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Introduction

➺ Testing for SSFs is based on structural model.
➺ May not be available, or
➺ May be too complex.
➺ Physical fault testing cannot check design errors.

➺ Functional testing is based on functional model.
➺ Specifies design functionality.
➺ Check physical faults + design errors.

18.1  Basic Issues 



Introduction – cont’d 

➺ Objective: validate system implementation wrt
its functional specification.

➺ Functional testing without fault models
➺ Generate tests wrt fault free behavior

➺ Functional testing using specific fault models
➺ Directed tests

➺ Exhaustive and pseudoexhaustive testing

28.1  Basic Issues 



Functional Testing without Fault Models

➺ Exercise specified functions.
➺ Ex: to test D-FFs, need to validate that
➺ It can set and reset, and
➺ It can hold values.

➺ Coverage Problem: more difficult to evaluate the 
quality of tests with fault models.

38.2 Functional Testing without Fault Models



Heuristics for Coverage

➺ Operation activation

➺ A “complete” test should exercise both branches.

➺ Decision path tracing

➺ There are 4 paths considering those two statement
4

if x then operation1 else operation2

if y then operation3 else operation4

8.2 Functional Testing without Fault Models



➺ Decision path tracing:
➺ coverage measure by the ratio 

of paths traversed vs total # of 
paths. 

➺ Checking unintended behavior:
➺ Possibility of writing data to R2 

in addition to R1?
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Figure 8.2 Illustration for decision paths tracing

8.2.2 Functional Testing with Binary Decision Diagrams

In Chapter 2 we have introduced binary decision diagrams as a functional modeling tool.
In this section we describe a functional testing technique based on binary decision
diagrams [Akers 1978].

First we recall the procedure used to determine the value of a functionf, given its binary
decision diagram and values of its inputs. We enter the diagram on the branch labeled f
At an internal node whose label is i we take the left or the right branch depending on
whether the value of the variable i is °or 1. The exit value of the path followed during
the traversal is the value, or the value of the variable, encountered at the end of the path.
The inversion parity of the path is the number of inverting dots encountered along the
path, taken modulo 2. For a traversal along a path with exit value v and inversion parity
p, the value of the functionfis vffip. For example, consider the JK F/F and its diagram
shown in Figure 8.3 (q represents the state of th! F/F). The value of y along the path
determined by S=O, R=O, C=I, and q=l is Kffil =K.

A traversal of a binary decision diagram implies a certain setting of the variables
encountered along the path. Such a traversal is said to define a mode of operation of the
device. A path whose exit value is x denotes an illegal mode of operation, in which the
output value cannot be predicted. For the JK FIF of Figure 8.3, setting S=l and R=1 is
illegal. Figure 8.4 lists the five legal modes of operation of the JK F/F corresponding to
the five paths with non-x exit values.

Heuristics for Coverage

8.2 Functional Testing without Fault Models



Functional Testing with BDDs

6

310

y

FUNCTIONAL TESTING

y

J

C
K

s
q

R

y

y

S

q

C

J

q

o 1

K

x

Figure 8.3 Binary decision diagram for a JK F/F

S R C q J K y
0 1 x x x x 0
1 0 x x x x 1
0 0 0 q x x q
0 0 1 0 J x J
0 0 1 1 x K K

Figure 8.4 Testing experiments for a JK F/F

Every (legal) mode of operation can be viewed as defining a testing experiment that
partitions the variables of a function into three disjoint sets:

• fixed variables, whose binary values determine the path associated with the mode
of operation;

• sensitive variables, which directly determine the output value;

• unspecified variables, which do not affect the output (their values are denoted by
x).

An experiment provides a partial specification of the function corresponding to a
particular mode of operation. In Figure 8.3, y is a function y(S,R,C,q,J,K). The partial
specification of y given by the third experiment in Figure 8.4 is y(O,O,O,q,x,x)=q.
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Figure 8.4 Testing experiments for a JK F/F

Every (legal) mode of operation can be viewed as defining a testing experiment that
partitions the variables of a function into three disjoint sets:

• fixed variables, whose binary values determine the path associated with the mode
of operation;

• sensitive variables, which directly determine the output value;

• unspecified variables, which do not affect the output (their values are denoted by
x).

An experiment provides a partial specification of the function corresponding to a
particular mode of operation. In Figure 8.3, y is a function y(S,R,C,q,J,K). The partial
specification of y given by the third experiment in Figure 8.4 is y(O,O,O,q,x,x)=q.

What functions to test?
How to generate tests from BDDs?

8.2 Functional Testing without Fault Models



Exhaustive & PseudoExhaustive Testing

➺ Universal fault model
➺ Any fault in a circuit is possible.
• Any faults that changes a circuit’s function

➺ Need to apply all 2n input vectors for n PIs.  
➺ only practical for small circuits. 

➺ PseudoExhaustive Testing
➺ Consider certain structural information
➺ Significantly reduce the input vectors by circuit 

partitioning wrt POs.
78.3 Exhaustive and pseudoexhaustive Testing



Partial-Dependence Combinational Circuits

➺ Definition: No PO depends on all PIs.
➺ Only need       input vectors for PO Oi with ni

PIs.

8

2ni

314 FUNCTIONAL TESTING

a ------t

b

c --------;

(a)

t---- Y

a b c
0 0 0
0 1 0
1 0 1
1 1 1

(b)

Figure 8.7 (a) Partial dependence circuit (b) Pseudoexhaustive test set

8.3.1.2 Partitioning Techniques

The pseudoexhaustive testing techniques described in the previous section are not
applicable to total-dependence circuits, in which at least one PO depends on all PIs.
Even for a partial-dependence circuit, the size of a pseudoexhaustive test set may still
be too large to be acceptable in practice. In such cases, pseudoexhaustive testing can
be achieved by partitioning techniques [McCluskey and Bozorgui-Nesbat 1981]. The
principle is to partition the circuit into segments such that the number of inputs of
every segment is significantly smaller than the number of PIs of the circuit. Then the
segments are exhaustively tested.

The main problem with this technique is that, in general, the inputs of a segment are
not PIs and its outputs are not POs. Then we need a means to control the segment
inputs from the PIs and to observe its outputs at the POs. One way to achieve this,
referred to as sensitized partitioning, is based on sensitizing paths from PIs to the
segment inputs and from the segment outputs to POs, as illustrated in the following
example.

Example 8.4: Consider the circuit in Figure 8.8(a). We partition it into
four segments. The first segment consists of the subcircuit whose output is h. The
other three segments consist, respectively, of the gates g, x, and y. Figure 8.8(b) shows
the eight vectors required to test exhaustively the segment h and to observe h at the
PO y. Since h=1 is the condition needed to observe g at the PO x, we can take
advantage of the vectors 5 through 8 in which h=1 to test exhaustively the segment g
(see Figure 8.8(c)). We also add vectors 9 and 10 to complete the exhaustive test of
the segment y. Analyzing the tests applied so far to the segment x, we can observe
that the missing combinations are those in which h=O; these can be applied by using
vectors 4 and 9.

Figure 8.8(d) shows the resulting test set of 10 vectors. This compares favorably with
the 26=64 vectors required for exhaustive testing or with the 25=32 vectors needed for
pseudoexhaustive testing without partitioning. 0

In an example presented in [McCluskey and Bozorgui-Nesbat 1981], sensitized
partitioning is applied to a commercial 4-bit ALD. This is a total-dependence circuit

8.3 Exhaustive and pseudoexhaustive Testing



Circuit Partitioning

➺ Pseudo-exhaustive testing still not practical for 
large ni
➺ Or total dependence circuits

➺ Circuit partitioned into segments with limited # 
of inputs.

➺ If inputs/outputs of a segment are not PIs/POs,
➺ Need to control segment’s inputs from PIs,
➺ Need to observe segment’s outputs on POs.

98.3 Exhaustive and pseudoexhaustive Testing



Circuit Partitioning
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with 14 PIs, that would require 214 vectors for exhaustive testing. Its
pseudoexhaustive test set based on sensitized partitioning has only 356 vectors.

A pseudoexhaustive test set based on sensitized partitioning detects any fault that
changes the truth table of a segment. Since a circuit may have several possible
partitions, this fault model depends, to a certain extent, on the chosen set of segments.
Partitioning a circuit so that the size of its pseudoexhaustive test set is minimal is an
NP-complete problem. A partitioning algorithm based on simulated annealing is
described in [Shperling and McCluskey 1987].

Note that partitioning techniques assume knowledge of the internal structural model.

8.3.2 Sequential Circuits
For a sequential circuit, the universal fault model accounts for any fault that modifies
the state table of the circuit without increasing its number of states. An input sequence
that detects every fault defined by this model must distinguish a given n-state
sequential machine from all other machines with the same inputs and outputs and at
most n states. The existence of such a checking sequence is guaranteed by the
following theorem [Moore 1956].

Theorem 8.1: For any reduced, strongly connected*, n-state sequential machine M,
there exists an input-output sequence pair that can be generated by M, but cannot be
generated by any other sequential machine M' with n or fewer states. 0

* A reduced machine does not have any equivalent states. In a strongly connected machine any state can
be reached from any other state.

8.3 Exhaustive and pseudoexhaustive Testing



Circuit Partitioning – Vectors for Testing h
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the state table of the circuit without increasing its number of states. An input sequence
that detects every fault defined by this model must distinguish a given n-state
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a b c d e f g h x y

1 0 0 0 1 1 1
2 0 0 1 1 1 1
3 0 1 0 1 1 1
4 0 1 1 1 0 0
5 1 0 0 1 1 1
6 1 0 1 1 1 1
7 1 1 0 1 1 1
8 1 1 1 1 1 1

(b)

a b c d e f g h x y
1 0 0 0 1 1 1
2 0 0 1 1 1 1
3 0 1 0 1 1 1
4 0 1 1 1 0 0
5 0 0 1 0 0 1 0 1 0 1
6 0 1 1 0 1 1 1 1 1 1
7 1 0 1 1 0 1 1 1 1 1
8 1 1 1 1 1 1 1 1 1 1
9 0 1 1 0 0 0
10 0 0 0 0 1 0

(c)

a b c d e f g h x y
1 0 0 0 1 1 1
2 0 0 1 1 1 1
3 0 1 0 1 1 1
4 0 0 0 1 1 1 0 0 0 0
5 0 0 1 0 0 1 0 1 0 1
6 0 1 1 0 1 1 1 1 1 1
7 1 0 1 1 0 1 1 1 1 1
8 1 1 1 1 1 1 1 1 1 1
9 0 1 0 1 1 0 1 0 0 0
10 0 0 0 0 1 0

(d)

Figure 8.8 (Continued)

8.3 Exhaustive and pseudoexhaustive Testing

Test vectors for h which is observable at y



Circuit Partitioning – Vectors for Testing g
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Figure 8.8 (Continued)

8.3 Exhaustive and pseudoexhaustive Testing



Circuit Partitioning – Vectors for Testing y
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Figure 8.8 (Continued)

8.3 Exhaustive and pseudoexhaustive Testing



Testing Sequential Circuits

➺ Fault assumption: state table modified w/o 
increasing # of states
➺ Add/remove state transitions

➺ Problem: finding input sequences that 
distinguish a circuit with n states from all other n-
state circuits
➺ Such sequences exist for reduced and strong 

connected sequential circuits

148.3 Exhaustive and pseudoexhaustive Testing



Testing Sequential Circuits – Three Phases

➺ 1: initialization – bring circuit to a known state
➺ 2: Verify that circuit has n states
➺ 3: Verify that every entry in the state table 

158.3 Exhaustive and pseudoexhaustive Testing



Functional Fault Models

➺ Functional faults represent effects of physical 
faults on the functions of a system.
➺ Behavior due to functional faults should match the 

behavior due to physical faults.
➺ Tests to detect functional faults have high coverage 

for the SSFs in the structural model.

168.3 Functional Testing with Specific Fault Models



Example – Addressing Faults
➺ Addressing decoding – Functions
➺ Addressing a word in memory
➺ Selecting a register in  processor
➺ Decoding an instruction to determine operations to 

perform
➺ Functional faults
➺ Selecting no item
➺ selecting item i instead of j
➺ Selecting item j in addition to item i.

➺ Test generation concerns generating a program that 
produces wrong results.

17



Summary

➺ Test if circuit functions are implemented 
correctly

➺ Functional Fault Model: effects of physical faults
on functional behavior

➺ Functional testing:
➺ Pseudo-exhaustive 
➺ Test generation w or w/o fault models
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