Chapter 12

Automatic Test Generation for
Combinational Circuits

12.1 Introduction

The yield of a manufacturing process is the fraction of fils@# products. The yield
of IC fabrication processes varies widely and is sometimes lowebs0%an In similar
cases, less than one in two fabricated circuifsimgtioning properly. IfDL is the
defect level, i.e., the fraction of defective parftematesting,Y is the yield, andr is
the fault coverage of the test (1 for a perfect test and @ fotally ineffective test),
then it can be shown that, under some simplifying assanpti

DL=1-Y0TD),

For a yield of 50% and a coverage of 90%, this faagives a defect level of 6.7%,
which is much larger than what is normally acceletgbundreds of parts per million).
Testing is therefore essential to insure the qualitg pfoduct and tests must be of
high quality.

There are two fundamental methods of testing a itircu

e Functional testing;
e structural testing.

In functional testing, few or no assumptions are n@déhe failure mechanisms and
the possible faults. Moreover, in pure functional testimo assumptions are made on
the structure of the circuit under test (CUT). Fumaail testing, as the name implies,
is concerned with verifying that the CUT performs as etgakin most (ideally all)
situations. Structural testing, on the other handjaised on an assumed fault set.
It consists of verifying whether any of the faults in get is actually present in the
CUT. The faults that are considered are alteratafrthe structure of a fault-free
circuit, hence the knowledge of the structure of the @Jdssential in this form of
test.

In the following we concentrate on structural tegtof combinational circuits.
We choose structural testing over functional testbegause it is better at generating
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Figure 12.1: A short-circuit in a CMOS inverter.
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Figure 12.2: Stuck-at faults.
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high-quality tests. We limit ourselves to combinadibcircuits to keep our present-
ation simple. However, in so doing we shall be ableexamine many important
concepts that apply to sequential testing as wetlalllyj we shall consider circuits
composed of simple gates (NAND, NOR, AND, etc.). Tdssumption is also made
for the sake of simplicity. We shall see how to gateea test for a given fault and
we shall see how test generation relates to logic optiibizat

12.2 Faults and Fault Models

Faults in electronic circuits may be due to manyedent failure mechanisms, e.g.,
shorts, defective soldering, wrong value of thengrstor threshold voltage. At the
logic level one tries to give an abstract representatiiche effects of a fault on the
behavior of a circuit. In the case represented irufgigl2.1, the short between the
input lead of the inverter and ground causes thetifgpbe stuck at the value 0. The
short-circuit is thus represented at the logic lagelastuck-at-Ofault at the input of
the inverter.

There are many possible fault models, of whichdimgle stuck-at-0/fault model
is the most commonly used. Not all faults can belefex as stuck-at faults. However,
a good test for stuck-at faults usually detects manijsfaf other types too. When
the single stuck-at fault model is used, the faulessingle gate terminals stuck at
either O or 1. Notice that more than two faults deéned for a single wire, if the
wire drives multiple gates. This is illustrated irg&ie 12.2. The faults on tlsem
are distinguished from the faults on theanchesof the fan-out tree. Because of this,
the total number of faults &N, whereN is the nhumber of gate terminals. However,
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Figure 12.3: Equivalent faults.

the number of faults to be actually considered can beceeddthanks to the following
definition.

Definition 12.2.1 Let f; and f, be twdaults of a circuit C. Let F be thdunction
performed by C when no fault is present. Egt  Bpnd be the fungt@f@med
by C in the presence ¢f aifg, respectively. Then fgults fand eqarealent
if and only ifFy = F;.

If n faults are equivalent, it is sufficient to generate a test for one of thewrder
to cover all of them. The two typical examples of equivalawlts are given in
Figure 12.3. In the example to the left, we see thatwatk-at-0 faults at the terminals
of an AND gate are equivalent. Suppose that a stuck-ati#d fs present at one
input of the AND gate and that we cannot obseneefdiulty input directly (it is not
a primary output). As a result of the fault, the autps forced to 0. Since we do
not observe the faulty input, we cannot tell whetherftghdt is on the input or the
output of the gate. In the example to the right, veetbat, if there is no fanout, the
faults at the output of the NAND gate are equivalenthtofaults at the input of the
inverter.

In the case of a two-input OR gate, the three studkfatlts are equivalent. The
three stuck-at-O faults, on the other hand, are gatvalent. In general, finding all
pairs of equivalent faults is difficult. However, dgipg the two criteria illustrated
in the previous examples is straightforward andiifies most equivalent faults. We
call the process of identifying equivalent fautsilt collapsing,and we shall assume
in the sequel that fault collapsing is performed protest generation.

It is obviously possible to considenultiple stuck-at faults. A multiple stuck-at
fault consists of the simultaneous presence of abgergle stuck-at faults. The main
problem with multiple faults is their number. Givéh possible fault sites, there are
3M _ 1 multiple stuck-at faults. In the following we onlyprsider single faults.

We conclude this section with two additional remaoksfault equivalence. First,
the faults on the stem of a fanout tree are not edgn¥, in general, to the faults on
the branches. This is why we consider them separatecond, there is a special
case that deserves consideration. Suppose thatffaulsuclisthat it does not alter
the behavior of the circuit; that iFh = F. Then such altfas untestableor
undetectable.We sometimes call an untestable stuck-at faedtundant,because it is
always associated with a redundancy (redundant gate aeciion) in the circutt

!Note that a connection may be redundant with respect to the logical operation of the Boolean
network, and yet be critical to the performancéhefgate (see Figure 12.23 on Page 491)
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Figure 12.4: A simple combinational circuit.

12.3 Automatic Test Generation

In this section we present a procedure to generatet fotea given stuck-at fault
in a combinational circuit. A test for a stuck-at taul a combinational circuit is
simply an assignment of zeroes and ones to the primarysirgfuthe circuit that
causes different outputs in the good and in the faulguitd. Such an assignment
is called aninput vectoror vector, for short. There are many methods tegda
tests for combinational circuits. Some of them are callgébraic,because are based
on the algebraic manipulation of the expressions semting the functions of the
circuits. Other methods, including the one thatshall examine, are calledpological
because they deal with the gates and their intesactions, i.e., with the topology
of the circuit. Topological methods are based onifive concepts and can be very
efficient. All methods are referred to as ATPG methodhere ATPG stands for
Automatic Test Pattern Generation.

12.3.1 Excitation and Sensitization

Consider the simple circuit if Figure 12.4. Suppose wetwaatest for the stuck-at-1
fault on inputb. It isclear thats must be O in our test. If not, the outpuGbf
would not depend on the presence of the fault. Jdreeral form of this elementary
observation is the following: A test muskcitethe fault, that is, must cause the value
complementary to the faulty value to appear at thet fitd.

Proceeding in our example, let us consider whatldvbappen if we se¢ to O:
The output ofG1 would be 1 regardless of the other input. Oncénagee would not
be able to detect the fault. Henee, must be set to 1. Byilarsargument; must
be set to 0. The only test for our fault is thus 101. T8s#gament =1 sensitized
the output ofGl to the value orb.  Similarly, the assignment 0 semasiti the
output of G2 to the value orl. Together, the two assignments creaansitized
path that connects the fault site to the output of threuii. A sensitized path is a
sequence of gates such that their outputs aretigedsto the presence of the fault.

In general, a test for a fault must sensitize at leastpath from the fault site
to one of the primary outputs of the circuit. We can theeeflivide test generation
in two tasks: Excite the fault and propagate it todhgputs by sensitizing one or
more paths.

Consider now the circuit of Figure 12,5 and suppose tieatvant to generate a
test for the stuck-at-O fault on  This time the excitattomdition requires that
be 1 in the fault-free circuit. However, is not a puiyinput and we must work
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Figure 12.5: Another simple combinational circuit.
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Figure 12.6: A redundant combinational circuit.

our way backwards. In this simple example, we pask that our goal of settirg
to 1 can be achieved in several ways. We can tbetrei orb to O, or both.

The sensitization of a path to the output requifes 0. Iso An thiscase, we
have to proceed backwards until we find primary inputs. fiMk thate =d =1 is
the only assignment that produgés: 0. In conclusion,ave fiound three possible
tests for our fault: 0011, 0111, and 1011.

In general we shall be content of finding one tedy,cbut in this example we
want to emphasize that there may be several tests foaohe In this case, we found
multiple excitation conditions and a unique sensitization condition. It silpeso
have multiple sensitization conditions as well.

The other important remark on this example is thajéneral, the excitation and
sensitization conditions give us assignments to natenodes of the circuits and we
have to derive suitable primary input assignmems will produce those internal
values. This may not be always possible, as illustréedhe next example. Let
us consider the stuck-at-1 fault on the inpuGafdriven byb in Figure 12.6. The
fault is excited if and only i = 0. However, thesensitization of52 requiresc = 0,
which in turn impliese = 6 = 1. Hence the twequirements are contradicting. We
conclude that there is no test for our fault.

Two important remarks are in order here. First, ¢hreuit of Figure 12.6 is
redundant. One can easily verify thlat equals Otidally. It is a general truth that
an untestable stuck-at fault corresponds to a redundarthg circuit. If astuck-at-:
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Figure 12.7: A combinational circuit.

fault is untestable at nodg then replacing by thestant valué will not change
the behavior of the circuit. Otherwise there wouldatest. The circuit after the
replacement is simpler than the original one. The connelsétween redundancy and
untestable faults will be discussed in Section 1Rdtice that the stuck-at-1 fault on
the stem ob is also untestable, while the stuck-at-1 on the ingfu®1l connected to

b is testable.

The second remark is that the conflicting requinet®en the value df in our
example derived from the fact that we reached throughdifferent paths. It is
true in general that such a condition may occur @mlyhe presence of nodes with
multiple fanout (in this cage itself). More specifically, treuble is caused by paths
that have a common source (efg., ) and a common sinkigioa$e gat&2). This
situation is given the name océconvergent fanoutt is safe to say that reconvergent
fanout is the root of all evil, as far as test gatien is concerned.

Not all conflicts indicate that a fault is untedeabWe have seen that sometimes
excitation and sensitization conditions may be fadisn different ways. If at some
point we make an arbitrary decision between twoagsoand later come to a conflict,
we have to return to the point where we made thecehand try the alternative.
Consider, for instance, the circuit of Figure 12.¥he excitation conditions give
a = b = 1. Sensitization require§ = 0. Looking &3, we see that there are two
ways of achieving that. Suppose we initially choose todget 1. In order to get a
1 ond, we need a 0 ap  This conflicts with the previous reguent that be 1.
This conflict, however, does not indicate that thdtfaiuntestable. It just says that
we cannot achieve sensitization by setithg to 1. We laveverse our decision
and tryc = 1. We then succeed and 111 is our test. Returninmness step and
reversing a previous choice is calledcktracking.

Even though in this case it was apparent that was a better choicegen la
circuits it may be difficult to avoid wrong choicésat have to be reversed. Indeed,
the difference between various algorithms for tesegaion often lies in their abilities
at guessing the right choice and avoiding as much fzadiihg as possible.

We conclude this section by recalling some useful factd introducing some
notation. AND, OR, NAND, and NOR gates havecatrollingvalue. The controlling
value is the value that, when present on at leastioput, forces the output to a
known value (thecontrolledvalue). For instance, the controlling value for AMbd
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Figure 12.8: Use of compound values.

NAND gates is 0. For OR and NOR gates is 1. Fortheggates (NAND and NOR)
the controlled value is the complement of the iy value. For AND and OR, it
is the same.

The complement of the controlling value of a gatehis non-controlling value.
At this point of our discussion, it should be clehat if we want to sensitize a
path through given inputs of a gate, we must set all theranputs,called the
side inputgto non controlling values. For instance, if we want tsensitize a path
through one input of a three-input NAND gate, we nsesthe remaining two inputs
to one. If we want to sensitize two paths through a timpat NOR gate, we must
set the remaining input to O.

Notice that XOR and XNOR gates do not have controNialges. Instead, it is
important to realize that we can only have an odahlmer of inputs sensitized, if we
want the output to be sensitized. This is because ttpubaf a XOR or XNOR will
always change in response to a single change in the inputs. elowse changes
ecancel out.e Familiarity with these simple facts \kiélp in the next section.

12.3.2 A Simple Test Generation Algorithm

We have seen that the key idea in generating test is arajera difference between
the good and the faulty circuit and then propagat® ithe primary outputs by
creating one or more sensitized paths. The values ofobe gjrcuit and the faulty
circuit at the nodes along a sensitized path amgpteamentary. This will be indicated
by 1/0 or 0/1, where the first value is the ongheffault-free circuit. The use of these
compound valuess illustrated in Figure 12.8. The values 0/0 and 1/1sargply
indicated by 0 and 1, respectively. We can see that thesenlsitized path in this
circuit (the same as in Figure 12.7) originates at nedaed r@aches the outpyt
through gateG4. We also see that, when 111 is applied to the inputs,atiieffee
circuit outputs a 1, whereas the faulty circuit produzes.

In the literature, the symboB andD are used to indicate 1/0 and 0/1, respect-
ively. Indeed, the first complete algorithm for tegneration, theD-algorithm,
owes its name to the use of these symbbIstands for defect.

We are now ready to delineate a simple algorithmésir generation. The inputs
to the algorithm are a description of the circuit argingle stuck-at fault. The output
is a test if one exists, or the indication that the faultintestable.
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Figure 12.9: Frontier element (G4) and unjustified element (G1).

The algorithm initializes all the lines in the aircto unassigne@nd then builds
the test by assigning values to the lines that areinexd) for excitation and sensit-
ization and to the lines that drive them, if they am¢ primary inputs. We shall
use X to indicateunassignedand 0O, 1, 1/0, and 0/1 for the possible assigned val-
ues. An element whose output is unassigned and sutlorteeof its inputs carries
a compound value 1/0 or 0/1 is said to belong tofrthitier . The frontier tells us
how far the symptoms of the fault have been prdedgaAn element whose output
has been assigned, but whose assigned inputs do nat hgobutput is said to be
unjustified. Examples of frontier and unjustified elements akemiin Figure 12.9,
where a fragment of a circuit is shown. The outpuGsfis implied by the 0 on
one of its inputs; however, the output@f is not implied by its inputs: Henc&l
is unjustified. Before we proceed to detail the albon, we need to discuss several
preliminaries.

From the examples, we have seen that we may have tsectaamong several
options and possibly retract from some choices becatisonflicts. When dealing
with large circuits we may often make choices thatl l&o other choices, which in
turn lead to other choices. We need a data strechat will allow us to keep track
of these multiple, cascaded choices and will gusl&nuan orderly examination of all
options.

Such a data structure is the so-caliEtision tree a binary tree, similar to the
search tree of the covering problem. Every node qooregs to a signal for which
a choice is made. Along the arcs, we annotateitjmals whose values are implied
by the choices made. As a first example, let us tethel example of Figure 12.7.
The decision tree has a single non-terminal node astown in Figure 12.10. The
values along the arc going into the node are uriygdetermined by the excitation
and sensitization conditions. As discussed in the prevsegtion, we are faced with
a choicé when we try to find an input assignment that willsef to be 0. If we
decide to tryd =1 first, we create a node labeled andra out of it labeled 1.

When we try to propagate backwards the implicatointhis choice, we imme-
diately find that there is a conflict fér We thebaadon this path in the decision
tree and backtrack to the last decision node,in oase the only one. This time we
setd = 0, because we know that there is no test foe 1. This assignmerforces ¢

When we discusinplicationslater on, we shall see that in this example waataeally need
to make choices.
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to 1, because otherwise We realize at this pointvileahave achieved all our

objectives: The frontier has been propagated to mamy output and no unjustified
lines are left. Hence, we have a test and we terminate.

Notice that in this case we may have claimed termindiemause we had propag-
ated the fault symptoms to one output and all primaputs had been assigned
values. However, in general, the requirement tioatimjustified lines are left is suf-
ficient. This less stringent requirement will soimeis generate tests where some
primary inputs and possibly some internal lines afteueassigned.

12.3.3 Implications and Backtracking

The parallel between the search tree of the covesinblem of Section 4.7 and the
decision tree of the ATPG algorithm is not just séiped. In the covering problem,
it is important that at each node the matrix be imaky simplified by applying
all reduction techniques. When generating a test important to find as many
possible implications of the choices made along thb |e&ding to the current node.
In both cases, the objective is to minimize the numlbeodes of the tree that are
actually visited, or, almost equivalently, the numloé backtracks. Indeed, in the
ATPG literature, the number of backtracks performed lgivan algorithm on a
given example is one of the most important figures ofitmer

The importance of carrying out as many implicatiasspossible is illustrated in
Figure 12.11. By just using the implications of theittion condition ( in the
fault-free circuit), we derive a complete test. Indeed, implies and
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implies Finally,e =0 and jointly implye = 1.
Another interesting example of implications is shoin Figure 12.12. The fault
excitation condition implies This in turn implies Asresult, the

frontier is empty,there are no frontier elements,ad we conclude that there is no
test for the given fault.

A third, more complex, example of implications ituskrated in Figure 12.13.
There we can see that all possible sensitized patist go through gat&8. Those
inputs toG8 that are not reachable from the fault ¢iteh ( #&nd 3trhave non-
controlling values for sensitization to occur. THistates in this case
Combined with these implications further give and
Finally, ¢ andj are implied to be 1/0 add is seen to Me We have found a
test without any backtrack (actually, without everhaitcef. The condition we have
exploited at gat€s8 is calledunique sensitization.

A further analogy between ATPG and the covering problegiven by the choice
of the splitting variables. In both cases a judicichsice may substantially reduce

*The test 1111 creates two sensitized paths indkés Since this test is the only one for the fault
(it was obtained without any choice), there is est with a single sensitized path for this example.
Indeed the circuit of Figure 1213 was used to show thadlgorithm that tries to sensitize only
one path at the time may not work.
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the amount of work. For instance, in the case of thenpbaof Figure 12.7, splitting
on ¢ rather thard would have saved one backtrack. W&k eturn to this issue in
more detail, after presenting the outline of ourdeseration algorithm.

1. Apply the fault excitation condition.
2. Perform the implications of the last assignment.

3. If the fault symptoms have reached at least one prirmatput, justify the
remaining unjustified lines. If justification fails, backtrack agmlto Step 2.
Otherwise, exit: A test has been found.

4. If the frontier is empty, backtrack and go to Step 2.

5. If the frontier consists of one gate only, perfohm tesulting implications (this
is discussed later) and go to Step 2.

6. Choose one signal that is not reachable from the faelasi assign to it either
1 or 0. Create a corresponding node in the decisamn Go to Step 2.

In Step 6, the restriction on what signals may be enés imposed so that we can
restrict the chosen values to 0 and 1. If the selectedilere reachable from the fault
site, it might have a 0/1 or 1/0 value. We wanatoid this possibility, to keep the
algorithm simple.

In Step 5, the case of a frontier composed of a singtaasit is considered. In this
case, all unassigned inputs are set to non-controlahges. Clearly, a controlling
value on one of those inputs would stop the propagafomnthermore, a compound
value on one of those inputs is not possible, becthgse the frontier contains only
one gate. Indeed, there should be an input to thefamtier element that iX and
is reachable from the fault site. However, along thih plaere should be a frontier
element for this to happen.

Let us now see how the algorithm is executed fer ¢hcuit of Figure 12.14.
Initially, all lines are set toX.

1. (Step ] The excitation condition causés to be 1/0.

2. (Step 2) Performing the implications of we find
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w

. (Step 6) The frontier consists of two elemer® andG3. We choose =1
and create a node in the decision tree for thiscehoDur goal, in selecting

is to move the frontier forward (1G4) by allowing propagation of the
fault symptoms througie2.

4. (Step 2) The implication af=1 is

5. (Step 6) The frontier now contai®3 andG4. We choose =1 and create a
node in the decision tree.

6. (Step 2) The implications ef=1 are and

7. (Step 4) The frontier is now empty. We need to backtradks is done by
reversing the last choice, i.e., by returnjng and hé&xtvalue and by setting

8. (Step 2) The implications ef=0 are and

9. (Step 3) The fault symptoms have reached the output anohjustified lines
remain. A test has been generated (110) and the algorgturns.

The decision tree generated for this example is showkigure 12.15.

12.3.4 Choice of the Decision Variables

Let us now return to the discussion of the choica lne at Step 6 of the algorithm.
The way we formulated the algorithm, we need only complly it restriction that
the line we choose is not reachable from the faudt Jihis, of course, leaves several
strategies possible. We briefly review some of themthénproblems, we shall rely
on our intuition to select an appropriate line to begassl.

We first notice that our formulation of the algorithm allows to select both
internal lines and primary inputs. We can also select bojhstified and unassigned
elements. General strategies can be obtained byctiegf our choices according to
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these two dichotomies. For instance, in the orighalgorithm we always select
an unassigned input to a frontier gate, until we reaphimary output, or until the
frontier disappear. Then we always select an unassigmrd io an unjustified gate.
This strategy is simple, but sometimes inefficient.

In the PODEM algorithm, we always select a primary input. Thecpss whereby
we identify a suitable primary input (one that iselik to advance our cause), and,
the value to assign to it, is calldshcktracé. The backtrace procedure is given an
objective, aninternal line and a desired value for it,and it traces a padkkwards
in the circuit (whence the name) until an input isrfdu The initial objective of
backtrace is chosen so as to drive the frontier forward.

Figure 12.16 illustrates an example of backtracee ifitial objective is to set

When the procedure goes through an AND gate having 0 as objecsislecis
one input of the gate and a value of 0 as new thgecSuppose that is chosen. The
new current objective is and the next step is to Ibac&tthrough the inverter.
There is no choice involved in this case and the resglturrent objective is
When the procedure goes though a NOR gate haviag @bjective, it selects one

input and a value of 0 as new objective. In our dasels suppose is chosen.
Since ¢ is a primary input, the procedure terminatistice that does not
suffice to guarantee and that the choices madehéybacktrace procedure are

not entered in the decision tree. Backtrace is just a heuristic that iden{ifienary
input that may help reaching the objective. At eveep ©f backtrace, the choice of
which input to follow is again heuristic.

In the FAN algorithm, we select either fanout poimtfiead-lines.A head-line is a
line such that all the gates preceding it do notdat. The selection process is based
on a procedure callednultiple backtracethat is an enhancement of the backtrace
procedureusedby PODEM. We do not ganto the detailsof how multiple backtrace
works; we just give a rationalefor FANes approachWe saidthatreconvergentan-out
is what makes testing difficult. We choose fan-out {3ofor assignments in the hope
to expose possible conflicting assignments that may oatctinose lines early. On
the other hand, we can always justify a head-line to either ) decause it is the
output of a sub-circuit without fan-out. Hence we wantlétermine what value the
head-line should have first and postpone the ajisgfication to when we know we
have a test.

“Not to be confused wittbacktracking.
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12.3.5 Putting the Pieces Together

Now that we have an algorithm to generate a test for a dauglt, we can address
the issue of how this algorithm is used to genesaemplete test for a circuit. Given
a circuit, we generate all possible stuck at faatid then identify equivalent faults.
Only one fault, called representative, is chosen feanh set of equivalent faults. The
circuit and the list of representative faults are tipassed to the ATPG program.
The ATPG program works in conjunction with a fasiulator. A fault simulator
is a program that determines which faults from agilist are detected by a given
set of tests.

The ATPG program picks one fault from the list and tteegenerate a test for it.
If no tests exists, the fault is marked untestabte @moved from the list. If a test
is found, it is passed to the fault simulator. Thenpoif doing that is that the test
generated for one fault may actually detect many dthéts: The fault simulator is
run and all detected faults are removed from the Tisien the ATPG program picks
one of the remaining faults and iterates the prooasi$ no faults are found.

There are two advantages in coupling a test gendra@fault simulator. First,
time can be saved, because simulating faults isrfdsi@ generating tests. Second,
the number of tests generated is kept small, byadding tests devised for faults
that are already covered.

In practice, several techniques complement the bakiense we just outlined.
For instance, it is common practice to apply a set aloanly generated tests to a
circuit. The cost of generating (pseudo) random testseggigible, and they cover
many faults. It is also common practice to set limitstioe number of backtracks
performed for a given fault. Faults that require toangn backtracks are aborted.
This is done to prevent a few faults from degragiagormance substantially. Finally,
we can mention that the number of tests can be reductdthuviaffecting the fault
coverage, by applyingeversefault simulation. Once a set of tests has beenedea
it is simulated in reverse order of generation. Thests that provide no additional
coverage are dropped

As a final remark to this section, it is important to &agize that test generation
is computationally expensive. For large circuits, the requiremédriestomust be
taken into account at the design stage. Various techsifave been developed that
go under the collective name DEsign for Testability.

12.4 Redundancy Removal

Our ATPG algorithm can be used to simplify circuits by a nmetttadled redundancy

removal. The method is based on the observation we maderdhdiean untestable
stuck-at fault signals the redundancy of the circuft. for instance, the stuck-at-1
fault at a connection is untestable, it means thatdbinection can be replaced by
a constant 1, without changing the function perfednioy the circuit. Redundancy
removal can be applied to the circuit either beforaftar technology mapping. In the

%It is also possible to minimize the number of tdsyssetting up a covering problem. The
columns correspond to the tests and the rows tdfahks.



