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Abstract

The degree of freedom that can be exploited during
scheduling and assignment to minimize BIST resources

is often limited by the data dependencies of a behav-
ior. We propose transformation of a behavior by intro-
ducing redundant computations such that the resulting

data path requires few BIST resources. The transfor-
mation makes use of spare capacity of modules to add
redundancy that enables test paths to be shared among

the modules. A technique is presented for introducing
redundant computations that reduce the BIST resource
requirements of a data path without compromising the

latency and functional resource constraints.

1 Introduction and Motivation

A typical data path contains registers and functional

modules, such as adders and multipliers, that are se-
lected from a pre-designed library. One cost-e�ective
way of testing such data paths employs built-in self-

test(BIST). An important consideration in the appli-
cation of a BIST technique is the area overhead in-
curred in modifying functional registers to BIST re-

sources, i.e. registers that generate test patterns and
compress test responses. A data path synthesized with-
out any consideration for BIST resources can have

high BIST area overhead. The scheduling and as-
signment stages of high-level synthesis can incorporate
test requirements thereby reducing BIST area over-
head [1],[2],[3],[4]. However the degree of freedom avail-

able during scheduling and assignment for minimizing
BIST resources is often limited by the data dependen-
cies of a behavior. In such cases, alternate behavioral
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descriptions need to be explored. At the logic level,
it has been shown that introduction of redundancy can
be bene�cial for certain testability objectives [5]. Trans-

formations have been applied at the behavioral level for
optimization of area, performance, fault tolerance and
partial scan overhead [6],[7],[8],[9]. In this paper, we

propose a transformation aimed at optimizing the cost
of BIST resources required to make a synthesized data
path self-testable.

1.1 Minimal Intrusion BIST

Minimal intrusion BIST involves the modi�cation of

only a subset of the functional data path registers to
perform test functions. Depending on the test func-
tion, four di�erent types of test registers (called BIST
resources) are possible: 1) test pattern generation ca-

pability only (TPG), 2) test response compression or
signature analysis capability only (SA), 3) test pattern
generation and response compression capability at dif-

ferent times (BILBO), and 4) simultaneous test pat-
tern generation and response compression capability
(CBILBO). Di�erent mappings of test register type to

functional registers exist so that all functional modules
in the data path are tested. Selection of registers for
testing a module largely depends on how these registers

are connected to the rest of the modules. For example,
from the registers available for test response compres-
sion of a module, it is bene�cial to choose one that can

also compress responses from some other module, or
maybe generate test patterns for some other module.
For minimizing BIST area overhead, the design is ana-

lyzed globally to determine the BIST resources for each
module such that all functional modules are tested with
a minimum BIST area overhead.

1.2 Spare Capacity of Modules

Modules in most data paths perform useful computa-

tion in some clock cycles and are idle during other cy-
cles. The percentage of time a module is idle is called
the spare capacity of the module. For example, consider
the DFG shown in Fig. 1(a). Suppose that a data path

is synthesized from this DFG that executes in 3 clock
cycles using one adder module A, one multiplier mod-
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Figure 1: I-transformation
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Figure 2: Read Cycles of Operations

uleM and one subtractor module S. Modules A andM

have a spare capacity of 66% since they perform com-
putations only in clock cycle 1 and are idle during clock
cycles 2 and 3. Module S has a spare capacity of 33%.

By performing redundant computations in the modules
during the clock cycles they are not performing useful

computations, sharing of paths that carry test data can

be increased.
Fig. 2(a) shows the state (busy or idle) of the read

ports of operations in DFG of Fig. 1(a), assuming a

minimum latency schedule. The shaded boxes repre-
sent when the input ports (read ports) are busy. Note
that the read ports of the addition and multiplication

operations are busy at the same time. A redundant
read can be introduced for the addition operation dur-
ing idle time (shown hashed in Fig. 2(b)). Since the re-

dundant read of the addition occurs at a di�erent time
than the read of the multiplication, the two read ac-
tions can share hardware for data transfer which could
be used to transfer test data for both the operations. A

similar scenario exists for write cycles of operations.

2 I-transformation and BIST Resources

Many operations used in a behavioral speci�cation have
an identity value associated with them. For example, a
multiplication operation has an identity value of 1 and

addition operation has an identity value 0. If one of
the operands of these operations is equal to the identity
value then the output of the operation is the same as
the other operand.

De�nition 1 An identity mode DFG node (I-node) is

a node whose operation type has an identity value and

one of its operands is set to a constant corresponding to

the identity value.

De�nition 2 (I-transformation) Replace edge e of a

DFG with an I-node such that the source of e is the

source of an input of the I-node and the destination of e

is the destination of the output of the I-node. The other

input of the I-node corresponds to the identity value of

the I-node operation.

We denote the transformation as G
TI
! G

0

. Fig. 1(a)
shows a DFG G which is transformed into the DFG G0

in Fig. 1(b) by the addition of an I-node (shown shaded

in the �gure). The variable input of the I-node, g is the
same as the output variable of �1 and a new variable g1
is created that is the output of the new addition I-node.

The value of the variable g1 in G
0 is the same as variable

g in G and hence G0 and G are functionally equivalent.
The concept of exploiting identity modes of functional

modules in synthesized data paths for transporting test
data was suggested in [10]. An I-node is an analogous
concept at the behavioral level with the distinction that

the identity mode is used to move functional data with-
out changing it.

We propose the use of I-transformations to modify
DFGs which, when followed by scheduling and hardware

assignment, will lead to cost-e�ective BIST data paths.
The basic idea is to introduce redundant paths that
can be used to 1) transport test data, or 2) enable shar-

ing of non-redundant paths in transporting test data.
Corresponding to 1) and 2), we have two types of I-
transformations, Type 1 and Type 2, respectively.

2.1 Type 1 I-transformation

The DFG shown in Fig. 1(a) illustrates the Type 1 I-
transformation. The minimum latency achievable for

this DFG is 3. An adder, a multiplier and a subtractor
are required to implement the scheduled behavior. A
data path synthesized with the objective of minimizing

BIST area overhead using assignment techniques in [3]
is shown in Fig. 3(a). It can be seen that the adder
and multiplier require distinct registers for test pattern

generation. Also two distinct registers are required to
compress their test responses. The scheduling and as-
signment stages of synthesis cannot improve the sharing
of BIST resources between the modules.

Fig. 1(b) shows the same DFG with an I-node in-
serted. A data path synthesized using this modi�ed
DFG is shown in Fig. 3(b) where the functionally re-

dundant path is shown highlighted. The redundant
path from 1) variable g to the I-node, and 2) from the
I-node to variable g1, make it possible for the adder

and multiplier to share BIST resources. Variables f
(output variable of the multiplication operation) and
g1 (output variable of the addition operation created



M1 (+) M2 (−) M3 (  )✱

•
•

•

0 •• •
•

R3R2R1 R4

•

(b)

•

M1 (+) M2 (−) M3 (  )✱

•
•

•

0 •• •
•

R3R2R1 R4

•

(c)

•
M1 (+) M2 (−) M3 (  )✱

••
•

•

R3R2R1 R4

(a)

Test  path  for  supplying  patterns
Test  path  for  collecting  responses

Figure 3: Data paths synthesized from DFG1 (Type 1 I-transformation)

by redundancy) can be assigned to the same register,
R1, which can compress responses for both the mod-

ules. Similarly, input variables of multiplication and
addition, c and g, respectively, can be assigned to the
same register, R2, that can generate test patterns for

both modules. As shown in Fig. 3(c), the redundant
path through the adder can be shared with a functional
path through the multiplier, resulting in common BIST

resources.

2.2 Type 2 I-transformation
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Figure 4: Type 2 I-transformation on DFG2

In contrast to Type 1 transformation, Type 2 trans-
formation creates redundant paths that enable sharing

of other non-redundant functional paths as test paths.
In this case the redundant path does not transport any
test data. This is illustrated using the DFG in Fig. 4(a).

The minimum latency is 3 and the module require-
ment is one adder, one multiplier and one subtractor.
Fig. 5(a) shows a data path synthesized from this DFG.

It can be seen that it is possible to assign registers such
that the test response compression of the adder and
multiplier can be done by the same register, namely,

R1. However, a distinct register is required for test pat-
tern generation for the right input port of the adder and
multiplier,R2 and R3, respectively. Fig. 4(b) shows the

DFG modi�ed using a multiplication I-node. The cor-
responding synthesized data path is shown in Fig. 5(b)
with the redundant path highlighted. The addition of
redundancy creates a data transfer to the right input

port of the multiplier. This enables the input variable
of multiplication, c2, and an input variable of addition,

b, to be assigned to the same register, which can be
shared as a test pattern generation resource between
the adder and multiplier (Fig. 5(c)).

3 Properties of I-transformation

The I-transformation changes the structure and some

properties of a DFG. To apply the transformation in an
e�cient and bene�cial manner, we have characterized
the e�ect of the I-transformation on a DFG. A criti-

cal path in a DFG is the longest path in the DFG and

the length of the critical path is a lower bound on the
achievable latency of a DFG.

Property 1 If an I-node is introduced in a non-critical

path of a DFG, then the minimum latency of the DFG

remains unchanged.

This property enables the introduction of I-nodes

such that they do not e�ect the minimum latency of
the DFG. For optimizing BIST area overhead we need
to maximize the sharing of registers as BIST resources

between di�erent modules. This depends on the exi-
bility available in assigning variables to registers.

Property 2 An I-transformation increases the number

of storage variables in the DFG by 1, but the minimum

number of registers required to store all the variables

remains unchanged.

Property 2 demonstrates that introduction of I-

nodes is not harmful in terms of storage resource re-
quirement of a data path. The minimum number of
registers required to implement a data path before and

after any I-node transformation is the same. Thus we
see that I-nodes can be introduced such that the num-
ber of modules, number of registers and the latency re-

mains the same. However the transformation can have
an adverse e�ect on the interconnect complexity.

Property 3 The number of multiplexer inputs at the

input ports of a module to which nI I-nodes have been

assigned increases by at most nI + 1.
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The increase in the number of multiplexers is due to
the fact that one additional operation (corresponding
to the I-node) is assigned to a module and additional

operands need to be supplied to the module. How-
ever, one of the operands of the I-node is a constant
corresponding to the identity of the I-node operation.

Taking advantage of this fact, multiplexer area can be
optimized. This can be achieved in two ways.

1. Storing identity value in primary input register:

The identity value of an I-node is required only during
the clock cycle in which the redundant computation is
performed. Hence a primary input register, such as R1

in Fig. 6(a), that does not contain a valid value during
that clock cycle can be used to supply the identity value
during that clock cycle and the extra multiplexer input

can be eliminated.
2. Logic optimization of multiplexers: Some times it

is not possible to �nd a primary input register that does

not hold a valid value during the clock cycle in which
the redundant computation is performed. In such cases
multiplexer overhead can be reduced by logic optimiza-
tion as shown in Fig. 6(b).
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4 Strategy for Introduction of I-nodes

The strategy for introduction of I-nodes involves two
tasks: 1) identify pairs of operations that will have a
potential problem with sharing of BIST resources in
subsequent stages of synthesis; and 2) resolve the prob-

lem identi�ed in Task 1 by introducing an I-node.

4.1 Identifying BIST Resource Sharing

Problems (Task 1)

A BIST resource sharing problem between a pair of
modules arises out of the inability to share registers
by the input and output variables of pairs of operations

assigned to those modules. Hence, the task of identify-
ing BIST resource sharing problems in a DFG involves
identi�cation of pairs of operations that have 1) a high

probability of being assigned to di�erent modules, and
2) a high probability of having disjoint sets of BIST
resources that cannot be shared.

First, we identify pairs of operations that get as-
signed to di�erent modules with certainty. If the oper-
ations are of di�erent types then they will de�nitely get
assigned to di�erent modules. If they are of the same

type, then they will get assigned to di�erent modules
with certainty only if they are concurrent in all possi-
ble schedules. We target only such pairs of operations

for the following two reasons. Firstly, since many pa-
rameters of the data path are not �xed at this point, it
is e�cient to use information that has a high degree of

certainty. Secondly, from our experiments we �nd that
introduction of I-nodes follows the law of diminishing

returns. As more and more I-nodes are added, the re-

sulting savings in BIST area overhead become marginal.
Hence we target those pairs of operations that have the
problem to the highest degree and with the highest cer-

tainty.
In [11], a procedure for estimating the number of

registers for an unscheduled DFG is presented. Based

on that we have derived a probabilistic estimate of the
number of BIST resources required for a pair of opera-
tions [12]. A higher estimate of BIST resources corre-

sponds to a higher degree of di�culty in sharing these
resources between a pair of operations. From the pairs
of operations that are assigned to di�erent modules with

certainty, a pair with the highest degree of di�culty of
sharing BIST resources is selected as the bottleneck to
be resolved in Task 2.



4.2 Choosing an I-node (Task 2)

The second task of choosing an I-node to resolve the

problem identi�ed in Task 1 has two parameters: 1)
the operation type of the I-node , e.g. addition or mul-
tiplication, and 2) the position of the I-node in the

DFG. As shown in section 3, the introduction of an
I-node anywhere in the DFG preserves its functional-
ity but changes some of the properties of the original

DFG and a�ects the synthesized data path in di�erent
ways. To ensure that I-nodes are introduced in a man-
ner that is bene�cial for BIST but not harmful in terms

of functional constraints, the introduction of an I-node
should 1) not violate timing constraints, 2) not violate
resource constraints, 3) not limit scheduling mobility, 4)
maximize re-usage of interconnect to keep interconnect

complexity low, and 5) optimize BIST area overhead.
Criteria 1 and 2 are strict in the sense that I-nodes that
violate them are not allowed. Criteria 3 and 4 are de-

sirable and I-nodes with least impact on scheduling mo-
bility and interconnect complexity are preferred. From
the I-nodes that qualify for the �rst four criteria, an

I-node with the highest impact on the BIST resource
sharing problem is selected. The impact of an I-node
on BIST resources is quanti�ed using the same proba-

bilistic BIST resource estimate that was used in Task
1 to identify a pair of operations that had di�culty in
sharing BIST resources. For every candidate I-node the

BIST resources are estimated for the pair of operations
under consideration and an I-node that decreases the
degree of di�culty of sharing BIST resources the most

is selected for insertion into the DFG.
Introduction of I-nodes is an iterative process. The

scheduling mobility of a DFG is used to determine

whether more I-nodes should be added. I-nodes are
introduced only while the scheduling mobility remains
over a certain predetermined threshold. If the schedul-

ing mobility drops below the threshold, no more trans-
formations are performed.

5 Experimental Results

The I-node transformation was performed on some ex-
ample DFGs. ex is the example from Fig. 1 and di�eq,
Tseng and AR �lter are standard high-level synthesis

benchmarks. All DFGs were analyzed for BIST resource
sharing problems and the DFGs were transformed by in-
troducing I-nodes. TOPS [13], a synthesis-for-test tool
was used to synthesize data paths from the original and

transformed DFGs which were then made self-testable
using minimal intrusion BIST. Components designed
using a macro-cell library supplied by LSI Logic Corp.

were used for synthesis and the area numbers in the
tables are given in cell units [14].

Table 1 shows the components of all synthesized data

paths and the BIST resources required to make them
self-testable. The name extension of `0' for a DFG refers

to the original untransformed version while the rest are

after performing I-transformations. The number and
type of redundant operations are shown in the column
labeled I-nodes. Table 2 shows the actual areas of the

data paths before and after they were made self-testable
The second column in Table 2 indicates whether mul-
tiplexer optimization was performed on the data path.
It can be seen that introduction of one addition I-node

in ex-1 results in a signi�cant reduction in BIST area
overhead and also total area. However, adding one more
redundant addition in ex-2 does not give any signi�cant

improvement over ex-1. In ex-3, more redundant opera-
tions are added which result in a very large reduction in
BIST area overhead. The multiplexer complexity goes

up and the savings in total area are not as signi�cant.
The experiments on ex indicate that introduction of I-
nodes follows the law of diminishing returns.

Version di�eq-1 has one redundant addition and one
multiplication as compared to di�eq-0. The savings of
about 6% in area are achieved at the expense of about

22% reduction in the scheduling mobility of the DFG.
For the AR �lter, after adding 6 redundant computa-
tions, the BIST area overhead is reduced signi�cantly

(from 16% to 8.5%) sacri�cing 60% of the scheduling
mobility. However about only 2% saving in total area is
achieved after multiplexer optimization. The AR �lter

has a high degree of freedom in the scheduling and as-
signment stages and hence there is not much scope for
BIST resource optimization by transforming the behav-
ior. The last four columns in Table 1 show the number

of di�erent types of BIST resources in the minimal intru-
sion BIST solutions of all the synthesized data paths.
As stated in section 1.1, depending on the test func-

tion, four di�erent types of BIST resources with vary-
ing costs are possible. A signi�cant reduction in BIST
area overhead is achieved even if the number of cheaper

BIST resources (such as TPG and SA) increases because
the number of more expensive BIST resources (such as
CBILBO) decreases.

6 Conclusions

We have demonstrated how the spare capacity of mod-
ules available in data paths can be exploited at the be-

havioral level for reducing BIST resources. A trans-
formation that utilizes the spare resource capacity in a
behavior and introduces redundant computations has

been described. A technique based on identifying
potential testability problems and resolving them by
adding I-nodes has been presented. Experimental re-

sults demonstrate that very few well-placed I-nodes can
signi�cantly reduce the BIST resource requirements of
a data path. The transformation is especially useful in

cases where there is not enough freedom in the subse-
quent scheduling and assignment stages to optimize for
BIST resources.



Table 1: Characteristics of synthesized data paths

DFG Lat Reg Modules Muxes I-nodes BIST Resources
Version L � + - AND OR 2:1 3:1 4:1 5:1 6:1 #C #B #T #S

ex-0 3 4 1 1 1 - - 6 0 0 - - - 1 1 2 0
ex-1 3 4 1 1 1 - - 5 2 0 - - 1+ 0 1 2 1
ex-2 3 4 1 1 1 - - 5 3 0 - - 2+ 0 0 2 2
ex-3 4 4 1 1 1 - - 4 4 1 - - 2+, 2� 0 0 2 1

di�eq-0 4 6 3 1 1 - - 5 2 2 1 - - 1 1 2 1
di�eq-1 4 6 3 1 1 - - 10 2 1 - - 1+,1� 0 1 3 2

Tseng-0 4 4 1 2 1 1 1 1 2 1 - - - 1 3 0 0
Tseng-1 4 4 1 2 1 1 1 2 2 1 - - 1+ 0 4 0 0

AR �lter-0 8 16 8 4 - - - 11 - 4 - 2 - 0 7 8 1
AR �lter-1 8 16 8 4 - - - 25 4 2 - 2 2+,4� 0 3 5 2

Table 2: Area comparisons of synthesized data paths

DFG Mux Area before BIST % BIST Total % decrease
Version opt.? BIST overhead overhead area in total area

A B (B=A � 100) C = A +B (C0 � C)=C0)y � 100

ex-0 - 6812 2272 25.01 9084 -
ex-1 No 7260 1088 13.03 8348 8.10
ex-2 No 7580 768 9.20 8348 8.10
ex-3 No 8188 576 6.57 8764 3.53
ex-1 Yes 7228 1088 13.08 8316 8.46

ex-2 Yes 7324 768 9.49 8092 10.92

ex-3 Yes 7900 576 6.80 8476 6.70

di�eq-0 - 6033 1072 15.09 7105 -
di�eq-1 No 5916 736 11.06 6652 6.38
di�eq-1 Yes 5900 736 11.09 6636 6.61

Tseng-0 - 4078 1296 24.12 5374 -
Tseng-1 No 4094 1024 20.01 5118 4.76
Tseng-1 Yes 3998 1024 25.62 5022 6.56

AR �lter-0 - 14000 2656 15.95 16656 -
AR �lter-1 No 15504 1440 8.50 16944 -1.73
AR �lter-1 Yes 14928 1440 9.65 16368 1.73

yC0 is the total area of Version 0 of each DFG.
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