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Design of Modular Digital Circuits for Testability

Andrew Kusiak,Member, IEEE and Chun-Che Huang

Abstract—Modular products and reconfigurable testing pro- Modular productsrefer to the products, assemblies and
cesses are crucial in modern manufacturing. This paper discusses components that fulfill various functions through the combi-
the concept of product modularity, test modules of increased nation of distinct building blocks (modules) [6Basic com-

reusability and exchangeability, and some aspects of design for tgefer to th ¢ bsvst d hani
testability. A methodology for design of modular products for ponentgeter 1o the components, SUbsystems, and mechanisms

testability in the presence of testing modules is developed. An that interact with distinct modules resulting in different prOdUCt
integrated approach to design of modular products and test pro- variants. Based on the interactions within a product, three
cesses is discussed. The relationship between product modularity categories of modularity have been defined [5].

and design for testability is explored. This paper focuses on digital

circuits which may be difficult to decompose into modules. The 1) Component-swapping modulariyccurs when two or

impact of testability on module sizes is considered. The testability more differentbasic componentare paired with a mod-
points are identified at the circuit level while modular testing is ule creating different product variants belonging to the
considered at the board and system level. The main contribution same product family.

of this paper is in the development of a formal approach to 2)
modularize products, and to assess the impact of modularity on
the design process and testability.

Component-sharing modulariig complementary to the

component-swapping modularity. Various modules shar-

ing the samebasic componentreate different product

variants belonging to different product families.

3) Bus modularityoccurs when a module can be matched
with any number ofbasic componentBus modularity

|. INTRODUCTION allows for varying the number and location of basic

ODULAR products and reconfigurable testing pro- components in a_productwhi!e component-swapping a_nd
cesses with exchangeable test modules are crucial in component-sharing modularity allows only for the basic
agile manufacturing [1]. Modular product design allows to ~ ¢omponents to vary.
generate a large number of different products by creatingNumerous successful cases of launching modular designs
combinations of modules and components providing eabave been reported in the literature. Over 160 creations of
product with distinctive functionality, features, and perforSONY Walkman products were leveraged by “mixing and
mance levels [2]-[3]. Thus modular product design enhand@atching” modular components of a few basic product designs
strategic flexibility[4] by creating flexible designs allowing al7]. Several upgraded models of SONY HandyCam video
company to respond to the changing markets and technok@meras were leveraged from an initial system design by
gies by rapidly and inexpensively creating product variangiccessive introduction of improved modular components [7].
derived from different combinations of the existing or new he principles of modular design have been applied to personal
modules. The modular design principle supports also ofemputers, e.g., Steffens [8], Gilder [9], and Langlois and
of the most important rules of design for environment. ThBobertson [2]. However, the literature on product modularity
increasing complexity of new products and the proliferatiofias not received sufficient attention. Approaches to determine
of new fabrication and packaging technologies have resuf9dules, represent modularity, optimize modular designs,
in more complex test software and hardware. Costs can @d assess the impact of modularity on the design process,
longer continue to be added to products through higher th&nufacturing, and management practices need to be explored.
necessary test programming time, test time, troubleshootinglo date, the growth in size and complexity have made
time, and high capital equipment cost. The partition of the tefgisting of circuits difficult and expensive. Indeed, the test
hardware/software into modular functions to increase the t&gst of electrical products is growing more rapidly than other
resource reusability becomes a necessity. components of the overall product cost [10]. Furthermore, min-
Potential benefits of modularity include [5]: economy ofmizing the product development time requires the integration
scale; increased feasibility of product/component change; if design and test at early stages of the product development.
creased product variety; reduced order leadtime; decoupl@djuantitative terms, testability is defined as a measure of the
risks; easier product diagnosis, maintenance; repair and t@gse with which comprehensive test programs can be written
and environmental friendliness. and executed, as well as the ease with which faults can be
isolated in defective components, subassemblies, and systems.
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4) decreased production test, field service, and fault isola- 1 6 1 1 1 1 1 7 2 9 1 3
tion: 3 12 4 3 0
L 13 [+ 1 1
5) eliminated test bottlenecks; ‘151 1oy 1 }
6) reduced design verification time; 12 1 1+ 1 1 1
7) reduced organizational strife between design, test, and }4 1 1 1 }
management; 13' 1+ .
8) increased liability of an electronics manufacturer; Z } o,
9) increased market share and profitability. ?0 1 . P—
The design for testability at the circuit level has been 3 i1 4
discussed in numerous papers, e.g., comblr_1at|c_mal circuits [11:%] 1. Modularity matrixA’.
and sequential circuits [14]. Methods of adding inputs, outputs;,
and gates to a general circuit to make it completely testable TABLE |

by a small number of tests were presented in Hayes [15] and
Hayes and Friedman [16]. However, the design of modular

INTERPRETATION OF THEMODULARITY MATRIX

Modularity

matrix

products for testability at a circuit level has not been discussed

T N Design
in the literature.

phasc

Product type

Entry interpretation

Column
name

Entry value: value
interpretation

. - . . . . Conceptual | All Function flow Mechanism/
This paper focuses on digital circuits, e.g., logic chain phase Subsystem
circuits. The test level here refers to the circuit level at the Electrical _} Bloctrical flow __ Integer number:
. . . - . Detailed Mechanical | Force flow, thermal, frequency of
identification phase of testability points, and to the board and phase function, etc. Component | application

Force flow, thermal,
function, etc.

system level of the modular testing phase.
In this paper, the concept of modularity is applied to the
development of products and testing. The relationship betwee

H ™/
the design of modular products, and testing the productsEHrbmamces' The transformed matrix

modular tests is explored. A methodology for the design OFf|ned as amodularity matrix The rearrangement of rows

modular products for testability is developed. An integrate@éﬂtzor:umgs is performed by the decomposition discussed in

system for design of modular products and test processes Y modulecorresponds a block-diagonal submatrixtf{see
presented. The remainder of the paper is organized as foIIO\f_zs:

Section Il considers modeling the product modularity and?: 1)- The components that do not belong to any module are

presents a methodology for determining product modulari\{lgferred to adasic componenthe basic components jointly

with the consideration of testability. Section Il discusses mod-.Ith the modular components (included in modules) result in
) . . ifferent types of modular products.
ular testing and an integrated system for design of products . L
In the modularity matrix in Fig. 1, columns and rows corre-

Section IV considers the interaction between product modular—Onol to the component numbers. An entry “1” represents to

; . i . Sp
ity and design for testability. Section V concludes the papeFhe interaction between two components and “blank” indicates

no interaction. Three modules are visible in the matrix in
Fig. 1.

. . .. The entries “1” in the interaction matrix may be generalized
In this section, modular products are represented Wl{ ybed

h. . :
. . . . 1q integer numbers representing, e.g., the frequency of using
matrices. The matrix formulation has been broadly appl|ea8ny two functions at the conceptual design phase, or two

of modles with the consideraion of estabilty is developeqCPoNes at the detaled design phase. The summary of
y P ntry values, their interpretation, and the meaning of the

column and row labels in the modularity matrix applied to
A. Modeling the Product Modularity different types of products and in different design phases are
1) Representation of Modular Productddodularity  is summarized in Table I.
viewed by Ulrich and Tung [18] as depending on tw@) Interpretation of Different Types of ModularityThree
characteristics of the design: axioms for interpreting different types of modularity are pre-

1) similarity between the physical and functional architeented next. _ _
ture of the design: Axiom 1 interprets the component-swapping modularity.

2) minimization of incidental interactions between physical AXIom 1:
components. Let C; be the set of columns corresponding to entries “1”

Based on the two relationships, the interaction and modularity ©f row ¢ [€.9.,C7 = {1,2,3} in Fig. 2(a)].
matrices are used to represent modular products. If

Let the row set and column set | corresponds to the compo- 1) row i corresponds to a module, and
nent setC' = {1...m} in the matrix. Theinteraction matrix 2) columnsj € C; do not correspond to any other
A = [aij]mxm, IS @ cOMponent-component incidence matrix, modules,
whereaq;; represents the interaction between compomentd then the modularity is referred to @amponent-swapping
componeny; ¢ and; € C. Rearranging the columns and rows  modularity, e.g., moduleM and the set’; = {1,2,3} in
of the interaction matrix results in a matrix with block-diagonal Fig. 2(a) form the component-swapping modularity.

Mixed

[a/ij]me, is

Il. PRODUCT MODULARITY
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Fig. 2. Example of component-swapping modularity.

Example 1: An example of product variants generated
through component-swapping is provided in Fig. 2(b). The
various computers in Fig. 2(b) are assembled on a frame board
(M). Different product variants are produced by changing tt -
mouses (basic components 1, 2, and 3). [esmmsr] [an ] [raumae] [ov]

In computer industry, the component-swapping modulari @ Q :D G
is accomplished by matching different hard disk types, monit [
types, and keyboards with the same frame board. ; — ey

Axiom 2 is used to interpret the component-sharing mo @ {j

¢ ¢
ularity. E l"l"-l.h] |_H_*-_'-'_!'.!-"r | |;—..|- Ihl |- A :--.'-|-|
Axiom 2:
LI-A.'\-l 7 3o i || s oK | | rnl;':lxl |-1-| |

Let C; be the set of columns corresponding to entries “1
of row ¢ [e.g., C; = {1,2} in Fig. 3(a)]. i) 0 0 ‘0

|f DA Ta HLE | DaTasili |

@

IWATA TTLIE | AT A B |

1) row ¢ corresponds to a basic component, and ﬂ ﬂ @ @

2) each column irC; corresponds to a module, I ETIT [Emmaee] [ wavimwr]
then the modularity is referred to @®mponent-sharing
modularity, e.g., modules M1 and M2, and component 3 (b)

in Fig. 3(a) form the component-sharlng.modulanty. Fig. 4. Example of bus modularity.

Example 2: An example of product variants generated
through component-sharing is provided in Fig. 3. The different |
types of frame boards and monitors (M1, M2) in Fig. 3(b)
sharing the same microprocessor (component 3) make up
different types of computers.

In consumer electronics, component-sharing arises when a
common power cord or a common tape transport mechanism then the modularity as referred to lisis modularity e.g.,

1) the set of rowsR; corresponds to a module, and
2) all columnsj € C; do not correspond to any other
modules,

is used in different product families. module M and basic components 1, 2, and 3 in Fig. 4(a)
Axiom 3 interprets the bus modularity. form the bus modularity.
Axiom 3: Example 3: An example of product variants generated

Let C; be the set of columns corresponding to entries “Ithrough the bus modularity is provided in Fig. 4(b). The same
le.g., C; = {1,2,3} in Fig. 4(a)] andR; be the set of type of data bug)), and different types of CPU and memory
rows corresponding to entries “1” [e.gR; = {4,5} in units (components 1, 2, and 3) in Fig. 4(b) form different types
Fig. 4(a)]. of data processors with RAM/ROM of different capacity.
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Other examples of bus modularity are a computer, or a Acceptable Better Best
circuit breaker.

B. Solving the Modularity Problem With

Testability Consideration
In this section, the modularity problem represented by the :D—T)@ ;ED'T

interaction matrix is solved with a decomposition approach.
Some research on decomposition in engineering design RRSs.  Added logic elements for initialization.
been reported in [19] and [20]. As the interaction matrix is
square, the decomposition algorithm [21] is applied to identify 4) Design Guidelines for TestabilityEach entrys;; in the
modules, also with the testability constraints imposed basediateraction matrix represents to the relationship between com-
the design for testability guidelines. ponentsi andj. A test point is imposed between two compo-

In order to make complex product designs testable, threents: andj (entry a;; of the interaction matrix). The IEEE
key testability principles based on the definition of testabilitptandard 1149 and the testability guidelines [11], [12], [26],
in technical terms must be considered [11]. [27] for a circuit board, general digital circuit, built-in test,

1) Partitioning: Partitioning aims at splitting functions and adding testability points are used to check the suitability of
into logically separable units. Functions should be designedadding extra testing points for the key entries in the interaction
logically complete units rather than being split among differembatrix. The guidelines can be embedded into an expert system
assemblies. Partitioning simplifies testing and troubleshootititat can assist in decomposing a product architecture into
and facilitates built-in test equipment (BITE) designs as thmodules with the consideration of testability. The testability
fault isolation can be easily achieved. Modular design of funguidelines and IEEE standard 1149 are used at the circuit
tions simplifies testing by reduced amount of I/O simulatiolevel to identify testability points. The decomposition can be
required to test these functions. also perform at the system level in the spirit of concurrent

2) Controllability: Controllability is the ability to exter- engineering (integrated design).
nally [typically by automatic test equipment (ATE)] alter the For example, for the entry of the interaction matrix corre-
internal status of a unit under test (UUT). Control is imperativeponding to éuried memory element, the guideline suggests
for the board to be functionally testable. It is especially neededtra traces, extra inputs to gates, and extra logic elements or
over the processor lines such as READY, RESET, HOLDBunctions for initialization to be added to the memory element
TRAP, and NMI (nonmaskable interrupt). in order to initialize it without a difficult to develop “homing

3) Observability: Observability points (OP’s) are an easysequence” (see Fig. 5).
way to provide improved testability. Candidate points for OP’s 5) Problem Formulation: The problem of forming mod-
are: ules is stated next.

1) points of instruments connected to a circuit node (or Decompose a component-component interaction matrix into

added an extra pseudo-primary output to the design fiReutually separable submatrices (modules) with:
of the circuit) to make it easier to verify the design/debug 1) the minimum number of nonempty high value entries

the prototype circuit; outside the block-diagonal interaction matrix;
2) points of reconvergent fanout, or high fanin points; 2) subject to the following constraints:
3) points of the output of logic driving displays or other Constraint C1 Empty modules of components are
output deviceslIntelligent observability points placed allowed, and
between device packages of the modules are much more Constraint C2 The number of components in a mod-
valuable than test points placed at intermediate stages in ule can not exceed upper bound,,
a single package. and the total cost of the components
Abramovici [12] suggested the following basic rules to duplicated can not exceed.
improve testability: Constraint C3 The testability guidelines are satisfied
1) employ test points to enhance controllability and ob- for each entry (accomplished by the
servability; expert system).
2) design circuits to be easily initializable; Decomposition allows one to explore potential modules
3) disable internal one-shots during test; among components and to analyze various types of modularity.

4) disable internal oscillators and clocks during test; The challenge is to group components into modules that are
5) partition large counters and shift registers into smalf acceptable size, cost, and test requirements.

units; 6) Decomposition ApproachThe design for testability
6) avoid the use of redundant logic; methodology developed in this paper aims at
7) provide logic to break global feedback paths. 1) modularizing circuits;

For the studies in the controllability enhancement refer to 2) circuit controllability;
Chickermane and Agrawal [22], Goldstein and Thigen [23], 3) circuit observability.
Chickermaneet al. [24], and the observability enhancement to The decomposition approach presented in this section trans-
Goldstein [25]. forms the interaction matrix into modularity matr¥ (defined
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in Section 1), analyzes the modularity matrix, and detectsc:
modularity across different products. Two characteristic con; [ — ;3 12— 7
ditions are considered to include/exclude a component from

a module. ——j e
. . . 1 5 8 : 3
Condition 1: Exclude a component if the following condi- |~ T , T =
tions are satisfied: -

Cs5

1) Control points are needed. T e —= 13 [
= 1] 12 —® 2
2) None of the submatrices violates constraints C1 and C2 . T

Condition 2: Include the component if the following con-
ditions are satisfied:
1) a component is used in two modules sumultaneously
2) visible points are needed;
3) none of the submatrices violates constraints C1 and C2. 1 2 3 4 5 6 7 8 9 1 t 1 1 1
Algorithm: - el 2 ? :
Step 0 (Initialization)
Initialize the interaction matrix. Specify an upper
bound Ny on the number of components in a module
and the budgeB.
Step 1 (Triangularization)
Triangularize the interaction matrid into matrix A’
with the algorithm presented in Kusiadt al. [21].

Step 2 (TeStablllty) . . . Fig. 7. The interaction matrix for the eight components in Fig. 6.
Determine the controllability and observability points

6 C7 C8

- e 7 . d
4 5[:8 3— 10—z 7 4 5]: 8 7
2

9

. 6. The set of electrical components with inputs and outputs.

1
2
3
4
5
6
7 +
8
9
1
1
1
13
1

BWN—=O
+

1 +

based on the IEEE standards and testability guidelines % 6 i ; 41; 1 i 7 2 9 (1) 34 5 8
[11]-{12], [26]-[27]. B[ T -
Step 3 (Exclusion) 1? 1 l }
Exclude a component from a module that satisfies |4 o Pt
Condition 1, and place it in the last column of the 131, Lt }r
modularity matrix. Repeat this step until no more 7 | + 1
components can be removed. ; T,
Step 4 (Inclusion) 1 | PR
Include a component that satisfies Condition 2, and ‘5‘ . } ' +1 |
repeat this step untili no more components can be 8 1 1 +
duplicated. _ _ _
. . Fig. 8. The transformed modularity matrix.
Step 5 (Identification)
Identify modules corresponding to the groups4h The interaction matrix of the component set are defined in
Step 6 (Classification) Fig. 7.
Classify the modules in the modularity matrix based The “entry s, = 17 in Fig. 7 means that the electrical
on the three axioms presented in Section II. signal flows from output 5 to input 1.

Step 7 (Termination) Applying the decomposition algorithm to the interaction
matrix in Fig. 7 results in matri4’] in Fig. 8.
Stop and output the results. Four modules have been identified in the matrix in Fig. 8:
Note that in Step 4 of the algorithm, the components th(5113767 11,12),(13,14,1), (10,3), and(4, 5,8). Based on the
include control points are removed from the modules in ordgefinitions presented in Section II, modul& 11,12, 13) and
to be connect to the inputs of test modules. Step 5 producesomponents 7, 9, 2 form component-swapping modularity.
solution of better quality by including some components aﬂdodule(13, 14,1), (10,3), and component 7 form component-

making the module points more visible for testing. sharing modularity. Modulé4, 5,8) and components 2, 7, 9
7) lllustrative Example: form bus modularity.
Example 4: Electrical circuits. Note that in order to obtain a solution of better quality,

Consider the set of electrical components C1, C2, C3, GAput 13’ duplicating 13 is introduced. The modularity
C5, C6, C7, and C8 in Fig. 6. An electrical product, whethenatrix without duplicating 13 is presented in Fig. 9. Three
it is a simple radio or a complex supercomputer, consists wiodules are identified:(13,6,11,12,14,1),(10,3), and
two basic elements—electronic components and interconné¢:5,8), where the submatrix corresponding to module
tions between the components. This example focuses on {th&,6,11,12,14,1) is sparse. The group efficacy of module
modularization of components and the analysis of modules(13,6,11,12,14,1) = 8/36 is lower than the group efficacy
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Fig. 11. Six-level logic chain.
tapos | il . F—_E. i" - . Step 5 The decomposition approach results in three mod-
' - — ules: {U1, U3, U4, CP4, OPY {U9, U10, U13,
: L CPL, and {U11, U12, Ul14, U15, U2, U5, CP2,
i mc:[ng " - CP3, CP5, OP2, OR3
13 i N - !
I
— l lll. INTEGRATED SYSTEM FOR DESIGN
o ! ----:_ﬁ-r:)-r-::’s::—a ol 11 | OF MODULAR PRODUCTS AND TESTS
' AN A ' I In this section, an integrated system for design of modu-
. - lar products and tests is developed. The modular testing is

w-}ij_ : presented in Section llI-A. In Section IlI-B, an integrated
E?‘, approach for design of modular products in a modular test

L?l environment is presented. The board and system test level of
modular products is considered.

Fig. 10. Example of five circuits. A. Test Modularity

of modules(13,6,11,12) and (14,1,13') = 5/16 + 3/9 = In this section, test modules of increased reusability and
93/144 in Fig. 9 (see [17] for the definition of efficacy exchangeability are discussed. An increased testability is
measure). achieved by adding controllable and observable points in

Examples of the designs based on the modules identifiedsinuctures calletesting modulesf products. Atesting module
Fig. 6 are shown in Fig. 10. The shadowed components foonsists of test generation software, gates, inputs, and outputs.

the modules. Based on the interactions between the test equipment and
Example 5: Design for testability the six level logic chainproducts tested, three categories of modularity have been
in Fig. 11. defined (analogous to product modularity in Section II).

~ In this example, the components from Example 4 are usedi) Test-swapping modularitpccurs when two or more
in the six level logic chain. The logic chain m_cludes 20 different basic test moduleare paired with a product
IC’s, some VLSI IC's and some ASIC’s, along with regular  module creating different test function variants belong-

“glue logic.” This example signifies the testability in the ing to the same testing resource family.
modularization process. 2) Test-sharing modularityis complementary to the
Step 1 The triangularized interaction matrix is pre- component-swapping modularity. Various product
sented in Fig. 12. modules sharing the sambeasic test modulecreate
Steps 2—-4 Identify testability points. different test function variants for various product
The circuit in Fig. 11 with some “glue logic” may contain families.

feeedback loops and may be initialized. In Step 1, the block-3) Bus modularity occurs when a product module can
diagonal submatrices are formed. In Step 2, e.g., CP1 is be matched with any number dfasic test modules
suggested by the testability guideline regarding theied Bus modularity allows for variation in the number and
memory element (U16) in order to initialize it without a location of basic test modules while test-swapping and
“homing sequence.” Other CP’s and OP’s may be identified  test-sharing modularity allows only the basic compo-
based on the guidelines presented in Turino [11]. The result nents to vary.
of partitioning and adding CP’s to the six level logic chain is Examples 6-8 illustrate the test modularity [12], [28].
illustrated in Fig. 13. Example 6: Test-swapping modularity.

Adding more CP’s and OP’s for testability leads to the result Fig. 15 shows a portion of the TMS 32010 signal-
shown in Fig. 14 [11]. processing chip. In Fig. 16, four modules of built-in logic
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Fig. 12. The triangularized interaction matrix of the six-level logic chain.
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Fig. 13. The partitioned six-level logic circuit with OP’s added.
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TPl |_r :

Fig. 15. Portion of the TMS 32010 signal-processing chip.

ik nals during functional level testing. A test and/or maintenance
| processor appears as another element attached to the system
|

e
R
i

|

L
-
1 L
Feamdtiidii I

buses. The system bus in Fig. 18 controls the testing of this
system according to the test bus modularity. This is often done
by emulating the system’s processing engine. The automated

{4 e
i Pariien)

(IR (A

o test equipment can also emulate the various units attached to

R the bus, monitor bus activity, and test the processing engine.
ui L Gl e In general, complex, manually generated functional tests are

g L used.

(Pt L) dipm g conmler Ci i L3 level ol ngie

1) Test Library: Based on the concept of test modularity,
Fig. 14. The result with CP’s and OP’s added. the test “library” consists of modular sets of software and
) ) hardware. The software includes the test generation (TG)
block observation (BILBO) are presented to test this Ch%ﬂgorithms for different types of chips. The examples of
(28]. } . the TG algorithms include: D-algorithm [29], 9-V algorithm
Example 7: Test-sharing modularity. [30], Path-Oriented Decision Making (PODEM) [31], Fanout-
Fig. 17 presents how the concept of boundary scan cgpiented (FAN) [32], fault-oriented algorithm for sensitized-
extended to the_board and system Igvel accor(_jlng to the tesith testing (FAST) [33], and so on. Each algorithm combined
sharing modularity. The system here is a collection of modulggith a set of hardware is able to test the testability points in
such as PCB's, each consisting of IC’s. In this example, themodule. The hardware consists of gates, inputs, and outputs

boundary scan path of each chip on a board is interconnecigéyrporated to logic gate level description of the circuit.
in a daisy chain fashion to create one long scan path on each

board. All boards share commafy,, N/T', and CK inputs.
Their Soy: lines are wired-ORed together.
Example 8: Test bus modularity. With product and test modules determined, a matching
This design for testability (DFT) approach makes use ofapproach, e.g., technology mapping [34], is used to select the
module’s or system’s functional bus to control and observe sidesired modular set of software and hardware from the test

B. The Integrated Design Approach
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Ry Ry
Board 1
4 8 . .
| mucrieLie | Chip| 4 | Chip || Chip
MULTIPLIER
s — -
BILBO
Board 2
Chip[ 4 f Chip | | Chip
[ ]
[ ]
MISR Board N
Chipy 4 ] Chip | _{ Chip
(d)
Fig. 16. Test-swapping modularity: Four test modules for the TMS 32 010:
(a) BILBO solution, (b) solution withR3 remains unmodified, (c) solution
with ALU tested by separate MISR’s, and (d) solution with ALU tested by Select N —
sharing an MISR. Select 2
Sys:tem Select 1
maintencance Sm
processor Sout]
library to apply to the testability points in a test object. It is T
assumed that each point is testable with an existing testing CK

module.
The integrated design approach is summarized in Fig. J8y. 17. Test-sharing modularity.

The design object is modularized with the algorithm discussed

in Section 1I-B. In the process of modularizaion, testability, Nonbus 1/0

points are added by the expert system which supplies testahil- TN

ity guidelines according to the IEEE standards, e.g., IEEE Stdl. uP | Unitll .. |En_“i] B U ATE

1149. With the design products modularized, possible CPls ‘ 4 1

(controllable points) and OP’s (observable points) are usdd lsy‘“lembus )

to determine test modules. Matching the test requirements pf -

CP’s and OP’s of design products with proper test modulégs M ‘Cﬁmm

is crucial and needs to be completed through the negotiatign

and mapping between the design for testability and modulgr HOBus

testing. The trade-off analysis of the test modules is necessaty.
As illustrated in Fig. 19, the testability points CP1, OP1,

and OP2 are located and added to the modular product wfth 18- Test bus modularity.

three modules M1, M2, and M3, thus improving its testability.

The test module$2, b, ¢}, {1, a, b}, and{1,d} are used to test A. The Impact of Product Modularity on Design for Testability

OP1, CP1, OP2, respectively. The impact of product modularity on the design for assem-
bly and the product life cycle are presented in He and Kusiak
[35] and Newcomkbet al. [36].

Decomposition, standardization, and exchangeability are the
attributes of a modular product. Decomposition enhances the
The activities related to the design of modular products awdntrollability and observability of testing, repetitively, and
design for testability interact with each other. This interactiomence reduces the complexity of the test process. For example,

is discussed next. assume test generation requiréssteps for a circuitC having

IV. THE INTERACTION BETWEEN PRODUCT
MODULARITY AND DESIGN FOR TESTABILITY



56 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING, AND MANUFACTURING TECHNOLOGY—PART C, VOL. 20, NO. 1, JANUARY 1997

o]

Cpon L ]
Design Hj.:,l,
oigeil 4

’ o  whH v
P
L ol
Design fes
- softwareand —_—_—
WY

| Eiarrmenatien
of lewsahle Tewr imodhile
P and OFs delenmination
HESECTHT
feowls | r\.ﬂ... -

{Parstion) il tawed af

Vappey biam i wemakr 3 Long coem 1 i level ot kapic
By umik i@ " . .
:::....:ﬁ'.. e Fig. 20. The result with CP’s and OP’s added.
Py
Al amal i
Final resul
IJIEIL'E ULa

Firad
T TP TS
TEFEiR. Wil
1es madakes {-F1 cIr2

Fig. 19. The paradigm of design for testability.
Fig. 21. The alternative result with more CP’s and OP’s added.

n gates, and tha€” has 10000 gates and can be partitioned

into two circuits C; and C, of 5000 gates each. Then, theest resources (either automatic test equipment or built-in-test

test generation for the unpartitioned version @frequires circuitry) to critical internal nodes required for initialization

(10%)? = 10® steps, while the test generation 6§ andC, of the circuitry under test, partitioning that circuitry, and

requires only2 * 25 % 10° = 5 % 107 steps, or about half of control for fault activation. The procedure for forming modules

the testing time. Standardization simplifies test adapter desigvish the consideration of testability may include partitioning,

and also reduces the number of different test adapters requiaed adding control points and visible points. Testability may

for any system. Similar to using standard pin configurationsecome a constraint of the module formation problem.

standardization of connector types reduces the number of typeExample 5 of Section Il is used to illustrate the impact of

of test adapters required and improves manufacturing agestability on the formation of modules.

logistics conditions. Example 9: Design for testability for the six-level logic
chain in Fig. 6.

B. The Impact of Design for Testability on Product Modularity The result of partitioning, of six level logic chain with

The size of a module is often compromised due to seveffided gates and control points to break long chains and cut

factors, e.g., panel size, performance requirements, or cd¥pgramming times is illustrated in Eig. 20.
Khan and Madisetti [37] presented a systematic approachStep 5 Three modules are determing¢dil, U3, U4, CP4,

to partitioning the multichip-based system for low power OP1}, {U9, U10, U13, CP}, and{U11, U12, U14,
considering the area of panel, yield, reuse of cell libraries, U15, U2, Us, CP2, CP3, CP5, OP2, OP3
and routing constraints. The partitioning with control and visible points added

Design for testability may also be another crucial factanay alternate, thus resulting in modules of different sizes.
in partitioning a circuit and determining the boundary of &n alternative partition is presented in Fig. 21, where the
module. Conventionally, a circuit is partitioned into reasonablglacement of CP3 has changed.
small functional blocks (clusters). In the modular design The decomposition approach with the different guidelines
approach, a block (cluster) corresponds to module. The padonsidered in Step 2 provides three modulgdl, U3, U4,
tioning problem is concerned with breaking a circuit syste@P4, OP2,{U9, U10, U13, CP}, and{U11, U12, U14, U15,
into modules making the circuit system easier to understaidR, U5, U6, U8, U18, OP2, OP3, OP4Note that the third
easier to control by including reasonably direct paths from timeodule is larger than in the previous partition.
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V. CONCLUSION [21]

ethodologies for the design of modular products for

testability and the design of test modules were developdé?l
Test modules of increased reusability and exchangeability
were discussed. An integrated system for design of modufasg]

products and tests was presented. The interaction between

product modularity and the design for testability was di§24]
cussed. The main contribution of this paper is in exploring
the relationship between the design of modular products aﬂg]

testi

The following four issues require further studies.

1)
2)
3)

4)

(1]
(2]

(3]
(4]

(5]
(6]
(7]

(8]
(9]
[10]

[11]
[12]

[13]

[14]

[15]
[16]
[17]

(18]

[19]

[20]

ng the products in modular tests.
[26]

Test libraries for different types of electronic products
need to be developed. [28]
An efficient matching approach between the testability

points and test modules in test library is needed. [29]
An expert system supporting the identification of testa-

bility points need to be developed. 30
The trade-off analysis of the design guidelines for testa-

bility should be developed.
[31]
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