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Abstract

In the paper, the principles of Scan Educational
Tool are presented. First, the motivation for this
activity is briefly mentioned. Then, the structure of
software package together with the principles of
communicating and controlling the tools belonging to
the system are explained. It is shown how the system
can be utilized for testability analysis and design for
testability demonstrations resulting in applying scan
design principles in the design.

1. Introduction

For several years we have dealt with register
transfer level (RTL) testability analysis [1, 4-9]. We
have developed methodologies the goal of which is to
analyze RTL component structure, evaluate the
testability of internal components and suggest
modifications of the circuit. We have also
demonstrated that the problem of testability analysis
can be converted into the problem of discrete
mathematics [6, 7, 8]. For this purpose the model was
defined, which allows to reflect structural and
diagnostic properties of an RTL component by means
of discrete mathematics concepts. Then, to analyze
testability properties of an RTL structure, discrete
mathematics algorithms can be used.

In the past, numerous methodologies based on
enumerating controllability/observability factors were
published. These factors are utilized in different
heuristic approaches, the identification of registers
through which the test will be applied is the result of
implementing these methodologies. During the
selection, the requirements of a designer or a test
expert (design constraints) must be taken into account
and satisfied, if possible. This process can be realized
as a strictly heuristic approach in which different
modifications are accepted and  evaluated
successively, and then the solution, which satisfies
the requirements most is selected for implementation.

We see that these procedures might be quite time
consuming in certain situations and for certain RTL
circuit structures, e.g. those with numerous feedback
loops. Moreover, we feel that
controllability/observability factors are not the only
factors, which should be included into decision-
making process the result of which is the selection of
registers into scan-chains, i.e., scan-layout.

Scan approaches fall into two main groups: full
scan and partial scan. In full-scan, all memory cells
(e.g., flip-flops) within the -circuit structure are
included into scan. In partial scan, memory cells are
selected into scan in such a way that the remainder of
the circuit has certain desirable testability properties.
This requires extra analysis of the circuit, but can lead
to full-scan testability results for significantly lower
price. Existing approaches for selecting registers for
partial scan can be classified as testability analysis
based [10], test generation based [11] and structural
analysis based [12]. All of these techniques suggest
testability modifications after the completion of the
design and are incapable of suggesting behavioral
modifications by identifying testability bottlenecks in
the design behavior during the design process. Some
methods exist, which are based on inserting test
registers in order to obtain self-testable circuits [13],
[14]. The methodologies are implemented in the way,
which guarantees minimum hardware overhead [15].
In [16] an interesting method how to further utilize
scan chains is demonstrated - they are used for pattern
decompression. Several algorithms were developed to
select partial scan FFs to break feedback cycles
[17][18]. In [19] a methodology is described, which is
able to take into account a number of technological
constraints and determines the optimal order of FFs
into the scan chains.

In our research we have concentrated on
developing methodologies the goal of which is the
enhancement of testability parameters [2] of given
circuit for the lowest possible price. They result in



partial scan methodologies, based either on the
structure analysis [20] or on the identification of
feedback loops [3], [4]. Also, the identification of so-
called testable cores, which satisfy predefined
testability properties, was one of topics we have dealt
with [1]. The application of such methodologies on
RTL structures results in reducing the amount of
diagnostic data transported through the circuit.

On our research both staff people and Ph.D.
students participate. We felt that it might be
reasonable to develop educational tools, which could
be utilized by the members of the research team who
join the team as beginners and are charged with a
particular task from the area of research covered by
the team. The SET (Scan Educational Tool) presented
in this paper is a software tool, which allows to study
the principles and possibilities of applying scan
techniques in RTL digital circuits.

The paper is organized as follows. First the
structure of SET is explained. Then, all the tools of
SET are explained in detail together with the
principles of communicating with the software.

2. The Structure the Tool

The SET software package consists of the
following modules: (1) testability analysis module
and of (2) an automated design for testability module.
Through the Main window (Figure 1, the most left
window), a user can select which of the modules will
be utilized. The selected module is invoked by
pressing the Run button. By checking proper
checkboxes in the Main Window, following windows

can be displayed on the screen:

= Scan Layout Selection (selection of registers
into scan chains, i.e. scan-layout selection),

»  Testability Details of educational circuit

(impact of selecting registers into scan can

be observed). Diffeq benchmark circuit [21]

was selected to be used as the educational

circuit (see Figure 1 and Figure 5),

= Circuit Schema (schema of educational
circuit with depiction of selected scan-
layout, diagnostics-data transportation paths

of selected circuit elements etc.).

In the following text, the windows are described in

more detail.

= Scan Educational Tool

[ain Menu
Actio =t
% Testability Analysis i L =
A - al? o
™ Secan Lapout Auto-Designer g
: sar i
Circuit Info

MNumber of nodss: 446

T estability: 0.720

ax e

Contollable nedes (%: 33.7 | el
Obgervable nodes [%):93.7 Bad  Perfect
Area overthead (2} 16.556
170 averhead [%]: 2155 el
= Fitngss: 0.000 :
igwr
Circuit Schema v Unbroken
Scan Lapout Prefs [ [eedback
Testablity Details W e ;::g
Design Constraints .
3 — weLi Test Data Propagation Paths
Mar frea Overhead: ' J IIIIIII 7 % | > ? | CAL]
Maw 120 Overhead: | 13 %
-- _— e BEC T B8
Genetic Algarithm P. b ;
l—an; :C gm:: - | a[.ram:.ers r Ji a Scan Layout [Selection] Scan Layout [Wisual llustration) A §|Port_name(wicth) | Con Chs Tst
tism  Population Size:
i e i Fegster Scanchan  Register In-Cha’iﬂ G oan chain 4 B8] 0996034 0522350 080922
Ordering v
b awimum Mumber of Runs Without Increasing REGT REG3 M a(E) PR peiEs20 Qaes
of dverege Finess | — L C = [ = ) 1.000000 0619820 080991
in Population - y i Hone | 1| | 5canchainB - LS H(E) 0.800037 1800062 0150005
INNNNNNNEN ({11} - | L = -EE-—EE mLeS Bis) 0776507 0796912 075670
- REG4 B - Znd hd
History [program started 10.4.2004, 9:26:02) REGE 7 = o T Sz alremE = muxS &l 0803199 0796912 0.80005]
= = || = ] 0 5
REGE D v 1st - _
i T mLxd c(E) 0803199 0552908 069305
Save | Clear - Scan chain D —>
Complete Scan Layout S election by UseJ . e biE) 0776507 1582808 167970
: muxd . a(8) 1.000000 0532908 0.79145]
Scan Layout [|nformation]
M3 (5] 0996034 0604614 050035
Stz e Rymdt i) e mux3.bi8) 1.000000 06502215 05010
Murnber of scan registers: 5
5 I | mux3.a0E) 0303199 0802215 0.70270|
Number af multiple scan chaing: 4
W I mus2 g () 0523163 0774863 054901
Action done. 3 Y < | b

Figure 1. SET application windows



2.1 Scan Layout Selection
Window

The purpose of module (1) is to perform, evaluate
and display testability results of the educational
circuit according to selected scan-layout. In the Scan
Layout Selection window, user can select any
combination of in-circuit registers into scan chains
and consequently observe the impact of the selection
on circuit testability parameters (checking Testability
Analysis radio button in the Main Window and
pressing the Run button). More detailed testability
results can be seen after checking the Testability
Details checkbox in the Main Window.

In the educational circuit, there are six registers
available in total. They can be organized in scan
chains in many ways. In Figure 2, snapshots of four
various configurations set in the Scan Layout
Selection window are presented. In the window, it is
possible to set-up:

=  which registers are to be included in scan
chains,

= pre-defined organizations of registers in scan
chains, e.g., special full scan variants,
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= (random/user-selected) ordering of registers
in particular scan chains.

In Figure 2a and Figure 2b it is depicted how it is
possible to select the “Scan layout user-selection”
mode. In the mode, a user can select his own
configurations of registers in scan chains. As an
example in Figure 2b, registers are selected to be
included in scan chains in the following way
(including ordering of registers within scan chains):
REGI is included into scan chain “A”, REG4 and
REGS are included into scan chain “B” and REG4
(REG5) is the 1** (2™) register in scan chain “B”. As
can be seen in Figure 2b-see Scan Layout
(Information)-3 registers are included in two scan
chains.

In Figure 2c, the following pre-selected “full scan”
organization of registers within scan chains is
selected: all six registers from educational circuit are
included in scan chains in such a way that each
register forms one scan chain. So, there are six
registers (REG1-REG6) included in the scan chains
and six scan chains (“A”-“F”) in total. In Figure 2d,
example of randomly generated scan-layout is
presented. The layout consists of four scan chains;
scan chain “A” consists of REG35, “B” of REG4 and
REG2 (in  this order), “C” of REG1 and “D” of
REG3, so there are five scan registers in total.
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Figure 2. Snapshot of Scan Layout Selection windows



2.2 Testability Details Window

Evaluation of testability properties (results) of the
original educational circuit structure and/or of the
structure with selected scan-layout implemented can
be observed in Testability Details Window (in Figure
4, snapshot of the window is depicted). In the
window, the information about circuit data-path
testability properties is presented. Each data port of
in-circuit elements is assigned a triplet of real
numbers evaluating its controllability (left number),
observability (middle number) and testability (right
number). At the end of the window, diagnostic

attributes of the whole circuit are presented in two
rows. In the top row, information about total number
of data ports within the circuit is given (1* column
from the left), then the number and ratio of
controllable (2™ column from the left), observable
(3™ column from the left) and testable (i.e., both
controllable and observable, see 4™ column from the
left) data ports is given. In the bottom row, evaluation
of circuit controllability (2" column from the left),
observability (3™ column from the left) and testability
(4™ column from the left) is presented.
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Step 8) mul2.q Step 11) add.q End of data for 'mul2’.
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st nd rd
(a) 1°° part (b) 2™ part (c) 3" part

Figure 3. Diagnostics data propagation paths for MUL2 key-points

2.3 Circuit Schema Window

In the Circuit Schema window, it is possible (after
testability analysis is performed) to visualize
diagnostics data (i.e., test vectors and responses)
transportation paths for selected circuit element(s). Of
course, the transportation is influenced by circuit
testability, i.e., also by the selected scan layout. With
a respect to the educational goal, only one way of
transportation of test vectors and responses is selected
by SET.

As an example, MUL2 is selected and its
diagnostic data transportation paths are depicted in
the Figure 5 while REG1 and REG6 are included in
two separate scan chains. Together with the graphical
visualization of transportation data paths in the
Circuit Schema window, key-points of the paths are
noted in the History (see Figure 3 for window
snapshot) in the Main Window.

24 Design For Testability Mode

In Main Window, second module (2) can be
selected by checking Scan Layout Auto Designer
radio button first; then pressing the Run button. The
goal of module (2) is to automatically find such a
scan layout that meets selected design constraints
(given in the Design Constraints section in the Main
Window) the most. In the actual version of SET, only
two design constraints can be set by the user:
maximum area overhead and maximum input/output
overhead. To find the scan layout, genetic algorithm
is utilized — in the Genetic Algorithm part of the Main
Window parameters of the algorithm can be modified
to influence the searching process.

In design for testability methodologies different
aspects (criteria) can be taken into account, which
allow different solutions of the problem to be gained.
As a result of such approaches, a subset of registers is
identified through which the test will be applied. It is



supposed the registers will be converted to scan
registers.

One possibility how to identify the set of registers
for the test application process is by means of two
steps: 1) enumerating all combinations of registers,
which could possibly form the scan chain(s) and 2)
evaluating every alternative. These approaches are
usually denoted as "rough methods" (although they
lead to acceptable solutions, they can be too much
time consuming for the problem complexity). These
methods are based on exhaustive search: they simply
visit all points in the search space in some order and
retain the best solution visited. Other methods only

visit part of the search space, albeit the number of
points visited may grow exponentially (or worse)
with the problem size. To avoid this problem, it is
possible to use general-purpose heuristics that do not
guarantee an optimal solution.

During our research [5-8] it was demonstrated that
registers for scan can be selected in the way which
enables design constraints to be fulfilled maximally.
The problem can be seen as the problem of state
space  investigation, the complexity grows
exponentially with the number of registers in the
circuit.
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Figure 4. Snapshot of Testability Details window

Thus (as mentioned above), in our methodology, the
evolutionary approach is represented by genetic
algorithm, which performs a multidirectional search
by maintaining a population of potential solutions (set
of registers for scan). The population of registers for

scan undergoes a simulated evolution from one
generation to another: at each generation the
relatively good solutions reproduce, while the
relatively bad solutions die. The goodness or badness
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of the solutions is defined by a cost function. Each
solution is encoded as a chromosome, which is
represented as a string of bits from a binary alphabet.
To generate new solutions, crossover operation is
used. For the crossover, two solutions S1 and S2 of
the current generation of registers are selected and the
chromosome to the new solution is produced. The
new chromosome is the result of mixing a part of the
chromosome of S1 with a part of that corresponding
to S2. This means that the new solution inherits
certain features of its two parent solutions. The
mutation operator, on the other side, produces a
small, random perturbation to a given solution
(chromosome).

To determine the solutions, which are considered
as parents for crossover operations, a selection
scheme is used. An essential criterion at selection for
crossover is the fitness of the solution defined by the
cost function. Thus, selection of fit solutions for
crossover ensures the propagation of high quality
features into the next generation. The selection is
based on a probabilistic scheme, which favors
candidates having a high fitness. Producing several
successive generations, the average fitness of the
solutions is increasing. The algorithm is usually
stopped after a certain number of iterations or when
no further improvements are produced. The best
solution that has been produced is that one, which is
hopefully close to the optimum. To apply genetic
algorithm to a problem, it is necessary to identify: (1)
meaningful representation for the candidate solutions;
(2) a fitness function to assess different solutions; and

(3) a set of useful genetic operators, that can
efficiently recombine and mutate candidate solutions.

The goal of the genetic algorithm is to utilize
results provided by proposed testability analysis
method in the following way: it was required to select
registers into scan chains and to chain them in such a
way that 1) design constraints posed on the final
circuit will be fulfilled and 2) the highest testability of
resulting design would be achieved together with the
lowest price proportional to size of modifications
caused by scan application in the original circuit
structure.

In [3, 9], the problem of proper scan-layout
selection is discussed together with scan-layout state-
space analysis and a formal notation for scan-layout
description. Using the notation, scan layout selected
in the Scan Layout Selection window is written into
History window after testability analysis is
performed. Let the notation be summarized in brief
by the following points: 1) scan chain is represented
by a sequence of registers that are chained within the
chain, 2) special character (period, dot) is used to
separate particular scan chains, 3) if the ordering of
scan registers within the scan chains is not important,
registers belonging to the same scan chain are chained
in the left-right direction according to increasing
values of indexes (registers with higher indexes are
placed on the right), 4) scan chains are ordered in a
left-to-right way according to increasing index of the
first register in a scan chain (scan chains with higher
index of the first register are placed on the right), 5) if
there is no register selected into scan, notation
contains only the special character. As an example of



scan chains described by the notation, let us present
RiR,.Rs5 or R{R4R5.R,.R3.R¢ (ordering of registers in
scan chain is not important) and R;R;.R; or
RiR;5R4.R;3.R,.R¢ (ordering of registers in scan chain
is important-registers are chained in the order as it is
described in the notation).

The method for selection of registers into scan
chains based on results of testability analysis takes as
input the information on the circuit structure, the set
of design for testability techniques to be used for
testability improvement, diagnostic related
requirements (e.g., desired fault coverage, test
application time, number of testable nodes), design
constraints (e.g., maximum area/pin overhead
allowed) and selection of optimizing algorithm are
used as an output. At the output, a modification of

original circuit structure fulfilling desired diagnostic
properties and design constraints maximally appears.

2.5 Supported Environments

In the full graphical user interface mode, SET runs
as WIN32 application (EduSW.exe, see Figure 1),
thus it should run on all WIN32-based operating
systems (e.g., Win9x, WinXP). Also, SET can be run
as an MS-DOS console application (dcta.exe, see
Figure 6) — e.g. in the Command Prompt or MS-DOS
emulation system in an UNIX environment. SET
results are stored in several file-formats (ASCII,
LaTEX, HTML) to be easily presented in most
frequently used publishing systems.
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Figure 6. Snapshot of SET as an MS-DOS Console Application

3. Conclusions

The educational tool is utilized both by PhD
students and undergraduate students studying at our
department. It will be appreciated if it is utilized not
only by them but by other researchers as well. The
latest SET version, bug fixes, actualized
documentation, examples etc. can be downloaded
from www.fit.vutbr.cz/~strnadel/diag/downloads
page. We shall be grateful for comments or the
recommendations how to improve the software.
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