan forest architecture compared with the original

scan forest. This can also greatly reduce the area overhead and

routing complexity. The CPU time in Table 1 presents the CPU

time to group scan flip-flops for the reconfigured scan forest.
As shown in Table 2, the proposed method is compared with a

number of recent scan testing methods: the test compression

techniques using Golomb codes [7] (Golomb) and the frequency-

directed run-length codes [8] (FDR) and the MCD method in [9] on

test application cost, test power, and test data volume reduction

ratios. The proposed scan architecture gets better TDR than [7], [8]

for all circuits except s13207 and much better TDR than [7], [8], [2]

for s35932, s38417, and s38584 and better TDR than [2] for all

circuits except s13207 and s15850. Compared with MCD [9], the

new method gets better TA and TP for all circuits. Compared with

[2], [9], our method obtains much better TA for all circuits and

much better TP for all circuits than [9], [7].
Table 3 presents results of the reconfigured scan forest on the

three largest ITC99 benchmark circuits. All three circuits contain
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more than 100,000 single stuck-at faults and b19 has more than

1,300,000 faults. The TetraMax test generation system of

SYNOPSYS is used to generate tests for the circuits. All three

circuits still have some aborted faults for both the single chain

designed and the reconfigured scan forest designed circuits.

Parameters abt and red present an addition of the number of

aborted faults and redundant faults with the reconfigured

designed circuit compared to that of the single scan chain designed

circuit. Two negative numbers for abt in Table 3 represent that the

number of aborted faults with the reconfigured scan forest

decreases corresponding to that of the single scan chain designed

circuit. Fault coverage and test efficiency (TE, including the

redundant faults) change a little mainly because the test circuit

with the reconfigured scan forest is different from the fully

scanned circuit with a scan chain. The CPU time presents the time

to establish the reconfigured scan forest. The test data volume for

b19 can be compressed to 2.78 percent of that of the single scan

chain designed circuit.

6 CONCLUSIONS

A new scan architecture, called the reconfigured scan forest, was

proposed for low test application cost, reduced test data volume,

and low test power consumption. The reconfigured scan forest can

greatly reduce the area overhead and the routing complexity of the

XOR trees for test response compaction. A new procedure was

proposed to construct the reconfigured scan forest and the XOR

trees concurrently, which avoids aliasing faults. It is found that the

reconfigured scan forest can be constructed in very short time for

all circuits used. Experimental results were presented to compare

with a number of recent methods on test application cost, test data

volume, and test power.
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