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Abstract — Implication graphs are used to solve the
test generation, redundancy identification, synthesis,
and verification problems of digital circuits. We pro-
pose a new “oring” node structure to represent partial
implications in a graph. The oring node is the con-
trapositive of the previously used “anding” node. An
n-input gate requires one oring and one anding nodes
to represent all partial implications. This implica-
tion graph is shown to be more complete and more
compact compared to the previously published (n+1)
anding node graph. Introduction of the new oring
node finds more redundancies using the transitive clo-
sure method. The second contribution of the present
work is a set of new algorithms to update transitive
closure for every newly added edge in the implica-
tion graph associated with anding and oring nodes.
For the ISCAS’85 benchmark circuit ¢1908, the new
graph identifies 5 out of a total of 7 redundant faults.
The best known previous implication graph procedure
could only identify 2 redundant faults. We analyze
the unidentified redundant faults and suggest a possi-
ble improvement.

1. Introduction

An implication graph (IG) is a representation of
a digital circuit in the form of a set of binary and
higher-order relations between signals. It is used to
solve systems of Boolean equations for test genera-
tion, redundancy identification, synthesis, and veri-
fication problems involving digital circuits. We fo-
cus on the application of implication graph to fault-
independent redundancy identification.

Redundancy identification is useful in VLSI test-
ing and design synthesis. There are two basic meth-
ods for identifying redundant faults: fault-dependent
techniques and fault-independent techniques. Fault-
dependent techniques are mainly ATPG based meth-
ods [4, 8, 12, 15, 21, 22, 31, 32, 33, 36], which target
a particular fault at a time. Larrabee [23, 24], start-
ing with the Boolean difference and Chakradhar et
al. [5, 7, 9], with the neural network model, arrived at
the satisfiability formulation of the ATPG problem.
Both solved the problem with the help of implication
graphs. Fault-independent techniques analyze the cir-
cuit topology and function without targeting a spe-
cific fault. To limit the complexity of the analysis, ap-
proximations and restrictions are often used. These
methods can find some redundancies very quickly [20]
but are not exhaustive in terms of finding all redun-
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dant faults. Such methods can be further classified as
testability analysis [2, 16, 17, 30, 35] or implication
based techniques [1, 10, 11, 14, 20, 28, 29].

Agrawal et al. proposed a fault-independent re-
dundancy identification technique using an implica-
tion graph and transitive closure that analyzes cir-
cuit topology and function without targeting a spe-
cific fault [1]. In their work, they define observability
variables, O,, for every circuit line . This variable
assumes the logic value 1 only when x is observable at
a primary output. Gaur et al. [14] presented a tran-
sitive closure algorithm for implication graphs that
contain partial implications, where a vertex can as-
sume the true state when all vertices that partially
imply it become true. They represent these partial
implication with the help of anding nodes [18, 37].
While the anding nodes potentially improve the rep-
resentation, they forbid a straightforward computa-
tion of TC. The method of Gaur et al. provides im-
proved results with a linear time complexity. Further
improvements with all direct and partial implications
and for node fixations were presented by Mehta et
al. [28]. An implication graph containing full and
partial implications and anding nodes is an incom-
plete representation of the Boolean function of the
circuit, which motivated our work to further improve
this representation.

We propose a new type of partial node, called oring
node, to incorporate more complete logic information
in the implication graph. We also propose a set of new
algorithms to update transitive closure every time a
new implication edge is added into the graph that
contains signal nodes, anding nodes and oring nodes.
We apply the new implication graph and the update
algorithms to fault-independent redundancy identifi-
cation and demonstrate improved performance.

2. Prior work

An implication graph (IG) is a representation of
a digital circuit in the form of a set of binary and
higher-order relations between signals. This graph
has a node for every literal. Thus, a Boolean variable
x is represented by two nodes, z and Z. A node can
be true or false. For x = 1, the x node assumes
the true state. For = 0, T becomes true. Let us
take an example of a two-input AND gate (Figure 1).
The expanded Boolean false function [6] for this AND
gate can be written as:

@c+be+abe =0 (1)
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Figure 1: Direct implications for a 2-input AND gate.

Figure 2: Partial implications for 2-input AND gate.

For Equation 1 to hold, all three terms on the left
hand side must be 0. The first two terms show binary
(pair-wise) relationships between signals. To make
the first term @c = 0, one of the following relations
should be satisfied:

1. ifa = Othenec = 0
2. if¢ = 1thena = 1

The first condition gives the implication, @ = ¢ (@ im-
plies €). We also obtain the implication ¢ = a from
the second condition. Similarly, the second term gives
the implications, b = ¢ and ¢ = b. A two-variable
“if ...then” clause is represented as a directed edge
from a literal representing the “if” condition to an-
other literal representing the “then” clause. The log-
ical implications are expressed as edges. The binary
relationships obtained from Equation 1 can be rep-
resented in the implication graph of directed edges as
shown in Figure 1 [1, 3, 7].

An enhanced implication graph (EIG) was proposed
by Henftling et al. [18, 37]. Gaur et al. [14] used it for
redundancy identification. The term ab¢, a higher-
order term in Equation 1, is a ternary relationship.
To make the term abc = 0 one of the following
relational conditions should be satisfied:

1l.ifa = land b = 1, thenc = 1
2.if¢c = 0and b = 1,thena = 0
3.ifc = 0anda = 1,thenb = 0

These relationships give partial implications. The im-
plication graph for the AND gate with anding nodes
is shown in Figure 2. The symbol A is used for the
anding node in Figure 2. The traversal of the graph
with anding nodes requires special consideration. We
cannot traverse through an anding node unless we can
arrive at it through all incoming edges. In general, for
an n-input gate we require n + 1 anding nodes, each
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Figure 3: Oring node from an anding node.
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having n incoming edges and one outgoing edge. Also
for each input signal of the gate an implicit observ-
ability AND gate expresses the observability related
implications [1, 14]. For example, for signal a the ob-
servability is expressed as O, = bO.. Each of these
n implicit gates requires n 4+ 1 anding nodes with n
incoming edges and one outgoing edge. Thus, to rep-
resent all the controllability and observability partial
implications EIG requires (n + 1)? partial nodes.

3. Oring nodes

We introduce a new type of partial node called or-
ing node. There exists a logical identity between two
Boolean variables called the contrapositive law [34]:

(P=Q) < (@=7P) (2)

This means that if a variable P implies another vari-
able @ then we conclude that the false state of @
implies the false state of P.

We introduce a new implication relation in the im-
plication graph, the OR implication, that explicitly
represents some contrapositive edges that are other-
wise missing from implication graphs. We represent
these relationships using an oring node, which is sim-
ilar to the anding node used in several previous meth-
ods [13, 14, 26, 27, 28]. Let us again consider the ex-
ample of a two input AND gate as shown in Figure 1
to derive the oring node. The expanded Boolean false
function for this gate is given by Equation 1. As dis-
cussed in Section 2, we obtain two full implications
from the first binary term on the left hand side of
Equation 1 (@ = ¢, ¢ = a). If we analyze these two
implications, we can conclude that implication @ = ¢
is a contrapositive implication of ¢ = a according to
Equation 2, and vice versa. Also, the same conclusion
applies to the other two implications (b = ¢, ¢ = b)
obtained from the second term in the Boolean false
function. We also have a ternary term in the Boolean
false function, which produces partial implications as
shown by an anding node on the left hand side in
Figure 3. If we apply the contrapositive rule to the
forward partial implication (a Ab = ¢) we can obtain

the relation ¢ = (a A b). According to de Morgan’s
Law [25] of Boolean algebra, we can establish the fol-
lowing relationships:

PV Q)

(@A P) (3)

and L

(P AQ) < (QV P) (4)
We use the de Morgan’s law of Equation 4 to trans-
form the term (a A b) into @ V b and rewrite the for-
ward partial implication ¢ = (a Ab) as ¢ = a V b.
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Figure 4: New implication graph of AND gate.

This means output ¢ = 0 requires either input a = 0
or b = 0. This information can be represented in the
implication graph as shown on the right hand side in
Figure 3. Thus, for every anding node of the implica-
tion graph in Figure 2, we can find a corresponding
contrapositive oring node.

Let us consider another anding implication (aA¢ —
b) shown in Figure 2. The contrapositive oring node
is (b = @V ¢). This implication means that if sig-
nal b = 1 then either ¢ = 0 or ¢ = 1. It does not
represent meaningful information in the implication
graph as any value on signal b does not rely on signal
a and also any logical conclusion cannot be drawn
about the value on signal ¢ just with signal b = 1
without any knowledge of the value on signal a. Sim-
ilarly, no information can be inferred from contra-
positive oring node, a — bV ¢, obtained from the
anding node a A ¢ — b. Thus, we ignore the imple-
mentations of these oring nodes in the implication
graph. Also, we introduce an algorithm that uses
oring nodes to obtain partial implications that were
previously obtained by the other two anding nodes
shown in Figure 2. The new implication graph (IG)
for a two-input AND gate with all the controllabil-
ity related partial implications is shown in Figure 4.
In general, the proposed IG requires only one anding
node and one oring node to represent controllability
relations for a n-input logic gate. Also, one anding
and one oring nodes are required to represent each
observability AND gate as explained in Section 2.

Thus, the proposed implication graph requires
2(n + 1) partial nodes to represent all the control-
lability and observability related partial implications
as compared (n + 1)? partial nodes used by EIG.

4. Transitive closure “Update” algo-
rithms

In this section we first propose an algorithm that,
given a transitive closure graph and a new full
implication edge to be added, produces an updated
transitive closure. This algorithm does not deal with
partial implications. The algorithm is given below.
Here G is an initial transitive closure to which an
edge from source node vs to destination node v, is
added. The routine Update(G,vs,vy,) returns G as
the updated transitive closure.

Algorithm: Update

(1) Update(G,vs, vn){

(2) for each parent P; of source v,{

(3) for each child C; of destination v,, {

Proc. 18th International Conference on VLSI Design, Jan. 3-7, 2005, pp. 723-729.

Figure 5: Transitive closure update for a new full
edge using the Update algorithm.

Table 1: Parent and child node list for the graph of
Figure 5 before adding the b — ¢ edge.

| Nodes [ Parent List [ Child List |

a a a, b, d
b b, a b
c c c, d
d d, a, c d

(4)
(5)
(6)

where addT'cEdge(P;,C;) routine is only called
when the condition of line (4) is true. It adds a
transitive closure edge from node P; to node C;.

As an example, consider the graph shown on the
left in Figure 5 without the dashed line edge. This
graph is a transitive closure with four nodes and three
edges (shown by solid lines). When a new edge from
node b to node ¢ (shown with a dashed arrow) is
added, the Update(G, b, ¢) routine is called with vy, =
b and v, = ¢ This activates lines (1) to (6) in
the algorithm shown above. The for loop in line (2)
executes two times because node b has two parent
nodes as shown in Table 1. The inner for loop in
line (3) also executes two times as node ¢ has two
child nodes. In the first iteration, P; = b and C; =
c. There is no edge between nodes b and ¢, which
satisfies the condition in line (4). Thus, the algorithm
goes to line (5) and calls addT'cEdge (b, ¢) to add the
transitive closure edge b = c. It follows similar steps
for b — d and a — c edges in the second and third
iterations and adds TC edges b = d and a = ¢,
respectively, as shown in Figure 5. For the edge a —
d, the condition in line (4) is not satisfied as there
already exists an edge from node a to node d. Thus,
the algorithm does not call addT'cEdge(a,d) for this
edge. The updated transitive closure graph is shown
on the right in Figure 5.

if (edge P; — C; does not exist)
addTcEdge(P;,C;); }}
}/ * Update * /

4.1. Update for partial implications

We propose transitive closure update algorithms that
convert partial implications into possible full impli-
cations using anding and oring nodes. We explain
these algorithms using an example. Figure 6 shows
an example where two AND gates are fed by the same
input signals a and b. In our technique, the computa-
tion starts with all binary signal nodes, anding nodes
with only the partial incoming edges and one outgo-
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Figure 6: Implication graph of a circuit (left) before
the application of update algorithms.

ing edge, and oring nodes with the partial outgoing
edges and one incoming edge (see Figure 6). Now,
every time a new transitive closure edge is added be-
cause of the Update routine, we check if the desti-
nation node v,, is a parent of any anding node A,. If
this condition is satisfied we check the parent nodes
of the anding node A,. For all of the nodes in this
list of parent nodes, we try to find a common prede-
cessor node Gy,. If such a node is found we can put a
transitive closure edge from the node G, to the child
node of the anding node A, (procedure 1).

We propose another algorithm to traverse the or-
ing nodes. Every time a new transitive closure edge is
added by the Update routine, we check if the source
node vy is a child of any oring node V,. If this con-
dition is satisfied, we check the child nodes of the
oring node V.. For all of the nodes in this list of
child nodes, we try to find a common successor node
G.. If such a node is found we put a transitive clo-
sure edge from the parent of the oring node to that
common successor node G, (procedure 2).

Figure 6 shows an implication graph of the circuit
before update algorithms are executed. This graph is
a transitive closure of itself. In this graph each node
is considered as a parent and a child of itself as this
is a basic property of any transitive closure. The first
edge extracted from the logic network is from node
¢ to node a, as we know that if @ = 0 then ¢ = 0.
This invokes Update(G, ¢,a). There is only one par-
ent of node ¢ and only one child of node a in this
iteration. Thus, both the for loops in the Update
routine are executed only once and this adds a TC
edge ¢ = a. The destination node v, = a is a parent
node of an anding node A1 and Ay. Thus, we check
the parent node list of the anding node A;. We try to
find a common predecessor node G, in this iteration
no such node will be found as the predecessor list of
the parent node a of node A; contains P, = {a,c}
and predecessor list of the parent node b of node A;
contains node P, = {b}. Thus, no TC edge will be
added. Similarly, no TC edge will be added because
of the anding node As. When TC edge b = cis added
using Update, we again try to find common grand-
parent of the anding node A; as the new TC edge
ends at a parent node of this anding node. In this
iteration, P, = {a,c} and P, = {b,c}. Intersection
of these two lists gives a common predecessor node
c. Thus, TC edge can be added from node ¢ to d
(thick edge). Similar steps are carried out for edges
d — a and d — b, which in turn adds TC edges d = a
and d = b using Update routine and d = ¢ using
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Figure 7: A portion of the transitive closure after
Update algorithms are applied to the implication
graph for the circuit given in Figure 6. Bold arrows
show edges added by procedures 1 and 2.

procedure 1 described above.

When we extract an implication from node @ to ¢,
new TC edge will be added @ = ¢ because of the Up-
date routine. The source node @ of this TC edge is a
child node of oring nodes Vi and Vs. Thus procedure
2 will be activated. In this iteration, no common
grandchild will be found for any of the oring node.
When the TC edge b = ¢ is added using Update,
we again try to find common grandchild of the oring
node Vi as the new TC edge starts at a child node
of the oring node. In this iteration, child list of node
a, Cz = {a,c} and that of node b is C; = {b,¢}. The
common node in these two lists can be found as node
¢. Thus, a TC edge can be added from node d = ¢
according to procedure 2 (thick edge). Similarly, a
TC edge ¢ = d will be added as a result of new edges
a = d and b = d. The complete transitive closure
after the application of Update algorithm, procedure
1 and procedure 2 is shown in Figure 7.

Thus, we can see that as compared to transitive
closure edges ¢ = d and d = ¢ found by EIG [14],
our IG and new algorithms find additional transitive
closure edges ¢ = d and d = ¢. Since more impli-
cation edges can be found using the new implication
graph and proposed update algorithms, we may iden-
tify more redundancies in the logic circuit.

4.2. Extended use of the oring nodes

In the previous subsection, we discussed the use of
the oring node and the new implication graph to find
extra redundancies. We also use the oring nodes to
obtain backward partial implications that were pre-
viously obtained using anding nodes. Consider the
example circuit shown in Figure 8. It can be seen
that the first fanout branch of input signal a can-
not be observed at the primary output e. Consider
the transitive closure graph (obtained using previous
methods [13, 26] and an additional oring node struc-
ture) shown in Figure 8. Here, observability node
Ogc (observability of fanout branch of a feeding into
gate ¢) implies nodes b and O.. Also, observability
of node O, implies node d. We can find the TC edge
Oqc. = d using any transitive closure calculation rou-
tine for the implication edge O,. — O.. From the
circuit topology we can obtain the anding node Ay,
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Figure 8: Transitive closure of an example circuit
(top) using a previous method [28].

Figure 9: Transitive closure of IG for the circuit of
Figure 8 using the proposed method.

where node b and node d together through this anding
node imply node @. Now nodes b and d feed into the
anding node A\; through partial edges, which implies
node d. Thus, we add the TC edge O,. = a. This
gives us a condition to identify the s-a-0 redundancy
on line ac. We classify this type of anding node as a
backward anding implication as it gives a partial im-
plication from an output node (d) to an input node
(@). We use the oring node structure to obtain all of
the partial implications that were obtained using this
type of backward anding nodes. Let us consider the
transitive closure graph shown in Figure 9 without
the anding nodes. Here we have removed the and-
ing node A; from the graph. Now, if we consider the
same TC without the anding node we still have the
TC edge Oqc = d. As we can see, node d implies ei-
ther node @ node b through the oring node V;. This
indirectly says that observability of node O, implies
either signal a = 0 or b = 0. Now, if we check the
child nodes of O, they have node b in them. That
means the O, cannot imply node b through the oring
node Vi. That in turn implies signal a = 0, which
gives a transitive closure edge O,. = @. Here, we
obtained the same TC edge that was obtained using
the anding node in Figure 8. The information con-
tained in the backward anding node A2 ((dAa) — b)
of Figure 8 is also included in the same oring node V.
In general, from the three anding nodes (one forward
and two backward) used to represent controllability
partial relations in Figure 2, we only require one for-
ward anding node ((a A b) — ¢) and one oring node
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in our new implication graph, which provide all of
the necessary information as explained in the previ-
ous section. Similarly, backward anding nodes used
to represent observability partial relations for each
input signal can also be removed.

5. Results

Results for ISCAS’85 and ISCAS’89 benchmark
circuits are shown in Table 2. Stand-alone combina-
tional parts of ISCAS’89 sequential circuits were con-
sidered. The first column of the result table shows the
name of the benchmark circuit for which results from
various programs are compared with respect to the
redundant faults identified and their respective CPU
times. There are no aborted faults in TRAN for all
circuits in Table 2. The next two columns show the
redundant faults identified and the CPU times in sec-
onds for the ATPG tool TRAN [8] by Chakradhar et
al., which uses transitive closure for test generation.
The next two columns list the results of FIRE [19] by
Iyer and Abramovici. The next two columns show the
results of the transitive closure algorithm with some
of the partial implications by Gaur et al. [14]. The
next two columns show the results of the transitive
closure algorithm with all of the partial implications
obtained using anding nodes by Mehta et al. [28]. The
last two columns are the results obtained using our
new implication graph and the proposed algorithms.

We identified 5 out of the total of 7 redundant
faults in the ¢1908 combinational benchmark circuit
in 5.7 CPU seconds, while the ATPG tool TRAN [§]
identifies all of the 7 redundant faults in 13.0 CPU
seconds. FIRE [20] identifies 6 redundant faults in
1.8 CPU seconds, TCq [13] identifies 2 redundant
faults in 0.9 CPU seconds, and TCy; [28] identifies 2
redundant faults in 3.2 CPU seconds. We identify 65
redundant faults in the ¢7522 combinational bench-
mark circuit in 17.7 CPU seconds, while the ATPG
tool TRAN [8] identifies all of the 131 redundant
faults in 308.0 CPU seconds. FIRE [20] identifies 30
redundant faults in 4.7 CPU seconds, TC¢ [13] iden-
tifies 34 redundant faults in 5.8 CPU seconds, and
TCy [28] identifies 51 redundant faults in 11.5 CPU
seconds. We identify 51 redundant faults in the s1238
combinational benchmark circuit in 5.4 CPU seconds,
while TRAN identifies all 69 redundant faults in 17.4
CPU seconds. FIRE identifies 6 redundant faults in
1.9 CPU seconds, TCq identifies 6 redundant faults
in 0.6 CPU seconds, and TCy; identifies 20 redun-
dant faults in 2.6 CPU seconds. We identify more re-
dundant faults then all other fault-independent tech-
niques in all of the benchmark circuits, with a compa-
rable CPU time of execution. In some benchmark cir-
cuits such as ¢b315, c6288, s349, s713, and s1423 we
identify almost as many redundant faults as TRAN
does, but we do it much faster.

Two unidentified redundant faults of ¢1908 are
shown in Figure 10. Activation of these faults re-
quires a logic 0 on signal 949 or on 953. In either
case, signals 74, 887 and 886 become unobservable.
Although each fanout branch of 979 is unobservable,
lacking an observability relation between a stem and
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Table 2: Combinationally redundant faults identified in ISCAS’85 and ISCAS’89 circuits.

Number of redundant faults identified and run time
Circuit| Total TRAN [8] FIRE [20] TCq [14] TCy 28] Our method
faults | Red.[CPUs | Red.[CPUs | Red.[CPUs | Red.[CPUs | Red.|CPU s
faults|Sparc 5 | faults|Sparc 2 | faults|Sparc 5 | faults|Sparc 5 | faults|Sparc 5
c432 524 4 0.8 - - 0 0.2 0 0.2 2 0.3
c499 758 8 1.8 - - 0 0.2 0 1.3 0 1.5
c880 | 942 0 4.0 - - 0 0.4 0 0.4 0 0.5
c1355 | 1574 8 11.0 - - 0 0.9 0 1.9 0 2.3
c1908 | 1879 7 13.0 6 1.8 2 0.9 2 3.2 5 5.7
c2670 | 2747 115 | 95.2 29 1.5 25 1.5 59 4.0 69 6.0
c3540 | 3428 131 | 24.9 93 11.9 74 6.2 110 16.2 111 17.0
¢5315 | 5350 59 | 32.3 20 2.8 32 3.4 58 3.9 58 5.2
6288 | 7744 34 | 38.0 33 1.3 31 1.8 34 7.2 34 10.3
c7552 | 7550 131 | 308.0 30 4.7 34 5.8 51 11.5 65 17.7
s349 | 350 2 0.3 2 0.2 2 0.2 2 0.2 2 0.2
s444 474 14 0.4 11 0.2 8 0.2 10 0.3 12 0.7
s713 | 581 38 3.1 32 0.1 35 0.3 38 0.6 38 0.9
s1238 | 1355 69 | 174 6 1.9 6 0.6 20 2.6 51 5.4
s1423 | 1515 14 8.5 5 0.3 8 0.7 12 1.0 13 2.3
s1494 | 1506 12 3.7 1 1.1 1 0.8 2 8.8 3 6.8
s5378 | 4603 40 | 73.0 34 3.7 22 3.0 23 8.3 26 8.4
s9234 | 6927 452 | 803.7 165 20.6 135 | 11.2 233 | 106.0 250 | 140.0
$13207 | 9815 151 | 806.5 55 23.2 60 | 13.6 77 | 158.8 78 | 190.0

Figure 10: Two redundant faults of ¢1908 that were
not identified by the implication garph algorithm.
Some fanins are omitted for clarity.

its fanout branches, we are unable to deduce that 979
is unobservable. Kirkland and Mercer [21] state that
observation of a signal requires the simultaneous ob-
servation of all of its absolute dominators. Absolute
dominators of signal 979 are 886, 887 and 74. No
path from 979 can reach any primary output with-
out passing through all of its absolute dominators.
If we enhance the implication graph by placing im-
plication arcs from the false observability nodes (O)
of any or all absolute dominators to the O node of
a corresponding dominated fanout stem signal, then
the two redundant faults will be identified.

6. Conclusion

We derived a new partial implication structure
called the oring node to represent logical dependen-
cies of signals in the implication graph. Results indi-
cate that for a fault-independent redundancy identifi-
cation technique the proposed implication graph ob-
tains better results. Also, as compared to the (n+1)?
partial implication anding nodes used by Mehta et
al. [26, 28], we only use 2(n + 1) partial implica-
tion nodes (anding + oring nodes) for an n-input
logic gate. Our new algorithms dynamically update
a transitive closure every time an implication edge
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is added. These algorithms evaluate anding nodes
and oring nodes to convert partial implications into
full implications, which in turn add new transitive
closure edges to the graph. We devise our algorithm
such that it uses the proposed oring nodes to get all of
the implications that were previously obtained using
backward implication anding nodes. Repeated use of
these algorithms constructs a transitive closure from
an implication graph with full and partial implica-
tions. Once the transitive closure graph is calculated,
we follow the same procedure used by previous tech-
niques to find redundancies in the digital circuit.
Many unidentified redundant faults are on fanout
stems. Their analysis suggests further improvements.
However, redundancy identification has an exponen-
tial complexity. So, any implication graph or transi-
tive closure based method with polynomial complex-
ity will fail to identify some redundant faults. The
present work provides improvements over previous al-
gorithms in the polynomial complexity class.
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