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Abstract

This paper deals with an approach to the automatic synthesis of self-testable data paths. A self-testable
data path contains some test registers that increase its area. Classical approaches synthesizing minimum area
data paths and then adding minimum number of test registers to it do not lead to data paths with minimum
global area. Testability consideration during synthesis makes design search more e$cient and hence can
possibly "nd self-testable data paths with minimum area. We present a model to evaluate the testability of
data paths that is used when data path allocation is being done. Moreover, we propose some heuristics that
guide the design space search during allocation, to save exploration time. When each allocation decision has
to be made, an implementation alternative is chosen according to the area and testability increments that the
alternative produces, so that the area is only increased when the testability gain is worth it. ( 1999 Elsevier
Science B.V. All rights reserved.

Keywords: High-level synthesis for testability; Synthesis for BIST; Automatic synthesis of testable data paths; Allocation
of testable data paths

1. Motivation and previous work

Recent advances in VLSI technology are motivating changes in the traditional methods of
design and test, that can no longer be undertaken separately. From the design point of view, the
growing complexity of the designs that can be included in a chip demands an increase in the level of
abstraction of CAD tools. High-level synthesis (HLS) tools are suited to deal e$ciently with
such complex designs and they also speed up the design process (which, according to recent studies
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in [1], is at least as important as optimizing circuit area or speed). The high-level synthesis of
a digital system can be stated as follows: given an algorithmic level speci"cation of the behavior of
a system and a set of constraints and goals to be satis"ed, a register-transfer level (RTL) structure
must be found that implements the speci"ed behavior while meeting the goals and constraints [2].
The synthesis process involves navigation through the space of possible designs with the speci"ed
behavior (e.g. the design space), making appropriate tradeo!s, until the best solution satisfying the
constraints is reached.

From the test point of view, traditional test methodologies are not able to cope with the
improvements in IC design [3]. As a result, the cost of the test process, due to the test time and to
the cost of the automatic test equipment (ATE), is growing so that it is between 30 and 40% of the
total production cost [4]. Design for testability (DFT) methodologies emerge to reduce testing cost
with no IC quality loss [5]. Testability is de"ned as the facility to generate and apply the test and
design modi"cations are proposed that improve the testability. The DFT methodologies range
from ad hoc techniques to the structured approaches such as the scan design and the built-in
self-test (BIST) design. The later includes in the same chip the circuits that perform the test (test
circuits) with the circuits that correspond to the design ( functional circuits). Thus, the test process is
carried out within the chip. There are several advantages to this approach, namely: ATE cost
reduction, test time saving and taking advantage of test hierarchy (if the design is made of complex
components such as cores their BIST capabilities can be re-used for the tests of the IC and the
system) [6]. The main drawbacks are an increase on the area due to the test circuits added to
the design (test area), the decrease on operating speed that can be caused by the test circuits and the
need of automatic tools to insert the test circuits into the IC. Fortunately, the test area does not
grow in proportion to the area of functional circuits (functional area) and BIST is becoming less
expensive every day [7]. So there is a great e!ort in developing tools for the insertion of design for
testability structures that improve the testability at modest area overhead and trying not to
introduce delays.

The above-mentioned need for DFT insertion tools is put together with the need for synthesis
tools, motivating the development of synthesis for testability tools that o!er solutions for both
problems of design and test. These tools provide best results when they are merged to perform a
global optimization process.

1.1. Previous work

Gate-level synthesis for testability has been the subject of intense research, concurrent with
research into synthesis to satisfy area, timing and, more recently, power constraints [8]. Testability
insertion techniques have emerged, and testability analysis and insertion of these testability
structures have been automated. The need for fast time-to-market and increased productivity are
driving the trend towards high-level design. Several RTL synthesis approaches have been proposed
to generate implementations that are easily testable either by means of sequential automatic test
pattern generation (ATPG, required for circuits with partial scan, test point insertion or no test
hardware), combinational ATPG (only for full scanned circuits) or BIST methodologies.

Most of them concentrate on improving the testability of the data path, assuming that the
controller can be made testable independently, and that its outgoing control signals to the data
path are fully controllable in test mode.
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The approaches are classi"ed according to the moment of the synthesis in which testability is
analyzed and improved. Since HLS is split into scheduling and allocation [2], the insertion of
testability structures can be performed after scheduling and allocation, before scheduling and
allocation or during scheduling and allocation.

The scheduling of operations to control steps binds each operation of the behavioral description
to a speci"c control step, determining the tradeo! between area and speed of the circuit. Allocation
consists of generating a data path of minimum area starting from the scheduled description of the
behavior. It involves allocation of operations to functional units (FUs or modules), results to
registers and data transfers to connections. For a given operation there are usually FUs of di!erent
types in the library, so module allocation consists of selection of the type of FU and of the instance.
When both tasks are split, the latter task is called binding, while the former is module allocation.

First we will present the systems that perform testability analysis after allocation. Once an RTL
description has been synthesized, there are several alternatives to enhance its testability [9,10].
Mitra et al. [9] add BIST structures after synthesis. Since this approach does not have the
#exibility to change interconnections, it may be of limited help to improve the testability of
a design.

Bhattacharya et al. [10] perform transformations on an existing RTL design in order to remove
all false paths and get a fully testable design. However, their approach is constrained by the quality
of the initial RTL design.

A second group of systems modify the original behavioral description to make the resulting
implementation more testable than the one generated from the original description [11}13].
Behavioral testability enhancement approaches targeting no particular testability technique (such
as [11]) analyze the behavioral description to detect hard-to-test areas. Based on the testability
analysis, test statements, which are executed only in test mode, are added to improve the
controllability and observability of all the variables in the description. The modi"ed behaviors
produce circuits with higher fault coverage and e$ciency than the original description, at modest
area overhead.

A behavioral description can also be modi"ed to make it more amenable to the synthesis for
testability techniques. Dey and Potkonjak [12] transform the control-data #ow graph (CDFG) by
adding operations which do not change the original computation, but enable more sharing of scan
registers (they eliminate resource sharing bottlenecks like overlapping lifetimes) so as to minimize
the number of scan registers needed. Potkonjak et al. [13] apply more complex transformations to
the behavior so that synthesizing a testable data path from the transformed speci"cation requires
fewer scan registers than the ones needed for the original speci"cation.

Finally, some other systems have focused on scheduling and allocation methods that avoid creating
some hard-to-test structures. The objective of behavioral synthesis for sequential ATPG is usually to
avoid the creation of loops, since they contribute signi"cantly to the di$culty of sequential ATPG
[14}19].

High-level synthesis for testability approaches use the number of loops (except self-loops) and
the sequential depth of registers as a guide to synthesize testable implementations from behavioral
descriptions while preserving the performance and area constraints of the design. In [14}16] the
variables of the CDFG are assigned to maximize the number of (I/O) registers connected to
primary I/O. Also, the number of loops and the sequential depth from an input register to an
output register are minimized during register binding.
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Potkonjak et al. [17] break loops formed by data dependencies in the CDFG by selecting a set of
scan variables in such a way that each CDFG loop has a scan variable and by assigning each scan
variable to a scan register. The selected scan variables can share scan registers. Two measures (loop
cutting e!ectiveness and hardware sharing e!ectiveness) are used to select a set of scan variables
that can be maximally shared.

In [18], Mujumdar et al. perform binding using rules similar to those in [15] but also try to
minimize the number of self-loops. In [19], they maximize the controllability and observability of
registers during register binding to minimize the number of scan registers.

To make a design self-testable using the pseudo-random BIST methodology, it has to be
recon"gurated during test mode into a set of acyclic logic blocks. Each block has a pseudo-random
test pattern generation register (TPG) at each of its inputs, and a signature analyzer register (SA)
at each of its outputs [20]. BIST requires recon"guration of some functional register as a TPG
or SA. A third kind of register, called BILBO [21], can be con"gured alternatively as a TPG and
an SA. But a register cannot be con"gured both as a TPG and an SA simultaneously, unless it is
implemented as a concurrent BILBO (CBILBO) [22], which is very expensive in terms of area and
delay penalties. Hence, a self-adjacent register, which serves both as input and as output of a logic
block, poses a problem, since it may have to be implemented as a CBILBO.

The systems that perform synthesis for BIST try to generate self-testable data paths with low area
overhead in di!erent ways. The objective of some of them [23,24] is to minimize the formation of
self-adjacent registers: Avra [23] assumes that every self-adjacent register will have to be imple-
mented as CBILBO. Given the scheduling and the allocation-binding of operations to modules, an
additional constraint is imposed to the register allocation that avoids the formation of self-adjacent
registers.

Papachristou et al. [24] restrict the data path architecture to accomplish the same goal. The
basic building block, TFB, used to map both an operation and the result generated consists of
an ALU with a multiplexer at each input and a test register at the output. Allocation is performed
to minimize the number of TFBs with the restriction that no self-adjacent register is formed
(the output of a TFB cannot be connected to any of its inputs). In [25] the model is extended so that
the extended TFB has multiple input as well as output registers. Only one of the output registers
have to be con"gured as SA in test mode, so the rest of them can be self-adjacent and still no
CBILBOs are required.

Our approach di!ers from theirs in that no constraints are imposed neither on the data path
structure nor on the allocation problem. So, the design space is not limited.

BIST overhead can be reduced by not only minimizing the number of CBILBO registers that are
to be used, but also the number of TPGs and SAs needed to test all the data path modules. After the
scheduling and allocation of modules, register allocation is done in [26] to maximize the number of
modules for which a register is an input register (it can act as TPG of the module) and the number
of modules for which a register is an output register (it can act as SA). Exact conditions under which
a self-adjacent register needs to be a CBILBO are given, and register allocation avoids them
whenever possible.

In the most general BIST scheme, a test path through which test data can go from the TPGs to
the SA at the output of a logic block may pass through several functional units. If two test paths
share the same hardware a con#ict is created, forcing the need for multiple test sessions. Scheduling
and binding techniques which use test con#ict estimates to generate data paths which require

58 K. Olcoz et al. / INTEGRATION, the VLSI journal 28 (1999) 55}99



minimal number of test sessions and hence have maximal test concurrency are proposed in
[27].

1.2. Our approach

In this section we present a global perspective of our approach to the synthesis of testable data
paths. First, we place our work among the di!erent alternatives. So, it must be classi"ed according
to the moment of the synthesis in which testability structures are inserted and according to the
DFT methodology chosen. Then, we will highlight the most relevant features of our algorithms in
an intuitive way with the help of an example.

1.2.1. Main features
From the analysis of the di!erent synthesis for testability systems we come to the conclusion that

testability improvement will be constraint by the quality of the design unless testability is analyzed
and improved before the RTL structure of the design is "nished, that is, unless testability is
improved either before or during synthesis.

The "rst choice consists of improving the testability of the behavior and then perform synthesis
with no regard to testability. As a result, the design space is not explored globally and no tradeo!s
between area and testability are possible. Since we want testability to be taken into account when
design choices are taken we will analyze and improve the testability during HLS, which leads us to the
need of a more precise de"nition of the HLS tasks.

HLS tasks are interdependent, so the more the relationships between them are taken into
account, the better the designs synthesized. Not only the allocation sub-tasks are related but also
the scheduling of operations to control steps is closely related to the type and number of FUs
needed to implement the operations. To bear in mind this dependence, some systems perform
scheduling together with module allocation. Thus, they determine simultaneously the control step
and the type of module each operation will be assigned to. Then, they perform binding as the
mapping of operation and variables to particular instances of the modules and registers.

The main drawback of this approach is that module allocation is performed without regard to
module binding, that determines the RTL structure of the data path and the interconnect area, that
is, the area of multiplexers and wires. As a result, data paths can be obtained with non-minimum
number of multiplexers and wires. Measures of the area of real circuits have shown that intercon-
nect area can take up substantial circuit area, so that performing allocation without regard to
binding can lead to non-minimum data paths. For instance, the area of a multiplexer can be similar
to or bigger than that of a register or even a simple module (e.g. a ripple carry adder). Thus, the
smaller design is not always made up of the minimum set of modules and registers. Some extra
modules and/or registers can be included if that decreases the number of multiplexers.

In our approach the relationships between module allocation and the other two subproblems
(scheduling and binding) are both borne in mind. So, scheduling performs a tentative module
allocation. Then, the "nal module allocation and binding are performed starting with this initial
module allocation. During allocation, precise estimates of the data path area are used to make
tradeo!s between module and interconnect area in order to obtain the data paths with minimum
total area. This makes allocation an appropriate step in the design process to analyze and increase the
testability of designs.
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The DFT methodology chosen is partial intrusion of BIST registers. The concept of I-path [28] is
also used to take maximum pro"t of each test register. An I-path is a path in the data path that
allows data to the transferred unchanged. We will generalize this concept and de"ne test paths that
can be used for the transfer of test data such as test vector and results.

The algorithm simultaneously allocates functional hardware and test hardware so that it allows
global search of the design space. To "nd the self-testable solutions with minimum total area some
test registers are created when the data path is being developed and the structure of the data path is
determined in such a way that those test resources are used intensively. So, test paths passing
through FUs are exploited to maximize the use of TPGs and SAs.

Given a FU, its conxguration for the test consists of the test paths from the TPGs to the inputs of
the FU and from the output of the FU to the SA. Since those paths cannot share any element,
elimination of self-adjacent registers alone is not enough to guarantee high testability, which
requires a broader constraint. So, allocation is performed to avoid hardware sharing among the
paths in the con"guration for the test of any FU whenever possible. Thus, self-adjacent registers
are allowed when they do not need to be CBILBO, that is, they are not in more than one path in
the con"guration for the test of any FU.

To summarize, module and register allocation and binding are performed simultaneously
together with intrusion of BIST registers, so the design space of solutions is searched globally. The
objective is to obtain circuits that: (i) are self-testable and (ii) have a minimum area (including the
area of FUs, registers and connections and the test area). Therefore, the global area of the data
path, rather than the number of BIST registers, is minimized, allowing tradeo!s between module,
register, interconnect and BIST area.

1.2.2. Example
A simple example will be introduced to illustrate some of the advantages of our approach to the

problem of data path allocation. It shows that assigning test resources together with allocation
helps to maximize their use, so that the data paths synthesized are smaller compared to designs
synthesized for minimum area and afterwards improved for testability. Two allocations have been
performed for the CDFG in Fig. 1(a).

For this small example the only choices that can be taken during allocation are module
allocation for the nodes#3 and#4 and register allocation for the variables u3 and u4.

The data path in Fig. 1(b) is obtained when allocation takes into account minimizing
area and maximizing the use of existing test resources. For instance, module allocation for
#3 can choose between adder #1 and adder #2. The latter choice leads to minimum area
increment because u2 is reused as right operand, but no testability increment is obtained.
On the contrary, allocating the node #3 to the adder #1 causes a bigger area increment
(due to the addition of an extra 2-to-1 multiplexer and a wire) but helps in the creation of the
test paths needed for test generation for the left input of adder#1 and test response compaction of
the output of adder #2. As a result, #3 is allocated to adder #1. This allocation increments
interconnect area but decrements test area, corresponding to a good tradeo! between area and
testability.

The resulting circuit can be self-tested in two test sessions even though it only contains two TPG
(grayed) and an SA register. The con"gurations for the test of both adders are shown to the right of
the data path. Note that despite the fact that the register storing variable x cannot be used for any
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Fig. 1. (a) Scheduled CDFG, and two allocation approaches (b), (c).

other result, it is useful as SA for both adders due to the path created by the allocation of#3 to
adder#1.

The register storing variable x is self-adjacent due to a data dependency in the CDFG and the
one storing dx and u4 is self-adjacent because of hardware reuse. But no CBILBO register is
required because no element (module or register) appears in more that one of the test paths of any
test con"guration.

On the other hand, in Fig. 1(c) we can see the data path reached by a minimum area allocation
for the same CDFG. It has two 2-to-1 multiplexers and two wires less than the one in Fig. 1(b) and
it contains no test registers. It also has two self-adjacent registers (the ones storing x and u3).

When the minimum number of BIST registers is added to this data path, we reach the
self-testable data path in Fig. 1(d). It needs three TPG (grayed), an SA and a CBILBO register and
can be tested in only one test session.

In order to compare the total area of both data paths we must require the test time to be the same
for both, that is, one test session. The data path in Fig. 1(b) can be tested in only one test session if
we add a TPG and an SA. As a result, the data path in Fig. 1(b) will have 3 TPG (x, u1, u2) and 2 SA
(u3, dx) registers while the one in Fig. 1(c) needs 3 TPG, an SA and a CBILBO registers. Since the
di!erence in interconnect area for both data paths is much smaller than the di!erence in test area,
the latter data path is bigger than the "rst one presented. Besides, the data path in Fig. 1(b) succeeds
in avoiding performance degradation, unlike data path in Fig. 1(c).
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We introduced the main advantages of improving testability during synthesis. We saw that,
although it initially seemed to be smaller than the data path in Fig. 1(b), the second design is bigger
than the "rst one, once BIST registers are added to it.

The rest of the paper is organized as follows. First, the testability model used during allocation is
described in Section 2. The general features of the algorithm for data path allocation are outlined in
Section 3, and application of the testability model is also shown. The discussion in Sections 4 and
5 concentrate on the special features of the allocation of functional units and registers, respectively.
The two most relevant features of the algorithm, the estimation of testability increment and the
heuristics used for design space search guiding, are explained in each section. The paper concludes
with experimental results and conclusions in Section 6.

2. Model of data path testability

Testability is usually de"ned as the ability to test a circuit. The data paths synthesized are to be
tested using BIST methodologies. So, their testability depends on the facility to perform the
di!erent tasks involved in the test of a BIST circuit.

A model for the testability of data paths is formalized from this statement. The "rst step followed
is characterization of these test tasks (model of the test). Then, the ability of the di!erent data path
elements to perform any test task is determined and stored in the library of modules (data path
model). Finally, testability of any data path is modeled as the matching between these two features
(test tasks and ability of the elements to perform them). The data path is testable if all the test tasks
can be ful"lled successfully, that is, if there are elements with the ability to perform them all.

2.1. Test model

The test of a circuit consists of applying test vectors to every input of every component and
observing the results obtained. BIST circuits are able to test themselves. This means that test
vectors are generated inside the circuit and test results are also compacted inside the data path
[5,20]. A common method of self-test generation is pseudo-random generation starting from an
external test seed. It is also common to compact the results by signature analysis, producing
a signature that is put out for external examination.

Therefore, BIST circuits have two operational modes: normal function mode and test mode. In
test mode, some elements generate test vectors and some act as signature analyzers. A register
con"gured, in test mode, as test pattern generator for an input of a module is called a test source of
the module. The test response destination of the module is a register con"gured, in test mode, as test
response compactor or signature analyzer of the output of the module.

De5nition 1. Let i be a data path module with n input ports and one output port, the test of the
module, ¹(i), is made up of three sequential test tasks: initialization of test sources, application of
test vectors to the module, and extraction of the test signature. The test application task is divided
into n#1 simultaneous sub-tasks: generation of test vectors for each input j of the module,
j"1,2, n; and compaction of test responses.

62 K. Olcoz et al. / INTEGRATION, the VLSI journal 28 (1999) 55}99



Table 1
Features of the data transfers that take part in the test

Type of task I G C O

Flow of data Input Input Output Output
Kind of data Seed Test vector Test response Signature
Amount of data 1 Many! Many! 1
Potential (%) 100 Function of module! Function of module! 100

!The amount of data to be transferred is the number of test vectors needed by the module or
Complexity of the test of the module. It has been pre-computed (as will be explained below) and
stored in the library.

We have also de"ned the following notation: I(i) is initialization of the n test sources for module i.
Every test source of module i must be initialized, but not necessarily at the same time. So, this task
is split in a sequence of n non-simultaneous sub-tasks I

1
(i) to I

n
(i).

G
1
(i) to G

n
(i) are application of test vectors to the n inputs of the module, and C(i) is compaction

of test responses of module i. They must be done at the same time.
O(i) is extraction of the signature for module i.
Thus, we de"ne the test of a module as a sequence of tasks such as

¹(i)"MMI
1
(i)N,2, MI

n
(i)N,MG

1
(i),2, G

n
(i), C(i)N, MO(i)NN.

Notice that the test tasks can be grouped into four di!erent types: initialization of a test source (I),
generation of test vectors (G), compaction of test responses (C) and extraction of the signature (O).

Each task is composed of a set of data transfers, that are clearly di!erent for each type of task.
Thus, a detailed analysis of those data transfers is needed to model their features, summarized in
Table 1.

For instance, initialization of a test source consists of transmission of a test seed from an input
port to the test source. On the other hand, generation of test vectors for one input of a module
involves transmission of several test vectors from the test source to the module input. Notice that
not only are the data involved of di!erent kind, but also the amount of data to be transferred are
quite di!erent. Besides, transfers can be grouped into two sub-sets according to the data yow
direction:

f Input transfer: during the transfer, data travel towards the module under test. Their prime feature
is that test data are generated by the element that is the source of the transfer.

f Output transfer: during the transfer, data are carried away from the module. Test data are
processed by the element that is the destination of the transfer (test responses are transformed
into the test signature, and the signature is compared with the one of the correct circuit).

A deeper analysis of the test tasks results in the de"nition of an additional feature of test transfers.
On the one hand, test vector initialization and test signature extraction consist of transmission of
only one word of data. It is critical for test success that the exact data (seed or signature)
arrives unchanged. On the other, test application consists of transmission of as many di!erent
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pseudo-random data as needed by the module. As long as such an amount of di!erent pseudo-
random data reach its destination, it is not so critical that they are unaltered.

De5nition 2. The transfer potential needed by a data transfer t, pot(t), is de"ned as the percentage of
data that must arrive at the transfer destination so that the transmission of information is regarded
as successful.

We apply this concept to the data transfers that make up the test tasks. The needs on transfer
potential of a given task, t, of the test of a module i depend on the type of the task and the module,
as displayed in Table 1. For initialization and extraction the data has to arrive unaltered at the
destination, so they require 100% transfer potential. For test application, the number of di!erent
data that has to be transferred is the same as the number of test vectors needed. Thus, the potential
depends on the complexity of test of the module that will be de"ned in the next section.

To summarize, the test of a module is a sequence of tasks of di!erent types, which are
characterized by four features. The test can be performed if the data transfers that make up the test
tasks can be done successfully. In consequence, the test can be represented by the set of data transfers
with certain needs that have to be fulxlled.

2.2. Data path model

The data path is a set of connected HW elements. The elements are instances of a given type taken
from a library of modules. Thus, the data path is a hierarchical RTL structure.

The library of modules contains information about di!erent features of its components. The "rst
feature of any element, e

k
, is the class of the element, C

k
, de"ned according to its function in normal

operation mode. There are four main classes of elements: storage elements, STO (registers, REG,
and constants, CON), operational elements (functional units, FU), interconnecting elements, INT
(multiplexers, wires and busses) and I/O elements (input ports, PI, and output ports, PO). That is:

C
k
3MSTO, FU, INT, I/ON.

Registers are further classi"ed into sub-classes according to their function in test mode. Functional
units are arranged into sub-classes, usually called `typesa, according to the set of operations they
can perform.

Other features stored in the library are the design parameters of elements such as: area (expressed
in gate-equivalent units, ge), delay (ns) and set of operations performed by each functional unit. In
addition, elements have some test features, namely: test ability, test complexity and transparency.

De5nition 3. The ability for test of an element is the function or functions that the element can
perform in test mode. There is one ability for each di!erent type of test task: initialization,
generation, compaction and extraction.

Since initialization of a test source consists of transferring the test seed from the exterior, the data
paths elements with initialization-ability are the input ports. Extraction of the test signature
consists of transferring it to the exterior, so the elements with extraction-ability are the output
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ports. The elements with generation-ability are the test sources (TPG or BILBO registers) and the
elements with compaction-ability are the test destinations (SA or BILBO registers).

De5nition 4. The complexity of test of a FU, i, Compl (i), is the number of pseudo-random test
vectors that must be applied to the inputs of the FU to have maximum fault coverage.

Its value has been computed by means of fault simulation of each element. A set of pseudo-
random test vectors identical to the ones generated by the BIST registers in the library has been
used as stimulus for the fault simulation.

It is needed to determine the amount of data to be transferred and the transfer potential of the
test application task.

De5nition 5. The transparency of the input i of an element e
k
, trans(e

k
, i), is the percentage of data at

the input that can be observed at the output once the rest of the inputs have been set to a given
value. It is similar to the concept of transparency of functional modules introduced in [29].

Transparency is computed for the FUs in the library as explained in Appendix A.
In the library of modules the values of the parameters of every type of element are stored. On the

other hand, the data path allows us to "nd out where each input of every instance of element
originates and where the data at the output of every instance of element can be transmitted. The
basic structure for data transmission in the data path is introduced next.

De5nition 6. A data transfer path, p, is a directed non-cyclic sub-graph of the data path that is
formed by a set of components interconnected so that data can be transferred from the "rst (origin)
to the last one (sink of the path). This concept is a generalization of the I-path introduced in [28].

Distinguishing features of paths are:

1. Elements: set of elements (e
1
,2, e

n
) listed in the order they are traversed by data. To uniquely

determine an element, e
k
, we need to know its class (C

k
), its number in the list of elements of that

class ( j) and the number of the input (l) that is fed by data from the previous element of the path
(that is, the number of the input that belongs to the path).

2. Sequential depth, seq}d(p): clock cycles that data take from the origin to the sink,
3. Transparency, trans(p): percentage of the data at the origin that arrives at the sink.

Then, a path p is represented by p"(e
1
,2, e

n
)/e

i
Oe

j
∀i, j3(1,2, n)/iOj where e

k
"(C

k
, j, l), and

C
k
3MSTO, FU, INT, I/ON.
To compute the sequential depth and transparency of the path, we de"ne two sets: the set of

storage elements belonging to the path (Sp) and the set of FUs in the path (Fp).

Sp"Me
k
3p/C

k
"STONand Fp"Me

k
3p/C

k
"FUN

Then trans(p)"< trans(e
k
), ∀e

k
3Fp

And seq}d(p)"card(Sp), assuming no multicycle FUs in the path.
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De5nition 7. Two paths, p
1

and p
2
, are compatible if they are disjoint sub-graphs, that is, there are

no elements shared by the paths. p
1

and p
2

compatible Q p
1
Wp

2
"MHN.

2.3. Testability model

The test of a design has been modeled as a set of tasks. Thus, the design is testable if all the tasks
can be done. In a BIST design, it implies that there must be elements able to perform the tasks, that
is, the data transfers that make up the tasks.

Let us say an `in-patha is the one corresponding to an input transfer and an `out-patha to an
output transfer.

De5nition 8. A path, p, is suitable for a data transfer, t, if

1. Its sequential depth and transparency allow transmission of the percentage of information
required within the given time from the origin to the sink of the path.

2. The origin of the in-path or the sink of the out-path is an element with the ability for test that
corresponds to the type of test task (able element).

According to this de"nition, a path suitable for test initialization is an I-path connecting an
element with initialization-ability, that is an input port, to the test source. On the contrary, a path is
suitable for test generation for a given input of an FU if a number of pseudo-random vectors equal
to the complexity of the test of the FU reaches the input of the FU. Thus, for FUs with low
complexity, such as ripple carry adders, the transparency required for the test generation paths is
less than the transparency needed for complex multipliers.

Transfers that take place simultaneously require compatible paths, so that data can be transfer-
red independently through them. That is the case with test generation for a two-input FU. Test
vectors have to be transmitted independently and simultaneously to each input, so two compatible
paths are needed.

To summarize, a task can be done if there are suitable paths for all the data transfers in the test
task and paths corresponding to simultaneous transfers are compatible.

Once a suitable, compatible path is found, the test transfer is done. In order to guarantee that the
test will be possible, such a path must exist for each transfer.

De5nition 9. The state in test mode of the destination of an input transfer (the source of an output
transfer) is a binary value that indicates whether or not the transfer can be done. Thus, the possible
states are: test needed and test fulxlled.

If there is already a suitable path to carry out the transfer, it can be done, that is, the test transfer
is ful"lled. On the contrary, if there is no path to perform the transfer, it cannot be done and it needs
a path with the appropriate ability for the transfer. Four di!erent abilities for test correspond to
four di!erent test needs, namely: initialization-need, generation-need, compaction-need and extrac-
tion-need.
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Fig. 2. Scheduled CDFG.

Table 2
List of FU types generated by
the scheduler for the CDFG in
Fig. 2

Node Types of FU

1 1, 6, 2, 5
2 6, 1, 5, 2
3 1, 6, 2, 5
4 1, 6, 2, 5
5 1, 6, 2, 5
6 6, 3, 5, 4

De5nition 10. A data path is testable if the state in test mode of all its elements is equal to ful"lled,
i.e. there are suitable paths for all the test tasks of all the elements.

So, the problem of designing testable data paths becomes the one of creating suitable, compatible
paths for all test tasks.

3. Data path allocation

As stated in Section 1.2.1, our algorithm for data path allocation generates self-testable data
paths with minimum area. The inputs to the algorithm are a scheduled CDFG and the tentative
module allocation for each operation (that is, the order in which the types of module have to
be tried, and the number of modules of each type for the "rst solution) that are provided by the
scheduler. Also, the designer can set some of the operation-to-module bindings and/or value-to-
register bindings a priori. Finally, information of the available types of modules and registers is
provided as a library of modules. It also holds low level (layout) information, needed for the precise
estimation of module and interconnect area. The library of modules used throughout the paper has
been generated using CADENCE-ES2 1 lm technology.

The inputs to the algorithm for a simple example, that will be used to explain how allocation is
done, appear below. Fig. 2 is the scheduled CDFG and Tables 2 and 3 are the sorted list of FU
types for the nodes and the library of modules respectively.
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Table 3
Part from the library of modules used for the CDFG in Fig. 2

Type of FU 1 2 3 4 5 6

Description Cheap adder Fast adder Cheap subtractor Fast subtractor Fast ALU Cheap ALU
Operations # # ! ! #! #!

Area (ge) 127 763 161 790 886 245
Complexity of test 34 130 34 130 258 66
Delay (ns) 35 18 36 19 20 37

The scheduler sorts the list of FU types for each node as shown in Table 2 (explained in [30]).
Notice that the last choices correspond to the use of fast FUs (types 2, 4 and 5). It means the cycle
time allows operation of the slower FUs with the same set of operators than the more expensive
ones and so we are sure that no fast FU will be part of the best designs.

Once the choice between the fast and the cheap implementation of the FUs is taken, the
scheduler must decide which of the cheap types is most suited for each node. This second choice
depends on the scheduling of operations to control steps. For the nodes in the "rst control step the
types of FU advised are cheap adders for nodes 1 and 3 and a cheap ALU(#!) for node 2. Then,
the same number and types of FU are advised for the nodes in the second control step. If we follow
this module allocation provided by the scheduler we will reach a design with minimum area of
modules.

We can solve the allocation problem in three ways [2]:

f Constructive approaches, which progressively construct a design while traversing the CDFG.
They add FUs, registers and interconnections to the data path as necessary. These algorithms
are simple but the solutions they "nd are far from optimal.

f Decomposition approaches, which decompose the problem into a sequence of independent tasks
and solve each of them separately. Because of dependencies among the tasks, no optimal
solution is guaranteed even if all the tasks are solved optimally.

f Iterative methods, which try to combine and interleave the solution of the allocation
sub-problems. Given a data path synthesized by the other methods, its quality is improved by
reallocation. The strategy of reallocating a group of di!erent types of entities can be a branch
and bound search.

We use a branch and bound algorithm so that it searches the portion of the design space allowed
by the bounding function and "nds a number of solutions with di!erent testability and area
"gures [31}33]. One of the solutions reached must be chosen as the "nal design.

In order to obtain each solution we split the allocation problem into a set of sub problems, one
for each atomic allocation of an operation or a result. Then we solve each one of them sequentially
beginning from the "rst control step.

Each atomic allocation is modeled as the mapping of an operation or a result to an instance of
a module or a register that is picked up from a set of candidates. Both the de"nition of the set of
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candidates and the selection of one of them have the objective of maximizing testability while
minimizing area. While solving each sub-problem we use information of the previously solved
sub-problems, namely the partial design (that is, the set of FUs, registers and connections that has
been allocated up to the moment), to guide our algorithm.

If the bounding function works correctly, we are sure that branch and bound algorithms "nd the
optimal solution when the search time is not limited. The search time is determined by the order in
which candidates are explored. If the best options are taken in the "rst places, the best design is
reached in a small amount of exploration time. Some heuristics try to predict in advance which
partial design is presumably going to lead to the best design to speed up design search. These
heuristics are used to select the order in which the candidates are tried, so that those producing
maximum testability increment and minimum area increment are the "rst ones to be chosen.

In the remainder of this section, we will present the algorithm for allocation and we will highlight
the di!erent estimations of testability that it uses. In the following sections, we will explain in depth
the two aspects that have more in#uence on the quality of the results obtained by the allocation
algorithm: the estimation of the e!ect that each alternative has on the testability of the whole
design and the development of heuristics that guide the search in the design space.

3.1. Algorithm for atomic allocation

CDFG elements (operations and variables) are allocated in a pre-de"ned order, marked by the
function Select element for next allocation in Fig. 3. So allocation proceeds from the "rst control step
to the last control step. Within a control step, operations scheduled to begin at the control step are
chosen before variables generated in the control step. In this generic way, multicycle is supported in
a natural fashion.

The algorithm for the atomic allocation, included in Fig. 3, starts from a partially allocated
CDFG and a partial design. An operation is allocated to an FU while a variable is allocated to
a register. Data transfers are assigned to interconnections after each allocation. Interconnections
are reused or added if necessary.

There are usually several alternatives for the allocation of any operation or result. The testability
and area added to the former partial design by selection of every candidate are estimated by the
function Evaluate CAND. As explained in [32] multiplexer and interconnection area are included in
the area estimations.

Then, testability and area estimations are compared to check values given by the bounding
functions. Branches producing new partial designs with testability or area estimations not allowed
are discarded to save exploration time.

Then, candidates are sorted out by means of heuristics based on the results of the estimations of
area and testability. The "rst candidate that have not been tried to the moment is then allocated
producing a new partial design and a new partially allocated CDFG.

Once a new partial design is selected, the algorithm goes on with allocation of the following
element. Backtracking is done when either a data path is generated or there are no candidates
allowed by the bounding functions.

Allocation is thus done as a recursive search that generates a set of data paths. Then the "nal
design must be chosen from the set of designs obtained, as stated by their testability and area
"gures.
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Fig. 3. Algorithm for atomic allocation of element E.

In line with this, the testability and area estimations are used in two di!erent conditions: after
a design is obtained, to compare it with other designs, and each time an FU must be chosen for
allocation of an operation or a REG for storage of a result, to sort out allocation alternatives. Since
the conditions and aims of both applications of the estimates are strongly diverse, they are studied
separately.

3.2. Estimation of testability after allocation of a data path

Area and testability are used as quality measures to determine which design is the best among all
the ones generated. Thus, when a new data path is allocated, its area and testability "gures have to
be determined so that the new design can be compared to other designs generated. Then, the best
design among them will be selected.

According to De"nition 10 in Section 2, we will mark a design as testable if all the test transfers of
all the modules in it can be done. Since all the data paths synthesized are testable we will use the test
time as estimate of the testability of the designs.
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Therefore, we will group the solutions into classes according to their test time. The smallest data
path of each group is the best solution in the group. Thus, there is a set of self-testable data paths,
which represent the best solution for di!erent tradeo!s between area and test time. The "nal
solution among these best ones is chosen by the user.

3.3. Estimation of testability during allocation

The data path has not been designed yet and its total area and testability cannot be known, but
the increment in area and testability corresponding to each allocation choice can be estimated.
Area and testability increment estimates must be as reliable as possible in order to drive the
allocator towards the best designs instead of misleading it. Area increment is estimated as
explained in [32].

According to our model, testability is estimated as a function of the number of test tasks
that can be done. Then, it is incremented each time an unsolved test transfer becomes solved.
Following de"nitions in Section 2, testability is incremented when there is a suitable, compatible
path connecting two elements, one with a certain unsolved test task and the other with the counterpart
test ability.

As a result, elements with a given test need ful"lled can produce no testability increment.
However, connecting them to elements with ability for that task results in waste of ability for that
task. On the contrary, connecting them to elements with no ability for the task can result in future
testability increments, because elements with test ability remain idle and can be connected to
elements with test need, producing testability increment. Since we want to maximize the use of test
resources, the heuristics will have the future testability increment into account.

To generalize, we can say that testability estimation is based on the correspondence between the
state in test mode of one element and the test ability of another one. Each time there is a matching of
states and abilities, testability is increased.

There are two di!erent conditions that result in testability increments as shown in Fig. 4. The
"rst, which leads to a real increase, is the direct testability increment, that is produced when an
allocation choice involves creating a path for an unsolved test task.

The second, that we call indirect testability increment, considers the fact that no test abilities are
wasted; therefore, it is produced when the agreement is found between an element with test need
ful"lled and an element with no test ability.

Fig. 4. Testability increments due to REG allocation.
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We bear in mind that the direct increment has a present e!ect on the testability of the data path
while the indirect one favors future e!ects, so the "rst one will have a bigger weight in the selection
of candidates, that is, it will be bigger than the second one.

As an example, we present the testability increments that can be produced due to the allocation
of a register for the output of adders #1 and #2 in Fig. 4. The output of a FU has either
compaction-need or no test need (compaction-ful"lled).

In Fig. 4, adder #1 has no test destination for its output (compaction-need) and one of the
candidates to store its results can act as test destination (register R0 has compaction-ability). So, if
register R0 is selected for allocation, test compaction can be done and testability is increased.

On the contrary, if the state in test mode of an element is such that it has no need such as adder
#2 in Fig. 4, that element corresponds to elements without test ability for that need like R4. If
adder#2 is connected to register R1 no test task becomes solved. Besides, R1 is no longer idle to be
connected to another functional unit with compaction-need. Therefore, its test ability is wasted.
According to this criterion, register R4 should be selected for allocation because of the indirect
testability increment.

4. Allocation of functional units

The problem of functional unit allocation consists of "nding a functional unit that performs the
operation of the node. Then, it is connected to the elements that store the input variables of the
node, that have already been allocated.

For each operation the FUs available can be identical or have di!erent implementations. The
information about the implementation of a FU is called the type of the FU. So there can be
modules of various types for some operations, e.g. the addition, such as ripple-carry adders, carry
look-ahead adders, ALUs performing addition and subtraction and so on, as shown in Table 3.
The features related to the implementation of all the di!erent types of modules are stored in
a library of available modules. It is used during scheduling to determine which module, that is,
which type, is most suitable for each node. Further, for each node, a list of all the di!erent
implementations available for the operation of the node (e.g. all the types of adder if the operation
is an addition) is provided by the scheduler to help during allocation. The types in the list are sorted
according to their suitability to implement the node once the schedule and the cycle time have been
"xed, as shown in Table 2 for the example in Fig. 2. When the node has to be allocated to a module
this information is useful.

As introduced in the previous section, allocation of an operation involves de"nition of the set of
alternatives for its implementation and selection of one among them. The candidates are, on the
one hand, the functional units in the partial design that are able to perform the operation of the
node and that are not used in the control step considered. Moreover, another alternative is adding
a new functional unit to the partial design.

When an available and existing FU is selected, the area increment, if any, comes from the
creation of connections between the elements storing the operands and the inputs of the FU and
also from the growing in size of the multiplexers at the FU inputs.

Area increment caused by addition of a new FU to the partial design is the sum of the size of the
functional unit and the creation of the connections to its inputs. Testability increment for every
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candidate is explained below. Then, the heuristic for FU ordering based on the estimates is
introduced.

4.1. Testability increment due to FU selection

The testability increment comes from the connection of the candidate FU to the elements storing
the operands. Those elements can either be registers or constants. Thus, the test transfer involved in
FU allocation is generation of test vectors for the inputs of the candidate FU. The testability
increment for each input depends on:

f the ability as test source of the element storing the operand (whether or not it has generation-
ability), and

f the state in test mode of the input of the candidate FU (whether it has generation-needed or
generation-ful"lled).

Direct testability increase is obtained if a path for test generation is created, that is, a path suitable
for test generation is created and it is compatible with the test generation path for the other input
and the test compaction path of the output. Indirect increment is achieved if the storage element
cannot perform test generation and the generation task for the input of the FU selected is already
solved.

An example of FU allocation indicates how testability increment is estimated. Given the partial
design in Fig. 5, one of the three adders has to be chosen for a new addition. The new addition has
its left operand stored in register R2 and its right operand is a constant. In the "gure, it can be
noticed that register R2 can act as a test source. As a consequence, the abilities for the test of the
elements storing the operands are: generation-ability for the left input (in 1) and no generation-ability
for the right one (in 2). It means that for the left input we sort candidates according to the direct
testability increment while for the right input we sort candidates according to the indirect one.

The states in test mode of the inputs of the candidate FUs are shown in Table 4, where 0 means
generation-ful"lled (no need) and G means the opposite. When there is no generation-need, the
register acting as test source is also included in brackets.

The testability increment for the three choices is:
The left input of adder#1 has generation-ful"lled, so connecting it to register R2 would waste

generation-ability and no testability increment is produced. The left input of adder#2 has test
need matching the ability of the storage element (it has generation-needed). Although it seems that

Fig. 5. Partial design before allocation.
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Table 4
State in test mode of the FUs in Fig. 5

FU, port #1, in1 #1, in2 #2, in1 #2, in2 #3, in1 #3, in2

State in test mode 0 (R0) G-need G-need 0 (R2) G-need G-need

direct testability increment should be obtained, no path is created for test generation of the
left input. The reason is that register R2 has already been assigned as test source for the right input
of the adder, so it is not compatible as test source for the left input. As a result, no suitable path is
found and no increment is obtained. Finally, adder#3 needs test source for the left input. Register
R2 is suitable to perform test generation, producing direct testability increase.

On the other hand, the right input of adder#1 has generation-needed that the constant is not
able to satisfy, so no indirect testability increment is obtained. The input of adder#2 has test need
matching the ability of the storage element, because it has no need. As a result, indirect increment is
obtained. Finally, adder #3 needs test source for the right input and it produces no indirect
testability increase.

The conclusion is that for the three choices, testability increments (DTest) are:

DTest(#1)"0
DTest(#2)"indirect (CON connected to the right input)
DTest(#3)"direct (test generation for the left input is feasible)

The greatest testability increment is achieved when adder#3 is selected for the allocation of the
new addition.

4.2. Heuristic for FU ordering

The goal of the FU ordering heuristic is to sort out the candidates for FU allocation so that the
ones leading to the testable design with minimum area are tried "rst. If the functional units are
much bigger than the rest of the data path components (such as multipliers or carry look-ahead
adders), the smaller design belongs to the set of designs with minimum FU area. Even when smaller
FUs are used, the number of them is not much bigger than the minimum number (the di!erence is
at most 1 or 2 extra FUs).

Besides, there is a strong in#uence between the scheduling of nodes and the selection of the type
of functional unit that implements the operation. When a node is scheduled at a control step, the
type of FU in the library that seems to be most suitable for it is also annotated. This knowledge is
used to "nd the optimal set of FUs quickly.

From the above statements it seems clear that the heuristic for FU ordering is mainly focused on
reaching this set of FUs with minimum area. Testability is only considered as a second goal.

Sorting out the candidates for FU allocation is done according to four criteria, that are applied
in decreasing importance order. The two "rst and most important ones try to select candidates that
will lead to the set of FUs with minimum area, the third one is geared towards a maximum
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testability increase and, "nally, the last one is concerned with interconnect (multiplexer and
connection) area minimization.

Criterion 1. All the FUs in the partial design that can perform the operation of the node and are idle
in its control step are tried before adding a new FU to the partial design.

The "rst criterion applied is a greedy one because we want the "rst design synthesized to have the
minimum area-set of FUs. After trying the existing alternatives the algorithm will explore the
designs with non-minimum number of FUs that correspond to tradeo!s between module area and
interconnect area.

Since there can be several types of FU in the data path that share operators, this greedy criterion
is not enough to reach the minimum area-set of FUs and we need to take into account the
dependence between scheduling and module allocation.

Criterion 2 (Selection of FU type). When there are candidates of di!erent types they are sorted out
according to the list of FU type preferences given by the scheduler. This criterion also holds for FU
creation.

This second criterion is applied to select the FU type when there are FUs of di!erent
types among the candidates for a node and when a FU is added to the partial design. Since the
scheduler assigned that node to its control step based on an assumption of which FU type would
correspond to the node, candidates of that type are probably the best ones. In this way we take into
account the dependence between scheduling and module allocation, because the xrst alternative
selected always corresponds to the module allocation advised by the scheduler. But the remaining
alternatives will be tried in time if testability increment or interconnect area decrement can be
gained.

There are usually several candidates of the same type. Selection of one among them has no
in#uence on the set of FUs. But it has some e!ect on the testability of the design and the
interconnect area. As testability has not been considered so far, it will be given preeminence over
interconnect area. Thus, the third criterion deals with testability increase and only after the
interconnect area is taken into account.

Criterion 3. When there are several candidates of the same type, the FUs that produce the
maximum testability increment (as computed in Section 4.1) are selected "rst.

Testability increment is either direct, when a suitable path for an unsolved test task is created; or
indirect, when there is a matching between an element with no need and another one with no
ability. Direct increment is always preferred to the indirect one.

Even when none of these matching happen, candidates are not equivalent regarding testability of
the data path. A deeper analysis of the candidates divides them into two groups: the ones that are
harmful for testability because they create connections that prevent testability increase, and the rest
of them, that can lead to some testability increment (see the example in Section 4.3 for further
details). As a consequence, the ones that prevent testability increase are put in the last places of the
list of candidates.
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Criterion 4. When there are candidates producing the same testability increment, the ones that lead
to minimum interconnect area increment are selected "rst.

To summarize, the "rst two criteria sort the alternatives so that the ones leading to the design
with minimum module area are tried "rst. The third criterion sorts alternatives with the same
module area according to their e!ect on the testability of the data path and the last one sorts
alternatives with the same testability increment according to the increment on interconnect area.
As a result, candidates that are equivalent according to area are sorted according to testability
while candidates with the same testability are sorted according to their area. This scheme produces
good testability-area tradeo!s.

4.3. Example

As an example, allocation will be done for the CDFG in Fig. 2. The CDFG has 3 additions in the
"rst control step and 2 add operations plus a subtract one in the second control step. So, the
minimum area set of FUs is made of two adders and one ALU (#!).

Nodes 1}3 are scheduled in the "rst control step. That means there were no functional units in
the partial design before allocating them. Following criterion 2 and according to the list of FU type
preferences in Table 2, two adders of type 1 and one ALU(#!) of type 6 are included in the partial
design.

If we followed the greedy criterion, three adders would be created for the nodes in the "rst
control step. Then an additional FU (a subtractor) would be needed in the second control step. As
a conclusion, the second criterion, that takes into account the features of the scheduled CDFG is
needed whenever an FU must be added to the partial design.

Then, registers are allocated for the results generated in the control step. The resulting partial
design that appears in Fig. 6 is made of three functional units (adders#1 and#2 and ALU#!)
and it is the starting point for allocation of FUs in control step 2 (nodes 4}6). The state in test mode
of the FUs is also provided in Table 5.

Application of the heuristics explained is exempli"ed for allocation of FU for node 4:
Following criterion 1 all of the existing and idle FUs have to be tried before adding a new FU to

the partial design, so the two adders and the ALU are candidates for the new allocation.

Fig. 6. Partial design before allocation of node 4 in Fig. 2.
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Table 5
State in test mode of the FUs in Fig. 6

FU, port #1, in1 #1, in2 #1, out #!, in1 #!, in2 #!, out #2, in1 #2, in2 #2, out

State in
test mode

G-need 0 (R0) 0 (R1,#!, R3) 0 (R1) 0 (R2) 0 (R3) 0 (R2) G-need C-need

According to criterion 2 the adders should be tried before the ALU if we want the module area to
be minimal. In fact, if the adder-subtractor is chosen, a new subtractor will be needed for node 6.
Thus, FUs of type 1 (adders) should be tried "rst. If a new FU is created it will be an adder.

Selection of one candidate among the ones of the same type (that is, choosing between adders#1
and #2 for node 4) has no in#uence on the set of FUs. According to criterion 3 we have the
following testability increments:

The left operand of node 4 is the result of adder#1, that is stored in register R1. So, its test ability
is generation-ability (G) and candidates are sorted according to direct testability increment.

Adder#1 needs test generation for its left input but R1 belongs to the test compaction path, so it
is useless for test generation. Since no compatible path is created, there is no increment. The state in
test mode of adder#2 is generation-ful"lled, so it does not match the test ability of R1.

Since there is no testability increment for the left input, the e!ect that connecting R1 to both
adders has on the data path structure is analyzed. R1 belongs to the test compaction path of#1.
Since that task is simultaneous with test generation for the left input, no path for test generation
can ever be found coming from R1. Thus, connecting R1 to#1 prevents any testability increase
due to test generation for the left input. On the contrary, R1 does not belong to any of the test paths
of#2. It can be connected to its left input with no testability damage.

As a summary, testability increment for the left input is equal to zero for both adders but
attending to testability prevention adder#2 should be preferred.

The same analysis is done for the right input, which is stored in R0, and the results obtained are:
no testability increase (non-matching state in test mode and test ability) for #1; and direct
testability increase for#2 (the input has generation-need and R0 can be its test source).

According to the direct testability increment adder#2 is tried before adder#1.
The result of this reasoning is summarized below:

0. Since the three existing FUs are idle and can add, the alternatives are Candidates"M#1,#!,
#2NUMadd new FUN.

1. According to criterion 1 (greedy) the new FU is the last alternative, and the list remains: M#1,
#!,#2, add new FUN.

2. According to criterion 2 (selection of FU type) adders are preferred to ALU(#!). The resulting
list is M#1,#2,#!, add#3N.

3. According to criterion 3 (testability increment) the adder producing direct testability increment
for one of the inputs is preferred. The list of alternatives is "nally obtained: M#2,#1,#!, add
#3N and the last criterion is not used for this simple allocation example.

Allocation for node 5 only needs criteria 1 and 2 to reach the following list of alternatives: M#1,
#!, add#3N.

K. Olcoz et al. / INTEGRATION, the VLSI journal 28 (1999) 55}99 77



Fig. 7. (a) Design for the CDFG in Fig. 2 allocated with Criteria 1}4. (b) Design for the CDFG in Fig. 2 allocated with
Criteria 1, 2 and 4.

Finally, node 6 is allocated attending only to the greedy criterion: M#!, add#!2N.
The resulting data path appears in Fig. 7(a). The data path that would have been obtained

without the testability analysis (using only the area minimization criteria) is also shown in Fig. 7(b).
For simplicity, the registers storing variables D and E and the connections from these registers to
the inputs of the#!have been omitted from both designs.

Both designs have minimum module and register area. Besides, they also have the same test
registers (3 TPG and one SA registers) because we want to compare how these test resources are
used. So, we will compare the interconnect area and the testability of both designs. Note that the
example is so small that allocation may not achieve full testability without additional test
resources. That is not the case with normal-sized data paths.

The data path is Fig. 7(b) is smaller than the data path obtained by our approach because it has
a 2-to-1 multiplexer and a wire less. On the contrary, the latter data path has better testability, as
will be explained next.

In Fig. 7(a), the state in test mode of#1 and#!is not needed (both inputs have test generation
paths and the output has a test compaction path). The state in test mode of#2 is compaction-
needed. As a result only the test compaction task of the adder#2 remains unsolved and R4 needs
to be an SA register.
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In Fig. 7(b), only#! has no test need. Both adders have unsolved test tasks:#1 needs test
generation for its left input and #2 needs test generation for its right input and also has
compaction-need. Both R1 and R4 have to be CBIlBO to test this data path.

Note the output of#2 has compaction-need in both cases, but in Fig. 7(b) it is only connected to
a self-adjacent register, that would have to be replaced by a CBILBO, while in Fig. 7(a) it is
connected to register R4, that could be replaced by a much smaller SA register.

A comparison of both data paths leads us to conclude that due to the testability increment
criterion the data path in Fig. 7(a) is more testable than the one in Fig. 7(b) and their areas are quite
close (the di!erences are a 2-to-1 multiplexer and one interconnection).

5. Allocation of registers

A register needs to be allocated to store every result generated by the output of an element, that
can be an input port or an FU. Solving a register allocation means mapping a result to a register
that is picked from a set of candidates. Each candidate register has some test abilities that depend
on its implementation. Then, the type of any register is de"ned according to its abilities for test as
follows: TPG registers, SA registers, BILBO registers and normal registers (non-BIST). The
physical features of the di!erent types of registers are stored in the library of modules, where the
delay and area corresponding to each type are also stored.

The algorithm for register allocation is similar to the one introduced in the previous section
for functional units: all the candidates are determined, their testability and area increments are
computed and according to the estimates, candidates are tried in as pointed out by the sorting
heuristics.

The set of candidates for allocation of any result is made of all the registers in the partial design
that are not used in the control step generating the result. The choice of adding a new register to the
partial design is also included.

Computation of the testability increment for each candidate is more complex for registers than
for functional units because each candidate can produce several e!ects on the data path testability.
On the one hand, the testability increment caused by the allocation of one candidate to the result
depends on the class of element originating the result and on the abilities for test of the candidate.
Di!erent classes of element (input port or FU) produce di!erent testability increments.

On the other hand, selection of the candidate in#uences the future testability increments in the
following way: since allocation goes on from the "rst to the last control step, when a result is
allocated to a register the elements that are using that result in future control steps have not been
allocated yet. However, the register is being selected in the present control step, that is, the source of
those future connections is being determined and so are its test ability and state in test mode. The
testability increment of those future allocations will depend on the candidates for them, but also on
the test ability and state in test mode of the register selected for this present allocation. Both
testability increments, the one that is produced by the present allocation and the one that will be
produced by future allocations must be taken into account to select register for the present
allocation. Thus, the successors of the CDFG node whose output link is being allocated are
explored and the testability increment that will be produced by the future connections (testability
increment look-ahead) is computed for all the candidates.
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The area increment of any candidate is computed as follows. When an existing register is
selected, the area increment, if any, comes from creation of a connection between the output that
has the result and the input of the register, and also from the increase in size of the multiplexer at
the input of the register.

Area increment caused by the addition of a new register is the sum of the size of the register and
the creation of the connection to its input. The area of a register depends on its type, so that the
area of TPG and SA registers is almost three times the area of a non- BIST one. Further, a BILBO
register is "ve times bigger than a normal one. As a result, the area of a register depends mainly on
the test abilities of the register, so we divide it into two parts: the register area, that is computed
assuming the register is a normal one, and the BIST area, that is the increment on the size of the
register due to its test abilities. It is important to exploit the use of test abilities in order to minimize
the area.

Creation of a register involves selecting its type from the ones available in the library. Since test
abilities of the instance are "xed from that moment on, type register selection is done with the help
of an additional heuristic that tries to minimize BIST area.

Testability increment and testability increment look-ahead for every candidate are computed as
explained next. Then, the heuristics for register creation and for register ordering based on the
estimates are introduced.

5.1. Testability increment due to register selection

Two di!erent conditions for the allocation of a register require two di!erent heuristics for
register selection, one for storage of input port results and the other for storage of functional unit
results. So, computation of the testability increment is done separately for each kind of register
allocation because the test task that can be solved by the atomic allocation is also di!erent.

5.1.1. Testability increment for input port results
If the element holding data is an input port, its test ability is initialization of a test source. Thus,

testability is increased directly when the register selected is a test source with no initialization path and
the test task involved is initialization of a test source. No testability increment is obtained when
a register that is already controllable from another input port is selected.

Finally, testability is increased indirectly when a register that is not controllable from any input port
and without generation-ability is selected. This increment is due to the fact that the controllability of
the selected register is improved. Increasing the controllability of a register connected to a FU can
result in larger "gures of transparency for the other input of the FU. Thus, a path traversing the FU
can be improved so that it becomes suitable for a test task. But this increment is indirect because no
initialization task is solved, and only future task solving is favored.

As an example, let us consider that a register is searched for connection to a port In3 in the
partial design of Fig. 8. Assuming that all the registers are idle, testability increment will be
explained for the four candidates. Registers R2 and R3 are test sources so they can produce direct
testability increment while registers R1 and R4 can only produce indirect testability increment.

Registers R1 and R2 are directly connected to other input ports, so their state in test mode is
equal to initialization-ful"lled. Thus, no testability can be gained from their connection to an
element with initialization-ability.

80 K. Olcoz et al. / INTEGRATION, the VLSI journal 28 (1999) 55}99



Fig. 8. Partial design before allocation of In3.

Register R3 is a test source that has no initialization path. Selecting it for storage of In3 results
will solve the test source initialization task for the left input of &. Direct testability increment is
obtained.

There can also be some smaller indirect testability increment if the register selected is not
controllable even though it is not a test source. That is the case with register R4 in Fig. 8. If register
R4 was fully controllable, the left input of & would increase its transparency from 0 to 100%. Since
the output of & feeds the left input of # through register R1, this transparency increase would
allow transmission of test vectors from register R3 to the left input of # by means of a suitable
path. Indirectly, controllability increase for register R4 results in testability increase due to the
creation of a path suitable for test generation for the left input of the adder. The resulting testability
increments are

DTest(R1)"0,
DTest(R2)"0,
DTest(R3)"direct (test initialization is feasible),
DTest(R4)"indirect (REG controllable).

5.1.2. Testability increment for FU results
On the contrary, when register allocation is done for storage of FU outputs the test task studied

is test response compaction for the FU. Testability increment is produced when the state in test mode
of the FU output matches the ability as test response destination of the selected register. The increase is
either direct if the state in test mode of the output of the FU is compaction-needed and the
candidate register can act as test destination, or indirect if the FU has compaction-ful"lled and the
register has no compaction-ability.

As an example, register allocation is performed for the output of the subtractor in Fig. 9. Let us
assume that all the registers shown in the "gure are idle. The state in test mode of the functional
units before allocation is shown in Table 6 (test paths are shown in parantheses).

Testability increment for each candidate is:

f Registers R1 and R2 have no compaction-ability and would produce no testability increment if
they were chosen.

f Register R0 has compaction-ability but it cannot be used as test destination for the subtractor
because it has been assigned as test source for one of its inputs. Since no compatible path is
found, the test task remains unsolved and no testability increment is obtained.
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Fig. 9. Partial design before allocation.

Table 6
State in test mode of the FUs in Fig. 9

FU, port #1, in1 #1, in2 #1, out !, in1 !, in2 !, out #2, in1 #2, in2 #2, out

State in
test mode

0 (R0) G-need 0 (R3,#2, R5) 0 (R0,#1, R1) 0 (R2) C-need 0 (R0,#1, R3) 0 (R4) 0 (R5)

f On the contrary, selection of registers R3, R4 or R5 would increase the testability of the FU
output by solving its test compaction task. Register R5 has compaction-ability and can be the
test destination of the subtractor. The other ones cannot be test destinations but they are
connected to a register (R5) with compaction-ability by means of a suitable path, which is
compatible with the test generation paths. Since the test task is solved any way these three
registers produce direct testability increment.

5.2. Testability increment look-ahead

The result stored in the register selected for the present allocation can either be transferred to an
output port or be used as operand for future operations. If these circumstances are not taken into
account when the register is chosen the testability of the data path can be small either when the
result stored in the register will be transferred to an output port or when it is used as operand for
several or complex operations.

As it will be explained below, the testability increment look-ahead for both circumstances are
di!erent in nature (for ports it is a statement but for FUs it is only an estimation) and test task (the
task involved is test extraction for ports and test generation for FUs) and so will be the heuristics
using them.

5.2.1. Testability increment look-ahead for output ports
Once a result that is going to be transferred to an output port is stored in a register, the selection

of which register will be, in a future control step, connected to the port is taken. So, testability
increment due to the matching of the test ability of the port (extraction-ability) and the state on test
mode of the register is "xed from that moment.

If the register allocation heuristic wants the testability of the data path to reach its maximum,
this selection of the register to store data for output ports should take into account the future
testability increments that all the candidates will cause.
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Fig. 10. (a) CDFG, (b) partial design before allocation of register for the subtractor.

Although the testability increment takes place when the register is connected to the port, in the
future control step, we are sure that an I-path to an output port will be created just exploring the
successors of the node in the CDFG.

There will be direct testability increment for the candidate registers that are test destinations and
have their test extraction task unsolved because selection of that candidate solves a test task.

Besides, there will be indirect testability increment for the candidates that are not observable from
any output port even though they cannot act as test destinations, like the indirect testability increment
for input port results (Section 5.1.1). This second increment is due to the fact that no test task
becomes solved, but it is possible that increasing their observability will result in creation of a path
for test signature extraction.

Computation of the testability increment that will be obtained from connection to an output
port (testability increment look-ahead) will be exempli"ed below. In Fig. 10 a register is to be
selected for the result of the subtract node. Note that registers R1, R4 and R5 are test destinations.

Register R4 is already connected to Out1, so its state in test mode is equal to extraction-ful"lled
and its selection produces no testability increase. On the contrary, if registers R1 or R5 are selected,
a suitable path for test extraction will be created. So, registers R1 and R5 produce maximum (e.g.
direct) testability increment look-ahead.

Besides, there will be indirect testability increment for the registers R2 and R3. For example, if
register R3 were selected, a path would be found from register R1, through the subtractor to
register R3 and consequently, to Out2. Then, the testability increment look-ahead produced by
registers R2 and R3 is indirect, the one of registers R1 and R5 is direct and only register R4
produces no increment.

5.2.2. Testability increment look-ahead for node successors
Selection of a register to store a result that is going to be the input of future operations

determines the generation-ability of the register without regard to the state in test mode of the
FUs that are being allocated to the operation of the successors. Thus, the testability increment of
the inputs of the FUs can be dramatically bounded by a wrong choice in register selection: if the
functional units that will be candidates for the future operation need test sources, the register chosen
to store the operands should have generation-ability to get testability increment when the future
connection is done.

Just as for output ports, allocation of FUs for the future operations has not been done yet, but
this time the testability increment cannot be established so certainly as for output ports. It will only
be determined when FUs are allocated. There will be future testability increment (either direct or
indirect) if the generation-need of these FUs matches the generation-ability of the candidate
register, as explained in Section 4.1.
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Some estimations of the state in test mode of the FUs that will be allocated to the successors are
done based on the information already available in the CDFG and the partial design. From the
CDFG we can "nd out the number of successors and for each successor we know the operation of
the node, the list of FU type preferences for the successor node and the maximum parallelism of
that operator along the CDFG.

According to this, estimate of the state in test mode of the successors is developed, so that the
generation-need can be predicted and its matching with the generation-ability of the candidates for
register allocation can be computed.

The estimation of the generation-need of each successor is done assuming that an FU of the type
advised by the scheduler will be used for every node with that operation, that is, assuming the al-
location of modules provided by the scheduler. Under this assumption, the number of FUs of that
type that will exist in the CDFG at the moment of allocating FU for the successor is known
because it is equal to the maximum parallelism of operations allocated to that type of FU in the
CDFG along all the control steps before that of the successor. All the FU candidates for the
successor can be separated into two groups: the ones that are part of the partial design and the ones
that will be part of the partial design at the moment of allocation for the successor. From the
former we can "nd out its generation-need. The latter have generation-need for sure.

So the estimated generation-need of the successor is computed as the arithmetic mean of the
generation-need of all the candidates for the successor.

Once the state in test mode of the successors has been estimated, the testability increment
produced by the matching of those states in test mode with the test ability of the register has to be
computed. There is a testability increment look-ahead if a suitable and compatible path for test
generation is created. The compatibility of the path is still unknown until the FU is allocated but
it can again be estimated for all the FU candidates for the successor. If a FU is created for the
successor, we already know the path is compatible. Otherwise, the compatibility with the test paths
of the FU candidates that belong to the partial design has to be computed.

5.3. Heuristic for register type selection

Whenever a register has to be added to the partial design, its type has to be selected among the
ones available in the library of modules. That is, the test ability of the new instance must be
determined together with its area.

To reach the designs that, apart from being testable have a minimum area, the area (cost) of
selecting a BIST register should be spent only if the related testability increment is worth it. Since
testability is a matching between test ability and test task, the increment due to selection of a type
with a given test ability depends on the state in test mode of the elements that are being connected
to it.

Two test abilities of the registers require two separated choices to be made: whether or not select
a type with generation-ability and select a type with compaction-ability.

On the one hand, the cost of adding a test response destination to the ones in the partial design is
balanced with the testability increment due to creation of a path for test compaction of the FU
output that is being connected to the register.

If the FU that generates the result to be stored in the new register has no compaction-need,
a register with compaction-ability is useless. However, not every time a FU needs a test destination
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one should be created because either FU reuse for future operations or creation of new paths in the
partial design can provide a test destination. Thus, a register with compaction-ability is only advised
if the FU generating the results has large test complexity and there are no paths suitable for test
compaction.

On the other hand, selecting a test source depends on two testability increments: if the source of
data is an input port, testability increment is due to initialization of the test source. Besides, if there
are successors using the result as operand, there can be testability increment look-ahead due to test
generation for the successors.

Since the initialization path should be 100% transparent and the input ports are not usually
reused, there are only few opportunities to solve that test task. Besides, a datum that comes from an
input port is needed for operations in the data path and storing it in a TPG register can improve
the testability of the FUs selected for them. So, a TPG register is advised when the source of data is
an input port.

On the contrary, when testability increments are due to test generation for successors, the
balance of testability and area is taken more carefully. The reasons are that testability increment
look-ahead is only an estimate and that the testability increment is not determined until the FU
is selected, so if a register without generation-ability is chosen, an FU will be searched with
generation-ful"lled.

To sum up, a register with generation-ability is advised if data come from an input port or there are
many complex operations with large estimated generation-need that will use them.

5.4. Heuristic for register ordering

This heuristic sorts out the candidates for register allocation so that the ones leading to the
minimum area testable design are tried "rst. Since all registers do the same function in normal
operation mode, all of them are candidates for allocation of a result. So, the design space for
register allocation is usually larger than for FUs.

Besides, registers are the data path elements with test abilities for the di!erent test tasks. It means
that their function in test mode is quite di!erent. Consequently, their function in test mode should
be taken into account for candidate sorting, to take maximum pro"t of test abilities.

Finally, FU allocation has been directed mainly to area minimization, so the testability
improvement due to it is usually not enough. For all these reasons, register allocation is the major
responsible of testability improvement of the data paths.

The goal of register selection heuristics is to maximize testability while keeping register, BIST
and interconnect area as small as possible. In spite of this, the "rst criterion applied is not the
testability increment one but a greedy criterion. The reason is that applying testability in the "rst
place would result in the creation of a lot of registers to solve all test tasks with allocation of nodes
in the "rst control steps. Since the number of registers in the data path is usually large, future
hardware reuse can solve them when the data path is completed.

So, the "rst criterion is a greedy one, the second is driven to testability increment and the third
one is concerned with minimization of interconnect area.

Criterion 1. All the registers in the partial design that are idle in the control step in which results are
generated are tried before adding a new one to the partial design.
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The goal of this criterion is to obtain in the "rst places the designs with minimum number of
registers. Only after discarding all the existing registers a new one is added to the partial design. As
a result the solutions that correspond to tradeo!s between register and interconnect area are
explored after.

Criterion 2. When there are several candidates in the partial design, select the ones that lead to
maximum testability increment and testability increment look-ahead in the following way:

If exploration of the CDFG points out that the register will be connected to an output port,
candidates are sorted out according to the testability increment look-ahead for output ports.

Otherwise, if there is a test task that can be solved by the present allocation select candidates
according to the testability increment. If there are still several candidates or there is no testability
increment, a second sorting is needed. Then, if the estimated generation-need of the successors of the
node is large, select according to the testability increment look-ahead for the successors of the node.

This criterion tries to maximize the testability of the data path while keeping its area as small as
possible. So, the testability increment is used to select the candidates only when a test task can
become solved.

As explained in Sections 5.1 and 5.2, the testability increment, present and look-ahead, can be
diverse depending on the element generating the result to be stored and on the successors of the
node in the CDFG, respectively. Thus, some kind of balance has to be done among them.

First, if there is an output port, testability increment look-ahead for extraction of test signature
should be preferred. The reasoning is similar to the input ports one: there are not usually many
chances to create I-paths from test destinations to the outputs, and the ports are not reused, unlike
FUs. So, registers are sorted out according to their distance to any output port.

If no successor is an output port, the testability increment produced by the allocation is studied
before the testability increment look-ahead is. This one is put in the last place because it is the only
one that is not totally "xed by the present allocation and it can be improved to some extent by
future FU allocations.

If there is a test task that can be solved by the present allocation (the source of data is either an
input port or a FU with compaction-need) the candidates are sorted out by their testability
increment. Since task solving is the major interest, direct testability increases are preferred over
indirect ones. As it has been explained for FU allocation, candidates producing no increment are
classi"ed into two groups: the ones that will not lead to any testability increase (because they
belong to any of the test generation paths of the FU that generates the result to be stored in the
register) and the rest of them. Registers that would prevent testability increase are only tried after
the rest of the existing ones.

If there are still several candidates unsorted and the estimated generation-need of the successors
is big enough, registers are sorted out according to the testability increment look-ahead.

Criterion 3. When there are candidates that have not been classi"ed by the application of the above
criteria, select the ones that lead to minimum interconnect area increment.

When there are still several candidates producing the same the testability increment, present and
look-ahead, or when no candidate produces testability increment of any kind, the third criterion,
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Fig. 11. Successors of nodes 2 and 3 in the CDFG.

directed towards interconnect area minimization is applied so that interconnect area is not wasted
when no test task is becoming solved.

Although this criterion is applied in the last place, multiplexer area is not dramatically increased
because testability is preferred only when it is worth it. Thus, the tradeo!s between testability and
interconnect area are taken only when there is a large enough testability increment, otherwise, the
area criterion is applied "rst. Both criteria are applied any way: when the testability increment is
large, it goes "rst, when it is small, area goes "rst. As a result, tradeo!s taken produce either large
testability increments or small area ones.

5.5. Example

The partial design in Fig. 9 will help to illustrate the register selection heuristic used for
allocation of FU results. A portion of the CDFG, in Fig. 11, is also used to compute the testability
increment look-ahead for node successors. First, a register is selected to store the output of
the subtractor and then, register allocation is done for the output of adder #2. Register
allocation for the output of the subtractor starts from the situation explained in Section 5.1.2, where
testability increment of the candidates are computed as well. Those results are brie#y summarized
below.

1. The alternatives are MR0, R1, R2, R3, R4, R5, add new registerN.
2. The state in test mode (see Table 6) of the output of the subtractor is compaction-needed, so the

test task involved is test compaction of the subtractor. According to Criterion 2, we must take
into account that registers R0, R1 and R2 belong to test paths that require to be compatible with
the test task involved, so those alternatives are the last ones to be considered before adding
a new register, and the list is: MR3, R4, R5, R0, R1, R2, add newN.

1. 2.1. Following the testability increment, registers R3, R4 and R5 produce direct increment
because the test-compaction task is solved if any of them is chosen.

1. 2.2. Estimate of testability look-ahead for the only successor of node 2 is done. In the partial
design there are two FUs that can add (#1 and #2). Assuming the maximum parallelism
of adders in the CDFG is also 2, no new adder will be created. The estimated state in test
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mode of the left input of the adders is obtained as the arithmetic mean of the state in test
mode of #1 and #2: both have generation-ful"lled. The estimated generation-need of the
left input of the successor of node 2 is 0.0 generation-need. Since the existing FUs for the
only successor (node 4) have generation-ful"lled a register with generation-ability is useless.

Register R5 is preferred because direct connection to test registers is preferred to longer
test paths. The list of alternatives is: MR5, R3, R4, R0, R1, R2, add newN

3. Selection between registers R4 and R3 is done to minimize interconnect area.

For subsequent allocation of register for the result of #2, let us assume register R5 has been
selected for the subtraction. Then, the candidates for storage of the output of #2 are MR0, R1, R2,
R3, R4, add newN.

First of all we take into account that registers R0, R3 and R4 belong to the test generation path
for the inputs of #2, so they are the last of the existing registers to be tried. This results in the list:
MR1, R2, R0, R3, R4, add newN

Since the state in test mode of the output of #2 is compaction-ful"lled, only indirect testability
increment is possible. Both registers R1 and R2 have no compaction-ability and thus they produce
indirect testability increment. Selection between them is based on the testability increment look-
ahead. Node #2 has two successors: a multiplication (node 6) and an addition (node 5). The
estimated generation-need of node 5 is the estimated generation-need for the adders, that is
computed as it was for the successor of the subtractor (notice the input is not the same one) and the
result is 0.5 generation-need.

The estimation on the need of the multiplier follows: the number of multipliers in the present
control step is zero and the number of multiplication operations in the following control step is
one, so one multiplier is created for the successor. This implies that the multiplier has no test task
solved and that any register with generation-ability can be its test source (it will be compatible). To
sum it up, the estimated generation-need of the multiplication is 1.0 generation-need and any
register with generation-ability will do.

Since multipliers are complex operators, their generation-need is large and there is also another
successor with some generation-need, selection of a register with generation-ability is advised. As
a result, register R2, which has generation-ability is preferred over R1. The list of alternatives is
transformed again: MR2, R1, R0, R3, R4, add newN.

Let us assume that register R2 is chosen to show how the testability increment look-ahead
involves future testability increment. First, when a FU is allocated for node 5 the register storing
the right operand has generation-ability. As a result, direct testability increment is possible if we
select the FU with generation-need (adder #1). Second, FU allocation for node 6 implies adding
a new multiplier to the partial design. Since the register storing its right operand is R2, the
generation task is solved and direct testability increment is also obtained. In this case, selecting
register R2 to store the output of node 3 results in solving the test generation task of two FU inputs.

6. Results

Some well-known CDFG have been used to demonstrate the main advantages of our algorithm
for the allocation of self-testable data paths. Example 1 (Avra) is a CDFG borrowed from [23];
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Table 7
Results for Example 1

Testable allocation Non-testable allocation

Data path 1 Data path 2

No. FUs 3 3 3
No. registers 5 (3 self-adj.) 5 (3 self-adj.) 5 (3 self-adj.)
No. muxes, no. wires 7 (1 mux4, 6 mux2), 22 6 (1 mux4, 5 mux2), 21 5 (2 mux4, 3 mux2), 19
BIST REGs 3 G, 2 S 2 G, 2 S 1 G, 2 B, 1 CB
Functional area (ge) 1818 1666 1528
Total area (ge) 2528 2246 3164

Example 2 (Ecudif) is the di!erential equation solver from [34]; Example 3 (Lee) is a CDFG
borrowed from [14] and Example 4 (Filter) is the elliptic wave "lter benchmark from [35].

Since our data paths are self-testable all the test tasks can be performed, and we will use test time,
number of CBILBO registers and BIST area as measures of the testability of the di!erent data
paths. The data path area is measured in gate-equivalent units (ge).

6.1. Optimization of total area vs. optimization of functional area

Data paths from the examples were synthesized, using traditional allocation algorithms which
only optimize area and using the allocation algorithms presented in this paper in order to verify
that allocation performed to optimize area and testability (testable allocation) produces better data
paths than allocation for minimum area (non-testable allocation) followed by intrusion of BIST
registers.

The results in Table 7 were obtained by application of our algorithm to the Avra behavior,
scheduled in four control steps as shown in [23]. The numbers in the table include the connections
to the I/O ports of the data path (5 inputs and 2 outputs).

Our allocation algorithm "nds two designs with di!erent tradeo!s between area and testability,
that the designer will have to examine to decide which is most suitable for him. Both are
self-testable data paths with minimum module and register area.

Data path 1, which was the "rst solution explored, is bigger than data path 2 (the sixth one to be
obtained). But, as shown in Fig. 12, the "rst data path can be self-tested in only two test sessions
represented in Fig. 12(a), while the last one needs three test sessions (in Fig. 12(b)). Data path 1 can
be chosen as the solution to save test time. On the contrary, if the area is the designer's priority,
data path 2 will be selected.

Allocation that only minimizes the area of the data paths was also performed for comparison.
The results in the third column of the table correspond to this minimum area solution once BIST
registers have been added to it. The result of the non testable allocation can be tested in three test
sessions and it needs a TPG, a CBILBO and two BILBO registers.

The di!erent components of the total area for the three data paths are shown in Fig. 13. We
notice that the functional area of data paths 2 and non-testable are very close while their BIST area
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Fig. 12. Test sessions for data path 1 (a) and data path 2 (b) in Table 7.

Fig. 13. Area "gures of the data paths in Table 7.

"gures are quite apart. Results in Fig. 13 show clearly that the increment on interconnect area of
our data paths due to the testability-area tradeo!s reached is much smaller than the related
decrement on BIST area. As a result, our data paths are smaller than the ones obtained by non
testable allocation because global optimization of area and testability during allocation takes max-
imum advantage of test resources and reaches the best tradeows between area and testability.

Besides, the data paths obtained by our algorithms need no CBILBOs, while the minimum area
data path needs one.

The results in Table 8 correspond to the Ecudif behavior, scheduled in four control steps as
shown in [34]. The "gures in the table include the connections to the I/O ports of the data path
(4 inputs and 3 outputs). The CDFG in [34] has two data dependencies that cause two self-
adjacencies in the data path.

Two data paths obtained by our algorithm are included. Both designs need the same number of
test sessions } unlike the two data paths in Table 7 } so the smaller one of them is better than the
other. Data path 1 is reached before data path 2, which is the best one.
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Table 8
Results for Example 2

Testable allocation Non-testable allocation

Data path 1 Data path 2

No. FUs 4 (2*, #, !) 5 (2*, 2#, !) 4 (2*, #, !)
No. registers 5 (4 self-adj.) 6 (2 self-adj.) 6 (4 self-adj.)
No. muxes, no. wires 11 (3 mux4), 29 9 (2 mux4), 30 8 (1 mux4), 26
BIST REGs 3 G, 1 S 2 G, 2 S 2 G, 2 S, 1 CB
Functional area (ge) 23432 23270 22901
Total area (ge) 23982 23850 24227

Table 9
Results for Example 3

Testable allocation Non-testable allocation

No. FUs 7 (3*, 2#, 2!) 8 (3*, 3#, 2!)
No. registers 6 (0 self-adj.) 5 (4 self-adj.)
No. muxes, no. wires 11 (2 mux4), 36 w 10 (4 mux4), 39 w
BIST REGs 3 G, 2 B 1 S, 3 CB
Functional area (ge) 33941 33631
Total area (ge) 35091 36029

Note in Table 8 that the functional area of the data path 2 is smaller than the one of data path 1,
even though the data path 2 has an extra register and one extra adder. These additions of extra
modules and registers produce a decrement on interconnect area that decreases the functional area.
This tradeow between FUs, registers and interconnect area, that are favored by a global allocation and
binding of modules, registers and connections, leads allocation to the best solutions.

Comparison of solutions of our algorithms to the one synthesized with no testability considera-
tion con"rm that the scheme for simultaneous total area minimization and testability maximiza-
tion produces better results, that is, smaller total area.

Once again, the non-testable data path has a CBILBO register. On the contrary, the testable
data paths have no CBILBOs despite the data dependencies in the behavior.

The results in Table 9 correspond to the Lee CDFG as shown in [14]. It is scheduled in four
control steps and the "gures in the table include the connections to the I/O ports of the data path (4
inputs and 3 outputs).

Only the best solution obtained by our algorithms and the best one provided by non-testable
allocation are presented in Table 9. None of them has minimum module and register area: the "rst
one has an extra register and the second one has an extra adder.

Our data path has slightly bigger functional area but smaller total area than the non-testable
one. Further, the testability of our data path is bigger: the data path reached by non-testable
allocation has test problems for a FU, which feeds both inputs either from the same register or from
constants. Thus, two compatible test generation paths cannot be found for the mentioned FU.
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Fig. 14. BIST area in Tables 7}9.

Just in this third example, the solution reached by testable allocation contains no self-adjacent
registers but no CBILBO is needed in any of them. This means that our algorithm always succeeded
in avoiding hardware sharing between the test paths of each FU, and that self-adjacent registers are
included when they are not a problem for the self-test of the data paths. CBILBO registers are avoided
by correct hardware re-use even when there are data dependencies in the behavior.

BIST area of the smallest data path obtained by both our algorithms (testable) and the
non-testable allocation algorithms for the three examples in Tables 7}9 are compared to the
minimum test area (2 TPG and 1 SA) in Fig. 14. The number of BIST registers in our data paths
is small and the BIST registers are never CBILBO and only once BILBO. As a result, BIST area
is always small, close to the minimum, because allocation takes proxt of existing test resources.

Note that not only the number of BIST registers needed for the self-test of the data paths
synthesized by our algorithms is small but also it is almost independent of the size of the data path.
This points out that the algorithms may produce good results for bigger circuits like the one
presented below.

6.2. Search guiding heuristics

Example 4 ("lter) was synthesized using our algorithms. Some relevant data paths picked from the
set of solutions obtained are presented below, to show the way our heuristics work. The data paths in
the tables are numbered according to the order in which they were obtained. All the solutions
included have area "gures smaller than the area constraint and can be self-tested with a small number
of BIST registers. Some of them correspond to di!erent tradeo!s between area and test time.

We have divided the solutions into two groups: the ones with minimum module area, in
Table 10, and the ones that have an extra adder, in Table 11, to compare data paths with the same
set of FUs. Due to the greedy behavior of the heuristics the "rst solution reached corresponds to
the tentative allocation provided by the scheduler, and thus it always has minimum module and
register area. Once data path 1 has been synthesized the following ones can have non minimum
module and register area. That is the case with data path 2, which has an extra adder but is smaller
than the previous solution.

Note that the solutions with the minimum number of registers are always reached before the
ones with extra registers because there are usually many alternatives for each register allocation
that have to be tried before adding extra registers to the data path.
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Table 10
Results for Example 4 with minimum number of FUs

No. data path No. REGs BIST REGs Test sessions No. wires No. muxes Total area (ge)

1 9 3 G, 2 S 4 67 18 (3 mux8, 9 mux4) 42343
3 9 3 G, 2 S 4 66 18 (3 mux8, 8 mux4) 41745
8 9 3 G, 2 S 4 66 18 (3 mux8, 7 mux4) 41519

10 9 3 G, 2 S 4 64 18 (2 mux8, 8 mux4) 41063
13 10 3 G, 2 S 4 65 18 (2 mux8, 8 mux4) 40871
14 10 3 G, 2 S 4 64 17 (2 mux8, 8 mux4) 40775

Table 11
Results for Example 4 with non-minimum number of FUs

No. data path No. REGs BIST REGs Test sessions No. wires No. muxes Total area (ge)

2 9 3 G, 2 S 5 68 18 (2 mux8, 10 mux4) 41788
4 9 3 G, 2 S 5 67 18 (2 mux8, 9 mux4) 41538
5 9 2 G, 1 S 7 68 18 (3 mux8, 7 mux4) 41432
6 9 3 G, 1 S 7 69 18 (2 mux8, 9 mux4) 41408
7 9 2 G, 2 S 6 66 18 (2 mux8, 9 mux4) 41359
9 9 2 G, 2 S 6 66 18 (2 mux8, 8 mux4) 41139

11 10 2 G, 1 S 7 67 17 (2 mux8, 9 mux4) 41064
12 10 2 G, 3 S 6 67 17 (2 mux8, 8 mux4) 40949
15 10 3 G, 2 S 6 66 17 (2 mux8, 8 mux4) 41004

Solutions in Table 10 contain only 6 FUs (3 multipliers and 3 adders is the minimum set of
FUs for the scheduled CDFG). These solutions, that were among the "rst to be reached, can be
tested in 4 test sessions with 3 TPG and 2 SA registers. Since the test time is the same for all the
solutions in Table 10 the smallest one is the best one. Note that the last solutions presented in the
table are the smallest ones, even though they have an extra register. The best solution in the table is
data path 14.

On the other hand, the solutions in Table 11 contain an extra adder, and the last ones have an
extra register also. They correspond to di!erent tradeo!s between area and test time.

The "rst ones can be tested in "ve sessions with almost minimum BIST area (namely, 2 TPG and
2 SA registers if the test time is smaller than 7 sessions). So they are designs with large testability
and non minimum total area.

As the search goes on the algorithm obtains solutions with bigger test time and smaller total area
than the former ones. For instance, data path 11 has minimum test area and maximum test time.

After the best solutions are explored, the algorithm "nds the data paths that correspond to bad
tradeo!s between area and testability. Solutions reached after data path 14 need more BIST
registers and their total area increases.
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Fig. 15. Total area (ge) of the solutions for Example 4.

Table 12
A comparison of results for Example 1

No. FUs No. REGs No. muxes, No. wires BIST REGs

Ralloc 3 5 (2 self-adj.) 7 (2 mux4), 22w 2 G, 2 B
Ours 3 5 (3 self-adj.) 6 (1 mux4), 21w 2 G, 2 S

To sum it up, the xrst solutions explored are the ones with shortest test time but their total area is
not minimal, then the algorithm xnds the data paths with minimum total area and longer test time and
"nally the solutions that need more test registers and/or test sessions. Notice, for instance, that data
path 4 and 15 have the same number of BIST registers but the former needs 5 test sessions instead
of 6.

The total area of the solutions is displayed in Fig. 15. Designs obtained after data path 15 have
bigger total area than the ones in the "gure due to the test area increment. The smallest solutions
is data path 14, that also has minimum number of test sessions. Thus, it is the best solutions
synthesized.

The "gures in Tables 10 and 11 show that the "rst designs reached are the most testable ones,
and they need fewer test sessions and/or BIST registers. Then, the algorithm "nds data paths with
smaller interconnect area and more test sessions or BIST registers.

6.3. Our approach vs. other systems

The results obtained by our algorithms are also compared to those reached by other methods for
testable allocation of BISTed data paths. The comparison is limited to the information available in
the literature, that is, number of data path elements instead of area "gures.

First, in Table 12, the cheapest testable solution reached for Example 1 (data path 2) is compared
to the one obtained by Ralloc, that is presented in [23].

Figures in Table 12 show that our algorithm generated a data path with the same number of FUs
and registers and less multiplexers and wires than the one in [23]. In addition, our data path has
smaller BIST area.
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Table 13
A comparison of results for Example 2

No. FUs No. REGs No. muxes, no. wires BIST REGs

Ralloc [23] 4 (2*, #, !) 5 9 (3 mux4), 29w 4 B, 1 CB
Syntest [24] 3 (2*#,*!') 5 4 G, 1 S
Parulkar et al. [26] 4 (2*, #, !) 4 6 muxes 2 G, 2 S, 1 CB
Ours 4 (2*, #, !) 5 11 (3 mux4), 29w 3 G, 1 S

A comparison of results obtained for Example 2 to those obtained by Ralloc in [23], Syntest in
[24] and the work of Parulkar et al. in [26] is presented below.

Our data path is two 2-to-1 multiplexers bigger than Ralloc's, so our functional area is slightly
bigger than his. However, our data path only needs 3 TPG and 1 SA register while his design needs
4 BILBO and 1 CBILBO. Our solution has quite smaller total area than Ralloc's.

In [24] there is no reference to the number of multiplexers and wires in the data paths, so we can
only compare BIST area, which is smaller in our solution than in theirs.

According to our scheduled CDFG and our model of input port, the minimum number of
registers for this example is 5 and the minimum number of multiplexers is 8, if an extra register is
added, or 9, if the minimum number of registers is used. The "gures in the third row of Table 13
were the only information available in [26]. Thus, we cannot compare the complete data paths to
"nd out the conditions that leaded to it. BIST area is smaller in our solution than in theirs.

The results in Tables 12 and 13 show that our algorithm produces testable data paths that need
fewer BIST registers and no CBILBOs. So they have much smaller BIST area and their functional
area is usually not much larger. It means that the global optimization of testability and total area
(BIST and functional) takes advantage of test registers and generates designs that are testable at
low cost.

6.4. Conclusions

We have shown that integration of the di!erent synthesis tasks and the BIST intrusion task leads
to global optimization of the area of BISTed data paths. Data paths synthesized by our algorithms
have non-minimum interconnect area because allocation takes maximum advantage of test
resources. As a result, their BIST area is so small that the total area of the data path is smaller than
the one produced by minimum area allocation followed by BIST register intrusion.

This global approach favors area tradeo!s among the di!erent components of the data path, so
that the total area is minimized instead of the partial ones (namely module, register, connection and
BIST area).

We also noticed that the data paths obtained never need CBILBO registers. Further, hardware
sharing among the test paths of each FU is avoided by correct allocation, with no design space
restriction (such as avoiding self-adjacency of registers).

Besides, the design space of solutions is explored e$ciently due to the use of:

(i) estimates of the e!ect each allocation alternative has on the testability of the data path, that not
only considers present e!ects but also future ones;
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(ii) heuristics that reach good tradeo!s between testability and area, taking advantage of the
module allocation provided by the scheduler, the estimates of testability and area.

Appendix A. computation of functional unit transparency

The transparency of input i of a functional unit depends on the operation or operations
implemented by the element, the controllability of the control lines that select among the
operations and the controllability of input j( jOi).

Under the common assumption that control lines of FUs are fully controllable, multi-opera-
tional units can have the transparency of their most transparent operator. If they are not
controllable, the transparency of the least transparent operator is used for the FU.

The transparency of each input of every operator has been computed by functional simulation under
the hypothesis that one value can be hold constant at input j during the whole simulation. Thus,
computation of the transparency of input i is done as follows: input j( jOi) is held constant to
a pre-de"ned value while all possible values are tried at input i. The number of di!erent output values
obtained from the simulation is divided by all possible values to get the transparency of the input.

For some operators, the transparency of one input depends strongly on the value at the other
input. For example, an AND operator can be 100% transparent if the other input has all bits equal
to one. On the contrary, the transparency is 0% if the other input holds a zero value. So, selection
of the constant values used for transparency computation must be done carefully for each operator.
Typical values that are assumed for input j are:

f the best value: the value at input j that allows maximum transparency of input i (e.g., a value of
1 for an AND). It is transparency when input j is controllable.

f the worst value: the value at input j that makes the transparency of input i reach its minimum (a
0 in one input of the multiplier makes the other input 0% transparent).

A transparency value will be chosen as transparency "gure of input i of the instance of the FU
depending on the value that can be assumed for input j (that is, on the controllability of input j).
Table 14 shows the transparency for the inputs of the most common operators in a typical HLS
library of modules. They are obtained assuming, "rstly, that the other input is controllable (best
transparency) and, then, that it is not (worst transparency). Both inputs of any operator except the
divisor obtain the same value.

Table 14
Figures of the transparency (%) for the inputs of the operators in the library

Operator # ! And Or * (left-in) / /(right-in)

Best transparency 100 100 100 100 34.8! 100 43.75
Worst transparency 100 100 0 0 0 0 0

!Transparency when the complete output is observed (it has double length). If only the least
signi"cant half of the output is considered the best transparency reaches 100%.
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