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Abstract-An important problem in fault detection is to verify
whether a single-fault test set is able to detect all multiple-faults.
This paper provides a solution to the above problem. It is known that
a test set derived for the detection of some fault may fail this purpose
in the presence of an additional fault. This phenomenon is called
masking among faults, and is of great importance in the derivation of
a test set which detects all multiple-faults. This paper investigates
the masking relations among faults in a combinational logic circuit.
For this purpose a transform for th e circuit is defined and a model for
fault analysis is constructed. This transform and model reduce the
number of faults which have to be considered in order to achieve the
detection of all multiple-faults. An algebraic procedure yields the
derivation of the masking relations. A problem which arises, namely
the existence of a set of faults forming a loop of masking relations
is considered. An application is presented: starting with a test set
derived under the single-fault assumption it is shown how to extend
this test set so that it detects all multiple-faults. All of the results in
this paper are valid for general multiple-output circuits. For simplicity in the exposition, the single-output case is examined.

Index Terms-Combinational logic circuit, fault detection, fault
masking, masking loop, multiple-fault, single-fault, test.
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Fig. 1. Circuit N,.

In doing so, a problem which arises, is the masking
phenomenon among faults. As an illustration, consider
circuit N1 (Fig. 1).
The test "X = 0, Y = 1", (which is represented as
XY) detects the single-fault "line a stuck-at-1: (a/1) ."
If (a/1) and (c/i) are both present in N1 then the application of XY will not detect the presence of (a/1). That
corresponds to a masking effect of (c/1) on (a/1) under
the presence of the test XY. This masking is not a problem
as the test XY detects the fault (c/1) and no fault masks
(c/l) under the presence of the test XY.
The existence of loops of successively masking faults
may invalidate a SFTS as a MFTS. For a fan-out free
circuit it is possible to derive a minimal SFTS which is
also a MFTS [7]-[8]. For a general circuit it is a complex
task either to validate a SFTS as a MFTS or to display
the sets of multiple-faults which are undetectable under
the given test set.
It is the objective of this paper to study the masking
effects among faults in an irredundant circuit. For this
purpose in Sections II and III a convenient model for
fault analysis is constructed. The whole effect of this
model is to map the set of all multiple-faults into a smaller
and more convenient set. This new set has the property
that if all its faults are detectable by a test set T, then
all multiple-faults in the original circuit are also detectable by T. The algebraic analysis presented in Section
IV leads to a procedure for the derivation of the masking
relations among faults. Finally, by analyzing those
relations it is possible to generate a MFTS for the circuit.

tHE PROBLEM of fault detection and fault location
.Lhas received the attention of many investigations
[1]-[9]. It has been quite acceptable to model the
failures in a circuit by assuming a stuck-at-logical value
model (stuck-at-0, stuck-at-1). A simple way of handling
this model is to assume that at most one such fault is
present in the circuit at the testing time (single-fault
model: (SFM). This assumption may yield wrong results
for redundant circuits [4], and may not be correct for
technologies like LSI, in which the failures are highly
dependent. For those cases it is more realistic to assume
a multiple-fault model (MFM).
One problem associated with the MFM is the huge
number of faults in it. In a circuit with p lines, there are
(3P - 1) possible multiple-faults and therefore it is not
feasible to enumerate them all, even for small sized cirII. THE NORMAL NAND MODEL FOR A
cuits. This number of faults can be reduced through the
CIRCUIT
application of the concept of fault equivalence and fault
In his doctorate work, Hayes [8] derived a NAND model
dominance [5]-[6].
for
a combinational circuit in order to derive a test set
One way of generating a multiple-fault test set (MFTS), for it.
This
is obtained by replacing the elementary
is to first generate a single-fault test set (SFTS), and then gates in themodel
circuit by NAND gates, and it has the property
to extend it so that it can handle multiple-faults as well. that a complete test set for it (SFTS or MFTS) is also
a complete test set for the original circuit. One advantage
Manuscript received July 15, 1974; revised November 18, 1974. of this model is that it allows a uniform treatment of the
This work was supported in part by the National Science Foundation under Grant GJ40286 and in part by FAPESP/Escola Poli- faults in it, by restricting them to stuck-at-1 faults (ext6cnica, USP-Sao Paulo, Brazil.
The author is with the Digital Systems Laboratory, Stanford cept for the stuck-at-0 fault in the circuit output line,
which is handled separately). A set of faults S(N) is
University, Stanford, Calif. 94305.
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defined for this model, and a test set which detects all
faults in S(N) is a MFTS for N.
Definition 1: S(N) is defined as the set of faults (x) in a
normal NAND network N (Ni,N2, ,N, are its maximal
fan-out free subnetworks) with the properties:
1) Each component of (x) is a stuck-at-1 fault. An
exception is made for the circuit output line which
may be stuck-at-0.
2) (x) does not involve any line which fans out.
3) No (x) involves all inputs to any gate.
4) Each (x) involves at most one line in each complete
path in Ni for i = 1,2, * *,s [8].
The following example will show typical sets S(N)
-

(Fig. 2):

S(N2) = f (a/1), (b/1), (c/O), (c/1)}
(a/0), (a/l,b/ 1) are not in S (N2)

S(N3)

=

{(all),(bll)3(a/lcll),(all,f/1)7-**I

(a/0), (a/1,e/1), (a/1,b/1), (e/l,f/1), * * * are not in S(N3)
S(N4) = f (b/O),(b/l),(c/O),(c/1),(b/O,c/O),
(b/O,c/ 1), (b/l,c/O), (b/l,c/1) I
(a/0), (a/1), (a/0,b/1), * * * are not in S(N4).
III. THE FAULT MODEL FOR A LINE
It is possible to analyze the behavior of a line in a
circuit by associating (some) state variables to the
line [1].
signal x
signal y

line a
y =

a.x + a,

y = an + aO

The state variables satisfy the relations:
a. = 1 iff line a is not faulty
anal =

anaoa0

aao

=

O,

a,

= 1 iff line a is stuck-at-i

an + a, + aO = 1,

ao = 1 iff line a is stuck-at-0.
This model can be simplified in the context of the reduced set of faults S(N), because it only consists of
stuck-at-1 faults (with the exception of the fault in the
circuit output line).
signal y
signal x
line a
y = a +x
y = ax.

Now, "a"l can be interpreted as: a = 0 iff line a is
not faulty, a = 1 if line is stuck-at-i (see Fig. 3).
This model is similar to the fault injection model [6],
except that in the present case, only stuck-at-I faults
have to be considered. In this way it is possible to simplify
the notation (a/i) to (a) with no ambiguity, as long
as "a" is not the circuit output line (this line will be
handled separately).
IV. FAULT MASKING ASSOCIATED WITH
A TEST SET
In this section, the notion of fault masking will be
formally defined. Some results linking fault detection
and fault masking will be derived. A set of procedures
will be established for finding out multiple-faults which
are undetectable under a given test set.
Let the set of all lines in a circuit C (excluding the
circuit output line and all the lines which fan out) be
denoted by L = I Im,ln,, ,* ,} and let T = { T1, T2,.* **Tn I
be a SFTS for circuit C. It is convenient to divide the tests
into 0-tests and 1-tests.
Definition 2: Ti (Ti G T) is a i-test (0-test) if the
logical value FTi of the output of the circuit is 1 (0)
assuming that the circuit is fault-free and that input
Ti is applied to it.
One way of handling multiple-faults which involve
the circuit output line is through the following lemma.
Lemma 1: If a SFTS contains at least one 0-test and
at least one 1-test, then any multiple-fault involving the
circuit output line will be detected by the given SFTS.
Proof: Trivial, as the existence of a 0-test and of a
1-test, requires that the logical value at the circuit output
line changes its value at least once at the test application
time.
Q.E.D.
Assume that circuit C is already in its NAND form. Let
FTi stand for the Boolean expression of the output of the
model of C for fault analysis when input Ti is applied. One
way of deriving the faults which are detectable by test T4
is to examine the conditions given by the equation FTi ED
ITi (L) = 1. The following definition (actually a notation)
will be convenient for the rest of the paper.
Definition 3: ETi (L) is defined as 5YT, (L) if Ti is a
1-test and as FTi (L) if Ti is a 0-test.
ETi (L) is a Boolean expression of the lines in the circuit.
By assigning logical values to the elements of the set L
(as given in Section III) it is possible to decide if a fault is
detectable by Ti.
As an example, consider circuit N5 and a SFTS for it
as seen in Fig. 4.
Observing that fan-out lines are not included in the
set of lines L, then
-

L =

{a,b,c,d,e,f,g,h,k,l}

T = {T1,T2, T3, T4,T5}
=

{WXYZIWX YZ,WXYZ,WXYZ,WxYz}
T1,T2, T3 are 0-tests and T4,T5 are 1-tests.
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Fig. 2. Circuits for illustrating sets S(N). (a) Circuit N2. (b) Circuit N3. (c) Circuit N4.
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Fig. 3. Model for fault analysis.
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Fig. 4. SFTS for Circuit N5.

Replacing the lines in circuit N5 by the model in Fig. 3,
the following expressions can be derived:
ET,(L) = ack + eck + cal + hal
+ afk + cgl + efk + ghl
ET2(L) = bdk + edk + dbl + hbl
+ bfk + dgl + efk + ghl
fk
+
gl
Er3(L)
ET4(L) = kg + ksh + cfg + clf + kl + c5fh
ET5(L) = lf + l + afg + akg + kl + adeg.
=

Let ET,(1m = 1M1n = 1, .,lp = 1) be the logical value
of ET1 (L) when lines lm,ln,.. lp of L assume the logical
value 1 and all other lines in L assume the logical value 0.
Considering test T, then

ET1(a

=

ET,(a

1)
=

=

1 ErT(c

1,c

=

1)

=

=

1) = 1
0.

fault does not necessarily imply that the test does not
detect the fault being considered.
The fact that T1 detects (a) but does not detect (ac)
can be viewed as a masking effect of (c) on (a) under
the presence of test Ti. That can be defined as:
Definition 4: Fault (xj) masks fault (x) under test Ti
if test Ti detects (x) but it does not detect the combined
fault (Xjx). That can be represented as in Fig. 5(a).
Definition 5-Masking Conditions Associated with a Fault
(x) under a Test Ti: m(X,Tj) is the set of all faults which
mask (x) under test Ti. The representation is as in Fig. 5

(b).
m(x,Ti) can be obtained from ETj(L) through Pro-

cedure 1.
Procedure 1-Construction of m(x, T,):
1) Let ETi (L) be in a sum-of-products form. Let
(xj) be the subfaults of (x) which are detectable by
minterms of ETi (L) (j = 1,2,.-. ,p). If a minterm of
ETi (L) detects (x) then let (Xp+l) = (x) and set r=
p±+ 1, otherwise set r = p.
2) Setj = 1.
3) Add together all the minterms of ErT (L) which
detect the fault (x>). That yields a Boolean function
xj4j, in which xi is a Boolean expression on complemented
literals only.
4) Expand x,6j, eliminate identically null terms and
group together the remaining terms forming an expression
like xcbIj.
5) Let j -j + 1. If j < r then go to 3, else go to 6.
6) The masking conditions on (x) under test Ti are
given by

4)2 + *¢+ 'DP = 0.
As an example, consider the application of Procedure
1 for the derivation of m(k,T4) and m(ck,T4).
)1 +

m(k,T4)
(xi) = (k), 1, = g + ch,
Since fault detection occurs for ET,= 1, T1 is a test
x = x = k(g +
for the single-faults (a), (c), (e), (h), as well as for the
multiple-faults (af), (cg), (ef), (gh). By analyzing each masking conditions: ( + c-h) = 0 or (cg + gh) = 1
minterm and by imposing a value of 1 on it, it is possible
(XI) = (c),I', = fg,
to derive all the faults detected by that particular minterm. m (ck, T4)
For instance, consider the minterm ack. It is clear that it
X41, = ck(fg), x%i = ck(fg)
detects any multiple-fault which involves line "a" and
does not involve either line "c" or "k." So it detects the
(X2) = (k),1 r2=g+sh,
faults (a),(ab),(ae),(abe),(af),(abfgkl), etc., but it does
X b2 = ck( g + ch), x 02 = ck(g)
not detect the faults (ac),(ak), (ack), (acb),(ace), (acf),
etc. The fact that a minterm does not detect a particular masking conditions: (fg + g) = 0 or (g) = 1.

ih)
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Fig. 5. Representations for fault masking.

The graph representation is found in Fig. 6.
Definition 6-Masking Conditions Associated with a
Fault (x)under a Test Set T: M(X,T) is an extension of
m(X, Ti), considering all the tests Ti which detect (x)
with the masking conditions associated with them.
(See Fig. 7.)
The masking graph presented in Fig. 8 contains the
masking conditions for the given test set T. Observe that
no fault masks the fault (kl) under the presence of test
T4 (or T5). That suggests the following definition:
Definition 7: A fault (x) is said to be guaranteed to be
detected by a test set T (GTBD) if T detects (x) regardless
of the presence of any other fault.
The faults (output/0) and (output/i) in circuit N5
are GTBD because test set T contains at least one 0-test
and one 1-test. Those are trivial cases of a fault being
GTBD. If a fault (x) is proved to be GTBD then it can
be eliminated from the masking graph. That is so, because
if (x) ever occurs then fault detection will be achieved,
otherwise it is not necessary to consider (x) as a masking
fault. A direct consequence of Definition 7 is that if (x)
is GTBD, then any multiple-fault which contains (x)
as a subfault, is GTBD itself.
The iterative application of Definition 6 generates a
tree of masking relations. The application of Definition 7
provides ways for terminating that tree (closing its nodes).
That is the objective of Procedure 2.
Procedure 2-Construction of the Masking Tree T (X,T):
1) (x) is the initial node. It is an open node by definition. Let k = 0.
2) Form M(X,T) for all open nodes at level k: these
nodes are open nodes by definition.
3) Let k <- k+1. Close nodes at level k according to
Rule 1. Close nodes at level < k according to Rule 2.
4) If node (x) has become closed or loop-closed (see
Rules 1 and 2 for these definitions) stop, else go to 2:

(a)

T4

(b)

Fig. 6. Examples for Procedure 1. (a) m(k,T4). (b) m(ck,T4).

Fig. 7. Representation for M(a,T).

predecessor node which lies in the path between the node
being considered (excluding it) and the initial node
(including it). The node becomes a special type of closed
node called loop-closed node.
Rule 2: A nonterminal node (node with at least one
input) becomes a closed node (loop-closed node) if condition
1 (2) is satisfied:
1) All the immediate successors of the node (nodes
obtained by Definition 5), under at least one test Ti in
T, are closed nodes.
2) For each test Ti in T which detects the fault in the
node, there exists at least one masking condition in which
the masking node is a loop-closed node.
As an example, consider the application of Procedure
2 to the fault (k) (Fig. 9).
Process of closing the nodes:
(gh): because (ghk) is represented in S(N) as (out-

(1):

put/i).

because (cgkl) is represented in S(N) as

(output/0).
(cg): because node (1) is closed.
(k): because nodes (cg) and (gh) are closed nodes.

The fact that node (k) becomes closed by the application of Procedure 2, yields that the fault (k) is GTBD
by test set T, as shown by Lemma 2.
Lemma 2: A sufficient condition for a fault (x) to be
Rule 1: A terminal node (node with no input) becomes a
closed node if it satisfies 1 or 2 and it becomes a loop- GTBD is that the application of Procedure 2 closes node
closed node if it satisfies 3 and it does not satisfy 2.
(x)
Proof: If node (x) gets closed by the application
1) At least one line included in the node is a fault
of Procedure 2, then there exists a subtree of T (X, T) in
which has been proved to be GTBD.
2) The multiple-fault made up of the nodes in the which all the nodes are closed nodes with (x) being the
path between the node being considered (including it) root of this subtree (which is going to be referred to in
and the initial node (including it) has an equivalent fault this proof as tree). Let k be the depth of the tree. All the
nodes at level k are GTBD (by Rule 1). Now, consider
in S (N) which satisfies 1.
3) The fault in the node has already appeared in a the nodes at level (k - 1): all ot them are detectable
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Fig. 8. Circuit N5 with fault (bd).

by at least one test for which all the masking conditions
are given by nodes which are GTBD (by Rule 2). In
this way all nodes at level (k - 1) in the tree become
GTBD themselves. Proceeding inductively it can be
concluded that the node at level 0 (initial node) is GTBD.
Q.E.D.
Definition 8: Let x = {X1,X2, ,Xj} be a set of faults.
x forms a masking loop under test set T if both conditions
(1 and 2) are satisfied:
1) By relabeling the faults in set x and tests in test
set T, the following masking relations can be established
by Fig. 10.
2) For any fault (xi) in (x) and for any test Tj (Tj E T)
which detects (xi), there exists a set of faults containing
Xi and a subset of tests in T, which exhibit a set of masking
relations as in 1.
Definition 8 says that the multiple fault (x) is undetectable under the presence of test set T. This characterization is important, as it shows in which way a SFTS fails
as a MFTS. If a masking loop is found in Procedure 2,
then the faults which make it up can be injected in the
NAND Model and a test can be derived for it. Another
solution is to derive another test for the single-fault being
considered. This approach will be taken for the example
to be considered.
It can be seen intuitively that the single-faults which
are closer to the circuit output line are detectable by more
tests than those which are closer to the circuit input lines.
The main implication of this fact is that the former faults
are easier to be resolved (closed) when applying Procedure
2, as they generate richer trees. Also the closer to the circuit output like the more likely it is to get a combination

of faults whose equivalent in S(N) is either the fault
(output/0) or (output/i), which are GTBD. This
reasoning suggests checking the circuit lines for being
GTBD in a backwards fashion, and that is the purpose
of Procedure 3. Before presenting it, the concept of the
level number of a line in a circuit is needed.
Definition 9: The level number of a line is defined as:
1) The level number of the circuit output line is 0.
2) The level number of a line which does not fan out
is one plus the level number of the output of the gate to
which the line is attached.
3) The level number of a line which fans out is the
maximum of the level number of its branches.
Procedure 3-Checking if all Lines in the Circuit are
GTBD:
1) If test set T satisfies Lemma 1, then assume that
the circuit output line is GTBD, otherwise extend T
so that it contains one 0-test and one 1-test.
2) Let j be the maximum level in the circuit; k = 0.
3) Apply Procedure 2 to the lines at level k. If a line
satisfies Lemma 2 then assume it to be GTBD and
examine the remaining lines at level k. For each line which
does not satisfy Lemma 2, add extra tests for detecting
the masking loops involving the line until the line becomes
GTBD.
4) Let kk + 1; if k < jthen go to 3, else stop.
Theorem: Given an irredundant, single-output circuit
and a SFTS T for it, then the application of Procedure
3 will generate a test set T' D T which detects all multiplefaults in the given circuit.
Proof: Since any fault in the circuit is detectable,
there exists T which is a SFTS. The application of Proce-

481

DIAS: FAULT- MASKING IN COMBINATIONAL LOGIC CIRCUITS

T2
Fig.1. A

T.J

x

(k)
T

Fig. 10. Application of Procedure 2 to fault (k).
T

T2

Fig. 9. Masking graph for circuit N5.

dure 3 will ultimately close all nodes which represent
single-faults (eventually, by expanding T into T') and
then all the lines in the circuit will be proved to be GTBD.
All the lines being GTBD by a test set T', is equivalent
to showing that T' is a MFTS.
As a complete example of the application of Procedures
2 and 3, consider circuit N5 and a SFTS for it (Fig. 4).
The set of masking relations under this test set is given
in Fig. 8.
The application of Procedure 2 to line (k) closes node
(k), as already seen. In this way (k) is guaranteed to be
detectable by test set T. That is the starting point for
checking all the lines in N5 for being GTBD. The application of Procedure 3 can be summarized in the following
steps:
1) Test set T satisfies Lemma 1, so the faults in the
circuit output line are GTBD.
2) (k) is GTBD, as seen before.
3) Since (k) is GTBD, then any multiple-fault containing (k) can be eliminated in the masking graph. For
instance the masking of (k) on (f) under Ts, the masking
of (k) on (b) under T2, can be taken off the set of masking
relations.
4) Since no fault masks (f) anymore, then (f) is GTBD.
As a consequence, the masking of (af) on (1) under T5
can be eliminated and (1) becomes GTBD.
5) The same reasoning can be applied to other lines
and it can be proved that lines (a),(e),(h),(c) are all
GTBD.
6) The final masking condition is shown in Fig. 11.
The application of Procedure 2 to either b or d will
not close them. That is an example of a masking loop. The
given test set T is able to detect all single-faults in the
circuit, but fails to detect the double-fault (b/l,d/1).
Consider circuit N5 and its behavior under the presence
of the double-fault (bd) and being excited by the set
of inputs T (Fig. 12).
So the circuit with the fault (bd) in it, exhibits the
same kind of behavior under the presence of test set T
as does the healthy circuit. In this way, it is necessary
to expand T in order to detect this fault. Consider a test
T6= WXYZ which detects the single-fault b. The ET,
expression is

Fig. 11. Masking loop.

01110

01101

a

c

Fig. 12. Final masking condition.

ET6 = bfg + Ibe + If + bkg + kl.
Observing that both f and g are GTBD, then now b is

also GTBD. If b is GTBD, so it is d. In this way T' =
T U T6 is a MFTS for N5.

CONCLUSIONS
The main objective of this paper has been the study
of fault relations in combinational logic circuits with
respect to the generation of a multiple-fault test set. A
new algebraic technique which is derived, applies concepts
of fault equivalence and fault dominance [5],[63,[8] in a
NAND model of the circuit being considered. Another
algebraic approach [1] had been proposed before, but its
complexity makes its application prohibitive. The present
approach cuts down this complexity considerably. A procedure has been presented which decides whether an arbitrary fault detection test set detects all multiple-faults.
Usually it is assumed that only single-faults may occur in
order to make the test derivation procedure simpler. However, in many situations (like testing a circuit for the first
time), it is necessary to guarantee that no multiplefault will prevent the detection of other faults. The procedures presented here can be applied in the verification
of the inherent detection capabilities of self-checking
circuits, as for those the available test set is preset (defined by its design).
This paper presents a purely algebraic viewpoint. In

-

other words, once the simplified fault model has been
established for fault analysis, no attempt has been made
to use extra information about the circuit structure in
order to simplify the derivation of the masking relations.
A future refinement of this work will be the application
of this exact analysis procedure to selected portions of the
circuit (such as those containing fan-out gates) and
relate those masking conditions to the ones in the fan-out
free portions of the circuit (as those can be more easily
derived).

T

T

0

O:

[5] E. J. McCluskey and F. W. Clegg, "Fault equivalence in com[6]

[7]
[8]
[9]

binational logic networks," IEEE Trans. Comput., vol. C-20,
pp. 1286-1293, Nov. 1971.
D. R. Schertz, "On the representation of digital faults," Coordinated Science Lab., Univ. Illinois, Urbana, Rep. R-418, May
1969.
J. W. Gault et al., "Multiple fault detection in combinational
networks," IEEE Trans. Comput., vol. C-21, pp. 31-36, Jan.
1972.
J. P. Hayes, "A NAND model for fault diagnosis in combinational logic networks," IEEE Trans. Comput., vol. C-20, pp.
1496-1506, Dec. 1971.
D. C. Bossen and S. J. Hong, "Cause-effect analysis for multiple
fault detection in combinational networks," IEEE Trans. Comput., vol. C-20, pp. 1252-1257, Nov. 1971.

ACKNOWLEDGMENT
I would like to acknowledge the guidance and constructive comments of Prof. E. J. McCluskey. I also want to
express my gratitude to Prof. A. Helio Guerra Vieira for
support and incentive given in the past years.

REFERENCES

J. P. Poage, "Derivation of optimum tests to detect faults in
[11 combinational
circuits," in Proc. Symp. Math. Theory of Automata, pp. 483-528 (New York: Polytechnic Press, Apr. 1963).
[2] D. B. Armgtronz, "On finding a nearly minimal set of fault
detection tests for combinational logic nets," IEEE Trans.
Electron. Comput., vol. EC-15, pp. 66-73, Feb. 1966.
[3] J. P. Roth, ' Diagnosis of automata failures: A calculus and a
method," IBM J. Res. Develop., vol. 10, pp. 278-291, July 1966.
[4] A. D. Friedman, "Fault detection in redundant circuits," IEEE
Trans. Electron. Comput. (Short Notes), vol. EC-16, pp. 99-100,
Feb. 1967.

Francisco J. 0. Dias (S'72) was born in Sao
Paulo, Brazil, on December 5, 1945. He received the B.S. degree in electrical engineering
from the Escola Politecnica-University of
P Sao Paulo, Brazil, in 1969, and the M.S. degree in electrical engineering from Stanford
University, Stanford, Calif., in 1972
From 1970 to 1971 he was an Instructor in
the Department of Electrical Engineering of
the Escola Polit6cnica-University ,of S"o
Paulo, Brazil. He is currently working
towards a Ph.D. degree at the Digital Systems Laboratory, Department of Electrical Engineering, Stanford University, Stanford, Calif.
Mr. Dias is a member of Sigma Xi.

at

