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A Methodology for Partitioning and Hierarchical
Reorganization of Sequential Circuits for DFT and BIST

Abstract

Several design-for-testability (DFT) and Built-In Self-Test (BIST) techniques exist for
VLSI circuits to make them easily testable. These techniques typically assume regis-
ter/gate level decomposition of the overall circuit. In general, the given user hierarchy
is not appropriate for embedding various testable design methodologies (TDMs). This
paper describes a new canonical partitioning of a circuit into disjoint subcircuits, re-
ferred to as clouds and registers. Procedures for transforming any user hierarchy into
this canonical representation are given. A salient feature of this transformation is the
attempt to preserve the user hierarchy as much as possible. This enables easy identifi-
cation of equivalence among various clouds of the circuit. This information can be used
in the TDM embedding process. We also show how this canonical representation can
be used for three specific TDMs, viz. full scan, partial scan and BILBO designs. For
the case of full scan, deterministic tests are generated for one cloud in each equivalence
class, and replicated for all clouds in that class. These tests are organized to form a
test set for the entire circuit. Finally, the test vectors are edited to correspond to the

order of flip-flops in the scan paths of the circuit.

Keywords: Test generation, clouds, register identification, structural equivalence,

DFT, BIST



1 Introduction

Test generation for sequential circuits is known to be a computationally intensive task [1]. To
reduce test generation complexity, design-for-testability (DFT) techniques such as full scan [2],
partial scan designs [3,4] and Built-In Self-Test (BIST) [5] have been proposed. These tech-
niques attempt to reduce the test generation effort by providing better controllability and/or
observability over the internal state of the sequential circuit under test. Typically, scan based
approaches consider gate and flip-flop (FF) model of the circuit while BIST techniques, such as
BILBO [6], manipulate user given partitioning of the circuit and assume a clustering based on

blocks of logic separated by registers.

In general, the user given hierarchy may not be ideally suited for applying Testable Design
Methodologies (TDM). In addition, many TDMs result in very large combinational circuits (in
the case of full scan and BIST) or sequential circuits (in the case of partial scan). Scan techniques
tend to be especially time consuming as test vectors have to be scanned through the scan paths.
Therefore, methodologies for (1) partitioning the circuits to make them more manageable, (2)
reducing the test generation effort, and (3) reducing the number of test vectors to lower the test

application time, are very desirable.

In this paper we present a methodology called CRETE ! that attempts to achieve the above
mentioned goals. CRETE reorganizes the user-provided hierarchical description of the circuit
by clustering gates and FFs separately to derive a canonical representation of a circuit. Various
DFT or BIST techniques can then be applied to this new hierarchy which represents a different

view of the same circuit.

There are four basic procedures embodied in CRETE: partitioning and hierarchical reor-
ganization, equivalence determination, test methodology embedding, and vector editing. These
basic procedures are quite general. TDM specific aspects influence only the last two stages of
CRETE. Test methodology embedding procedures alter the canonical representation according
to a predefined TDM, and generate tests for individual clouds. For example, while CRETE may
identify n registers in a circuit, a BILBO TDM embedding subsystem may either combine some

of these registers or partition one or more of these registers into separate registers. The last

'CRETE is an acronym for Clouding, hierarchical Reorganization, Equivalence determination, Test method-

ology embedding, and Editing



step in CRETE edits and composes tests of all clouds to generate a complete test for the entire

circuit.

CRETE can be interpreted as a meta-methodology that enables application of and exper-
imentation with any specific TDM. It acts as a shell which facilitates implementation of any
specific TDM by standardizing on a canonical representation of the circuit. At the very least,
it can be viewed as a library of preprocessing routines which relieves the user from the burden

of implementing many often repeated tasks.

The remainder of this paper is organized as follows: Section 2 presents an overview of
the CRETE methodology. Section 3 describes the circuit representation and the software envi-
ronment used to implement CRETE. The basic steps executed by CRETE are detailed in the
subsequent sections. Sections 4 and 5 deal with the cloud identification and cloud equivalence
problems, respectively. TDM embedding and vector editing are discussed in Sections 6 and 7.
Section 8 presents a case study of the Viterbi Decoder circuit processed using CRETE. Finally,

concluding remarks are presented in the last section.

2 Overview of the CRETE Methodology

In this section an overview of the various processing steps involved in CRETE is presented. In
order to make fhe discussion concrete, we will illustrate the CRETE methodology in the context
of full scan system. As we shall see, even for a simple TDM such as full scan, one can benefit
from circuit partitioning in terms of both the test generation time and the quality of test vectors.
Application of CRETE to the BALLAST partial scan technique [4] and the well known BIST
technique BILBO will also be described briefly.

In full scan designs, all the storage elements in the circuit are made scannable during the
test mode. Full scan designs require only combinational automatic test pattern generation
(ATPG). In partial scan designs, only a subset of the storage elements are made scannable.
Since the complete internal state of the circuit is not always initializable, sequential ATPG
may be required [3]. However, it has been shown that by appropriately choosing the subset of
storage elements to be made scannable, the circuit may be partitioned into sequential structures
for which combinational ATPG suffices [4]. Thus from the standpoint of test generation these

structures may be regarded as combinational.



Conventional full scan systems apply combinational ATPG to the entire combinational logic
of the circuit. The size of combinational logic circuit, however, can be large and processing all
the logic simultaneously may be computationally intensive. Many families of circuits such as
data paths, Digital Signal Processing (DSP) chips, and bit-slice architectures can be naturally
partitioned into disjoint subcircuits. It will be shown that even if the circuit is connected, for
the purpose of test generation, it may still be possible to partition it by removing global input
signals. For BIST designs, to test a large combinational logic circuit and achieve a high level
of fault coverage using pseudo-random test patterns may require an enormous number of test
patterns. It would be simpler if the logic could be divided into disjoint subcircuits and tested

as separate entities.

The first step in CRETE clusters the logic gates in the circuit into disjoint partitions. We
will refer to these partitions of the combinational logic as clouds. The formal definition of a cloud
is presented in Section 4. A scan based circuit with multiple scan paths, or a circuit to be tested
using a BIST TDM can be partitioned into clouds. An algorithm for clouding a hierarchical
circuit without flattening it to its gate-level description is presented in this paper.Instead of
processing the whole combinational logic block as one entity, a more efficient way is to apply
combinational ATPG to individual clouds and combine the test sets for the clouds to form the
test set for the whole combinational logic. We will show that partitioning generates clouds
that are more manageable in terms of test generation effort, and thus reduces the overall test

generation time.

Besides clustering gates into clouds, CRETE clusters FF's into registers. A complete defini-
tion of a register and the corresponding FF clustering rules are given in Section 4. Essentially,
a register is a group of “similarly” connected FFs. It should be emphasized that both clouds
and registers are reorganization of original circuit and no information is lost in the process of
hierarchical reorganization. At the top-most level, a reorganized circuit hierarchy contains only

clouds and registers.

Consider a typical bit-sliced circuit BS shown in Figure 1(a). The circuit consists of n
identical modules M1, ..., Mn. Each module consists of a combinational logic block C which
can be hierarchical, and a pair of FFs. Clouding the circuit BS leads to a configuration shown
in Figure 1(b). However, the FFs of the circuit can be clustered to form registers as shown

in Figure 1(c). For scan based circuits, deterministic tests can be generated for the cloud and



out & BS —in

T <G Mx
VR b

out ¢ M1 & M2 & -+ & Mngin ¢ C K

T T T

(a)

N2
L

s e
F FF | Register i
i — -

out &| Cloud ~in  out & Cloud K—in

N2 N2 Ny
e [ Register ]
N N2
(b) (¢)

Figure 1: (a) A bit-sliced circuit. (b) After cloud formation. (c) After register formation.

the registers can be modified to have scan capabilities. For BIST designs, the cloud can be
tested using pseudo random patterns by modifying registers into linear feedback shift registers

(LFSRs). Thus CRETE helps in reorganizing a circuit to aid in TDM embedding process.

Clouds and registers identified by CRETE lead to a canonical partitioning of the circuit.
These partitions can be used for TDM embedding and processing. For example, for BILBO and
other BIST TDMs, register clustering produces natural candidates for LFSRs. In the case of full
scan, instead of processing the entire combinational logic associated with a circuit as one entity,
a more efficient way is to apply combinational ATPG to individual clouds and combine the test
sets for the clouds to form a complete test set. We will show — both analytically as well as
through experiments — that the CRETE methodology leads to a significant reduction in both
the test generation effort and the number of test vectors. The reduction in the number of test
patterns is O(log k), where k is the number of clouds in the circuit. Experimental data validates
this claim and correlates well with analytical predictions. This is significant for scan-based

circuits that often require considerable time to test.

One can further reduce the test effort by realizing that in some cases there may exist clouds

in a circuit that are structurally equivalent. The information about cloud equivalence can be



used to reduce the processing effort required for a TDM. For example, in the case of BILBO,
if it is known that two clouds are equivalent, the same polynomial can be used for their TPG
and SA registers. Also, if the testing is non-exhaustive, only one of them need to be fault-
simulated. Similarly, in full scan designs, equivalent clouds can be tested using the same test
vectors. CRETE groups equivalent clouds into equivalence classes which are used in subsequent

stages of processing.

Testing for structural equivalence, unfortunately, is equivalent to determining graph isomor-
phism between the corresponding clouds. For the latter problem, to date, no efficient algorithm
is known and the problem has indeterminate complexity [7]. We define a new type of equiv-
alence, called hierarchical equivalence or H-equivalence. It uses the fact that each cloud is a
hierarchical entity and checking isomorphism between hierarchical graphs is easier than that for

flat graphs because a divide and conquer approach is feasible for the former.

The TDM embedding step in CRETE invokes a user-specified procedure on the partitioned
circuit. For full scan, this step simply replaces the original FFs with scan FFs; for partial scan,
an appropriately chosen set of FFs are replaced by scan FFs; for BILBO, appropriate registers

are converted into LF'SRs.

The final step in CRETE, namely test vector editing, is also TDM specific. It results in
the derivation of logic values that need be applied to the primary I/O of the circuit in order to
exercise a given TDM. For full scan and partial scan TDMs, it consists of composing individual
test vectors and responses to form (1) bit streams that can be scanned into the scan paths, (2)
the vectors that can be applied at the primary inputs, and (3) the expected responses at the
primary outputs and scan paths. For BIST TDMs it involves composing the seeds that need to

be scanned into the LFSRs to initialize the internal state of the circuit.

The above steps constitute the basic CRETE methodology. All the steps outlined above,
with the exception of equivalence determination and register formation, have been implemented
for a full scan TDM in a program called CRETE. In the remainder of this paper we shall use the
words ‘CRETE methodology’ and the ‘CRETE system’ interchangeably. In order to validate
these concepts, CRETE was used to generate test vectors for a complex circuit — a Viterbi
decoder chip — obtained from JPL [8]. The results of this experiment, which are presented in

Section 8, confirm the basic advantages claimed above.



3 Circuit Representation and System Organization

The circuits processed by CRETE are modeled and stored in an object-oriented database called
Cbase. Cbase allows structural aspects of VLSI circuits to be represented in an integrated
persistent schema [9]. Readers are referred to [9,10] for details of Cbase data model, the merits
of this data organization, and the support provided by the framework. We briefly discuss them

here.

Both hierarchical and flat descriptions of circuits can be stored in the database. The basic
types used in describing a circuit are Cell, Port and Bus. Cells are the fundamental component
abstraction. Cells can have attributes specifying whether they represent combinational, register
or sequential (i.e., mixture of combinational and register elements) components. The interface
to a cell is provided by a set objects of type Port which correspond to the input/output ports of
logic element represented by the cell. A port can be assigned the attributes ‘input’, ‘output’ or
‘bidirectional’ and can be further refined into individual pins or terminals. Buses interconnect

ports and can be refined into nets.

The logic circuit is entered into the database schematically in a hierarchical manner. The
CRETE system implemented for full scan circuits, works directly on the database and is orga-
nized as four sub-program modules. The first module forms clouds and reorganizes the circuit
hierarchy. The output of the first module are hierarchical descriptions of all clouds in the given
circuit. The second module identifies the equivalence classes among clouds. This module is
currently being implemented. The third part of CRETE system deals with generation of test
patterns for all the clouds using our combinational ATPG system called Test Generation System
(TGS) [11]. Replication of tests for all the clouds in each equivalent class is also carried out
by this module. The final module determines logical ordering of FF bits and physical ordering
of the scan FFs. It then permutes test vector sequences to comply with the scan paths. The
final output of the CRETE program is a set of reorganized test vectors sorted in four categories:
input stimuli and output responses for the primary I/Os, and input stimuli and output responses

for each scan path.



4 Hierarchical Reorganization

Any partitioning scheme for the purpose of test generation should satisfy the following two
criteria. (1) The partitions should be disjoint (i.e. they should not contain any common logic
gates) and faults in the partitions should cover all the faults in the original circuit. This condition
imposes a notion of minimality on the generated test as no component is tested twice. (2) The
partitions should be independent from the point of view of test generation. In other words, it
should be able to generate tests for each partition separately and then combine the tests “easily”

to test the whole circuit.

The first step performed by CRETE is to reorganize the circuit hierarchy by clustering
combinational gates and FFs into clouds and registers, respectively, in a manner consistent with

the above criteria.

4.1 Cloud Formation

The entire combinational logic of the given sequential circuit is partitioned into disjoint subcir-
cuits known as clouds. A cloud is a maximal group of directly interconnected combinational
logic blocks in a circuit. The inputs to a cloud are either primary inputs or outputs of FFs; the
outputs from a cloud are either primary outputs or inputs to FFs. Thus a cloud is surrounded by
primary I/Os and/or FFs. Clouds can be constructed by clustering combinational logic blocks

using the following rules.

Clouding Rules: Two combinational logic blocks A and B belong to the same cloud if any of

the following criteria 1s satisfied.

1. One block directly feeds the other block
2. There exists a common input signal that fans out to both the blocks.

3. One block is fed by the output of a FF (Q) and the other block is fed by the inverted output
of the same FF (Q) (thereby introducing a dependency between the two blocks).

4.2 Register Formation

Registers are formed by grouping FFs together. FFs are homogeneous if they correspond to

identical library elements. Examples of such elements are: (1) D-type FF with no asynchronous



reset or set; (2) D-type FF with scan I/O; (3) JK-type FF, edge triggered with asynchronous
preset and set. FFs can have control lines, such as hold enable signals. Equivalent clock signals

correspond to two clock signals CLK1 and CLK2 where CLK1 is equal to CLK2.
A register is a maximal group of FFs satisfying the following rules.

Register Rules: Two FFs A and B belong to the same register if all of the following criteria
are satisfied.

1. They feed exactly one cloud and are being fed by ezactly one cloud.
2. They are homogeneous and driven by an equivelent clock signal.

3. They are controlled by the same or equivalent mode control signals, if any exist.

It should be noted that the registers defined above have nothing to do with the user-defined
registers. Our definition of register simply enables us to process a set of identically connected
and homogeneous FFs as a group. Clustering of FFs into registers have many useful applications
such as identifying LFSRs for circuits employing BIST, and simplifying the graph model of the
clouded circuit used in BALLAST partial scan methodology. The legal configurations for a cloud
and a register are illustrated in Figure 2. An example illustrating the clouding rules is given

below.
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Figure 2: Legal configurations for (a) a cloud, and (b) a register.

The above definitions imply that a cloud can be fed by (can feed) one or more registers;

however, a register can be fed by ezactly one cloud and can feed ezactly one cloud.

Example : Consider the circuit shown in Figure 3(a), where C1 through C6 are combinational
logic blocks, and interconnected via FFs. For the FFs fed by C2 and feeding C5, some have
hold enable mode while others do not have one. The combinational blocks C1, C2, C3 and C4



are connected together, and hence form a cloud Al. The combinational blocks C5 and C6 form
another cloud A2. These clouds are shown in Figure 3(b). FFs are clustered to form registers.
The FFs fed by C1 and feeding C3 form the register R1. Registers R2 and R5 are formed in a
similar manner. The FFs fed by C2 and feeding C5 are classified into two types based on having

hold enable mode, and hence form two registers R3 and R4. The two clouds Al and A2 are

totally disjoint and are surrounded by only primary I/Os and/or registers. O
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Figure 3: Two versions of a sequential circuit. (a) the unclouded version, and (b) the clouded

version

While partitioning the circuit, two special types of clouds can be recognized, viz. v-cloud
and r-cloud. A v-cloud (vacuous cloud) is a cloud comprising of only a single net and no
combinational logic. V-clouds can be formed when (1) a primary input directly feeds a register
or/and a primary output, or (2) when a register directly feeds another register or/and a primary

output.

Further savings in test time can be accrued by recognizing the micro-structure of a cloud.
In particular, when identical logic blocks that are connected only via primary inputs comprise
a cloud, one can easily generate tests for the cloud. An r-cloud (repetitious cloud) is a cloud
containing identical combinational logic blocks, referred to pseudo clouds (p-clouds) and which
are fed by one or more common input signals. The test set for an r-cloud is formed by generating
tests for a p-cloud and replicating them. Examples of v-cloud, p-clouds and r-cloud are given in

Figures 4(a) and 4(b) respectively.

Clouds, as defined above, satisfy both of the partitioning criteria mentioned earlier. Since

each cloud is a maximal group of directly interconnected combinational logic, the disjointness
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Figure 4: Types of special clouds. (a) v-cloud (vacuous cloud), and (b) r-cloud and p-clouds

(repetitious cloud and pseudo clouds).

condition is trivially satisfied. Also the clouds are independent because they do not share any
gates or nets (except in the case of r-clouds). Thus, any conflict in the test vector arising due to
fanning out of input signals to two clouds is avoided, and the test sets can be easily combined.
As the combinational logic portion of the circuit can be constructed by juxtaposing all its clouds,
a test set can be obtained by juxtaposing the test sets of all its clouds. A test can be generated

for a p-cloud and replicated to create a test for an r-cloud.

Clouding of a flat circuit description is a straightforward task as it is equivalent of finding
maximal connected components in the circuit graph without the FFs. However, for equiva-
lence testing (see Section 5), it is desirable to preserve the original circuit hierarchy as far as
possible while performing clouding. In the process of clouding, the hierarchical circuit is selec-
tively flattened and is reorganized into a new hierarchy. The algorithm for clouding is given in

Appendix 1.

For combinational circuits described hierarchically, clusters of maximally connected logic
(clouds) are identified. If an hierarchical circuit is sequential, the procedure is invoked recursively
on its subcircuits, and the subcircuits are moved up one level in the hierarchy by flattening the
sequential circuit. Finally, at the top level of the hierarchy there will be only registers or

hierarchical clouds.
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5 Cloud Equivalence

As mentioned earlier, one can reduce the test generation effort by observing that in some cases
there may exist clouds in a circuit which are structurally equivalent. There can be significant

reduction in test generation time if equivalent clouds are determined in advance.

Interchangeability of test vectors is guaranteed by structural equivalence. Unfortunately, no
efficient test exist for determining structural equivalence between two circuits. This problem can
be easily mapped on to the graph isomorphism problem, a well known problem whose complexity
is as yet unknﬁwn [7]. We circumvent this hard problem by solving a slightly restricted version
of this problem. This new version of equivalence, though easy to test, preserves the basic notion
of equivalence as far as test vector generation is concerned. However, it is pessimistic in that in

some rare instances, it may report structurally equivalent clouds as being non-equivalent.

Because each cloud is hierarchical, the problem of structural equivalence reduces to the
problem of determining equivalence between two hierarchical graphs. We refer to two component
hierarchies which are isomorphic, i.e. they are identical except for renaming of their constituent

objects, as H-equivalent.

In the following, for any cell C, C.ports, C.buses and C.subcells refer to the set of ports,
buses and subcells of C respectively. For a port P, P.isOnCell refer to the cell which contains
P; for a bus B, B.ports and B.isInCell refer to the set of ports connected by B and the cell

containing subcells connected by B, respectively.

Two clouds C1 and C2 are H-equivalent if any of the following two conditions hold.

1. C1 and C2 are instances of the same library component. A one to one correspondence

exists between the ports on C1 and those on C2.

2. There exist two bijections,
oy : Cl.subcells — C2.subcells and
a3 : Cl.ports — C2.ports,
such that Ve; € Cl.subcells, ¢; and o1(c;) are H-equivalent, and buses interconnecting
subcells of C1 and C2 have 1 — 1 correspondence (denoted as o2) in terms of the ports
they interconnect. That is, Vb; € Cl.buses with b;.ports = {p1...px}, 3b; € C2.buses

with bi.ports = {p}...p}} such that Ym, 1 < m < k either o2(pm) = pl,, or pm and pl,
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are corresponding ports on the H-equivalent subcells p,,.isOnCell and pl,.isOnCell.

An algorithm for checking H-equivalence is presented in Appendix 2. Two cloud hierarchies
are compared for equivalence recursively. Fast pruning is possible because of the tree structure
used to represent circuit hierarchy and that the general graph isomorphism problem has to be
solved only at each level, rather than for the whole graph. Also, the information about multiple
instantiations of library components helps making the equivalence procedure more efficient by

increasing the granularity of the basic cells.

The determination of the mapping o3 is linear in the number of ports since they are ordered.
C1 and C2 are equivalent only under this mapping. At the higher levels, the ports associated
with two clouds C1 and C2 should be used in a manner consistent with g, otherwise these cells
would not be equivalent. The bulk of processing in H-equivalence is done in determining three
mappings, o1, oz and o3, which map subcells, buses, and ports of C1 to those of C2, respectively.
In particular the following three checks are performed.

1. o1 should map cells in Cl.subcells to only H-equivalent subcells in C2.subcells.

2. o3 should map one bus to another only if their cardinality is the same and the sets of cells
connected by these buses should be equivalent under o;. In other words, if b; connects

cells {ci1,...ck}, then o3(b;) should connect cells {o1(c1),...01(ck)}-

3. The checks performed on o3 constitute (1) a check on the cardinalities and directions of
the mapped ports, (2) constraint that a port on C1 (and not on one of the subcells of C1)
should map on to a port on C2, and (3) the ports on subcells of C1 should be mapped to
H-equivalent subcells of C2, and should be consistent with o3 returned while checking the

H-equivalence of subcells.

Once suitable o1, o3 and o3 are found, the final check simply ascertains that for each bus
the o2 bijection is consistent with ¢; and o3. Partial results are stored to avoid recomputation
and the transitivity property of H-equivalence is exploited. If H-equivalence(c;,c;) and H-
equivalence(c;, cx) have been established, then it is true (and return an appropriate o3) for
H-equivalence(c;, ¢x) without any computation. A detailed analysis of the complexity of the

H-equivalence algorithm is given in Appendix 3.
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