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Abstract

Signal flow direction of MOS transistors is used in many CAD tools such as switch-
level simulators, timing simulators, electrical rules checkers, testability analysis tools
and test generators. This paper presents a new graph theoretic approach for deter-
mining signal flow directions.

A MOS circuit is partitioned into a number of channel-connected subcircuits each
of which is modeled using an undirected graph (called ST-graph) with two special
nodes s (source) and ¢ (target). The direction assignment problem is modeled as the
two paths problem (TPP) in each ST-graph. Existing algorithms for TPP are either
computationally intensive or not easily amenable to implementation. In this paper
we presents a sequence of simple and efficient algorithms which, when successively
applied to an ST-graph, assign directions to most of the edges (i.e., transistors in the
original circuit). Necessary and sufficient conditions under which a unique direction
can be assigned to all the transistors in an ST-graph are derived. We prove that if all
transistors in the circuit are unidirectional then our algorithms will assign a unique
direction to them in linear time. The techniques described in this paper are general
and can be applied to other problems such as the maximum flow problem and the
reliability modeling problem.

*This work was supported by Defense Advanced Research Projects Agency and monitored by the Office
of Naval Research under contract no. N00014-87-K-0861.
The views and conclusions contained in this document are those of the authors and should not be inter-
preted as necessarily representing the official policies, either expressed or implied, of the Defense Advanced
Research Projects Agency or the U.S. Government.
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1 Introduction

A MOS transistor is inherently a bidirectional device as signals can propagate either from
source to drain, or from drain to source when the transistor is in the on state. The actual
signal flow direction is determined by the strengths or drive capabilities of other transistors
connected to the source and drain terminals of the transistor. When a transistor is turned
on, either the source or the drain terminal can be regarded as the source, and the other
as the target or destination of signal flow. The direction of a transistor is defined as the
direction from the source to the destination of the signal. Most MOS transistors operate in
a unidirectional mode. For example, in the fully complementary CMOS NOR gate shown
in Figure 1 each transistor can be assigned a direction as shown in the figure. Nodes u
and v are the source and destination of signal flow through transistor P A, respectively.

For many computer-aided design and analysis tools, it has been found that if the
direction of signal flow through transistors is known a priori, then both the computa-
tional effort and the accuracy of results can be considerably improved [1,2,3,4]. Jouppi
[1] uses the transistor direction to guide the search for critical paths in a circuit to obtain
accurate timing simulation data. He also uses direction information for electrical design
rule checking. Cirit [2] uses direction information in calculating the controllabilities and
observabilities of signal nets (or nodes). Chen et al. [3] suggest using direction information
to reduce the search time in switch-level test generation. Transistor directions have also
been used to speed up switch-level simulation [4].

In this paper we first consider the problem of assigning directions to transistors in
a static MOS circuit. The applications of our method to non-static circuits and to other
problems such as maximum flow and reliability analysis are then considered.

The direction assignment problem can be transformed into the two paths problem
(TPP) in an undirected graph. A general TPP can be stated as follows. Given 4 nodes
$1,t1, 82,2 in an undirected graph G, determine whether there exist two vertex-disjoint
paths in G, one from s; to ¢; and the other from s, to £;. If there exists an edge e between
t1 and s3, then the TPP problem is equivalent to the problem of determining the existence
of a simple path from s; to ¢, which traverses e from ¢; to s,.

The transformation of the transistor direction assignment problem to the TPP pro-
ceeds as follows. The circuit under consideration is divided into a number of transistor
groups [5], each of which is modeled as an undirected graph called S T-graph. Fach ST-
graph contains two special nodes, a source node s and a destination (or target) node ¢ which
represent the inputs and the outputs of the transistor group, respectively. The question
whether the direction u to v in the transistor modeled by the edge (u,v) is feasible depends
on the existence of two vertex-disjoint paths from s to v and from v to ¢.

The existence of simultaneous vertex-disjoint paths in an undirected graph has been
discussed in literature [6,7,8]. Two algorithms for solving the TPP have been proposed
[6,7]. These algorithms are computationally intensive (O(ne) for each edge or O(ne?) for
all edges, where n and e are the numbers of nodes and edges in the graph, respectively)



and/or not easily amendable to implementation. Algorithms for TPP will be discussed in
Section 2.

The problem of assigning directions to transistors can be more efficiently solved if
some special properties of MOS circuits are taken into account. A rule-based system
which investigates these properties has been developed in (1] and extended in [2]. However
a rule-based approach also suffers from several drawbacks which will be discussed in Section
2.

In this paper we present a sequence of efficient algorithms which deal with the two
path problem for the ST-graphs derived from MOS circuits. Instead of directly solving the
general TPP, our algorithms take into account the fact that, in practice, most transistors
are designed to be unidirectional. In addition most circuits are constructed from a normal
form which results in a series-parallel circuit structure. For example, to implement a
function f = C1+ C2 + ... + Cy using NMOS technology, where each C; = I; 1;,...1;, s
a product term of input literals, the pull-down network will be constructed by connecting n
C; networks  parallel, where each C;imetwork is formed by serially connected transistors
controlled by l;,,l;,,...,l;, . Our algorithms use the series-parallel nature of circuits to

reduce the size of the problem.

Because of the above facts, the algorithms presented in this paper are much more
efficient than existing algorithms for the TPP. In fact all transistors in a circuit constructed
in a series-parallel manner can be assigned a direction in linear time. If a circuit is not
constructed in this manner, our algorithms can still assign direction to most transistors
in linear time. Thus the average time complexity is near linear. This is a considerable
improvement when compared with existing TPP algorithms for general graphs.

The sequence of algorithms used for direction assignment is described below.

The first algorithm merges transistors connected in series or in parallel into one tran-
sistor. This procedure, referred to as PS-reduction, runs in linear time and is, in general,
able to reduce the size of an ST-graph significantly. We prove that if all transistors in the
circuit are unidirectional then PS-reduction can reduce the corresponding ST-graph to one
single edge. Interestingly, the converse of the above result is also true. Thus for circuits
containing only unidirectional transistors the direction assignment problem can be solved
in linear time.

If the reduced graph obtained by applying PS-reduction to the original ST-graph
contains more than one edge, further processing is needed. The second algorithm uses
a divide and conquer approach to recursively partition the reduced graph into smaller
components by identifying a set of special nodes called local articulation points. It is
shown that all the transistors connected to these special nodes are unidirectional. This
step, called the LAP-find (local articulation point find), takes O(e?) time, where e; is the
number of edges in the reduced graph.

The third algorithm, called AE-cut, is then used for each remaining transistor to
identify more unidirectional transistors. AE-cut uses the components identified by LAP-



find. The algorithm runs in O(e;) time, where e, is the number of edges of the smallest
component containing the edge.

Since there may exist some bidirectional transistors, it is possible that all the above
algorithms fail to assign directions to some transistors. Two theorems proved in this
paper allow us to make use of the direction information obtained by the above algorithms
to assign direction to some specific transistors. These theorems lead to two simple yet
powerful procedures which can identify most bidirectional transistors immediately.

For the remaining transistors, the algorithm proposed by (7] can be applied to de-
termine transistor direction. It is viable to use a computationally expensive algorithm
(though still polynomial time) at this stage because, having used the algorithms just men-
tioned, (1) the resulting graph to which the TPP has to be solved is considerably simpler
than the original ST-graph, and (2) the TPP has to be solved for only a few unassigned
transistors rather than all the transistors in the circuit.

The remainder of this paper is organized as follows. In Section 2 rule-based approaches
for direction assignment and existing algorithms for the TPP are described and their
limitations discussed. Section 3 consists of a formulation of direction assignment problem
and a description of the circuit model. PS-reduction is presented in Sections 4. LAP-find,
AE-cut and the procedures that make use of the direction information obtained earlier to
assign more directions are described in Sections 5. Section 6 describes the procedure for
assigning directions to all transistors which remain unassigned after the above processes.
Section 7 discusses the applications of the above procedures to circuits other than static
MOS circuits. The limitation of our method is discussed in Section 8. The application to

other problems is given in Section 9. Finally, concluding remarks are presented in Sections
10.

2 Related Research

In this section we discuss rule-based systems for assigning directions to transistors and the
existing algorithms for TPP.

Rule-based Systems

In [1] a rule-based system is used to solve the direction problem. Eight “safe” rules and
five “unsafe” rules are developed. This system, though empirically shown to have good
transistor coverage, has the following problems. First, the applications of rules rely on
pattern matching techniques which are often time-consuming. Second, only local effects
are considered and thus some transistor directions which require global circuit information
cannot be assigned. For example transistors PB, PC and PD in Figure 2 can be assigned
directions towards the output node O, but none of the rules proposed in [1] can assign
these directions. Third, since the rules are verified through informal arguments rather than



formal techniques, some “safe” rules may turn out to be unsafe in some special cases. For
example Figure 3(a) shows a six transistors memory cell whose equivalent circuit diagram is
given in Figure 3(b). Transistors A and B are both bidirectional but the system developed
in [1] will identify them as unidirectional because, according to “safe” rule 6, all transistors
fed by the output of an inverter are considered as unidirectional.

In [2] the direction rules of [1] are argumented by identifying some special patterns
such as transmission gate adders and Manchester carry chains. In addition Kirchoff’s
current rule is repeatedly applied to propagate the direction information throughout the
circuit. However this method is based on the assumption that all transistors are unidirec-
tional, which is not always true. One simple counter example is shown in Figure 4 where
transistors PC and NC are actually bidirectional.

There are other concerns that need to be addressed while using a rule-based system,
especially when the number of rules is large. A rule-based system can be thought of as a
term rewriting system in which each rule or production replaces a part of the input term
(a circuit in the present case) with another, hopefully, simpler and more specific term.
Thus, each application of a rule is equivalent to a reduction.

For any rule-based system, one would like to guarantee the following two properties.
(1) For any input term, there is no infinite sequence of reductions (uniform termination
or noetherian), and (2) for any distinct terms a, b and ¢, if b and ¢ are reachable from a,
then there is another term d which is reachable from both b and ¢ (unique termination
or confluence). In general, establishing the noetherian and confluence properties for any
rule-based system is difficult. In most system only informal arguments are given to support
them. However, if these properties are not established, a rule-based system can at best be
regarded as heuristic rather than algorithmic.

For the algorithmic reductions described in this paper, we prove both the unique and
uniform termination properties.

Two-paths problem

As mentioned before, two algorithms for the TPP have been proposed in the literature
[6,7]. In [6] the emphasis is on the derivation of the worst case complexity. A complex
analysis is given to show that TPP can be solved in O(ne) time for each edge in the
graph, where n and e are the numbers of nodes and edges, respectively. This analysis
involves six successive reductions each of which has the form “One may assume the graph
has a property X, otherwise the problem is either already known to be solvable or can be
transformed into a solvable one.”

With these reductions the graphs under consideration are divided into a large number
of cases, each of which can be solved using a specialized algorithm. Thus, a large number
of algorithms have to be implemented in order for this result to be useful. Also, because
of the large number of transformations involved, the effect of multiplicative constants,
which are generally ignored in evaluating worst-case complexity, may make the average-



case complexity unacceptable. In addition any implementation of this algorithm will entail
an O(ne) computation for each transistor, requiring a total time of O(ne?) for an ST-graph
with n nodes and e edges. This time complexity may be unacceptable for large circuits.

Another algorithm for the TPP has been proposed in [7]. This algorithm requires a
procedure that repeatedly examines whether there exists a subgraph G' = (V', E') of G =
(V, E) such that (1) G' is connected, (2) V' does not contain sy, ¢1, sz, ¢, and (3) |6(V")| < 3,
where §(V') = {z|(z,v) € E,z ¢ V',v € V'}. In addition this algorithm requires a modified
planarity check on a transformed graph in order to determine the existence of two vertex-
disjoint paths. Thus this algorithm may also become computationally intensive if it is used
to determine the direction of all the edges in the ST-graph. We will use this algorithm to
determine the direction of a subset of transistors in a reduced ST-graph.

3 Circuit Model and Problem Formulation

For ease of exposition, we initially assume that the circuits under consideration are static,
i.e., the operation of circuits does not rely on charge retension or charge sharing effects.
Thus, whenever a node affects the circuit operation, it must be connected to a power source
(VDD, GND, or a primary input) through a path consisting of conducting transistors. The

extensions of our direction assignment algorithms to non-static circuits will be discussed
in Section 9.

A MOS circuit is modeled as an undirected graph, called the circuit graph, whose edges
correspond to the transistor channels and whose vertices (or nodes) correspond to the nodes
in the circuit. By disconnecting the gate terminals of all transistors and replicating the
VDD and GND nodes such that each edge connected to VDD or GND has its own copy,
the circuit graph is partitioned into a number of connected components called transistor
groups(T'G's) [5]. In effect each TG is a “channel-connected” component. Figure 5(a) and
(b) show a CMOS circuit and its four TGs (node B forms a TG by itself).

For each T'G, the sets of input and output nodes are defined as follows. Input nodes
are those nodes which act as the source of signal flow to the corresponding T'G. Possible
input nodes to a TG are VDD, GND and all primary inputs. Output nodes are those nodes
which act as the destination of signal flow. Possible output nodes are primary outputs and
all nodes which control the gate terminals of non-depletion type transistors. In Figure 5,
A and O; are the input node and output node of TGy, respectively. Both VDD and GND
are input nodes to T'G; and T'Gs. O; and Oj are output nodes of TG,, and Oy is the
output node of T'Gs.

ST-graph

For each transistor group T'G; = (NV;,T;), where N; and T; are the sets of nodes and
transistors (or edges), respectively, we define an ST-graph ST} = (V;, E;) as follows.



Definition 1 [ST-graph] Let I and O be the sets of input nodes and output nodes of a
transistor graph TG; = (N;,T;), respectively. An ST-graph ST; = (V;, E;) corresponding to
TG; s defined as

Vi = (Ni—)U{shU {t},and
E; (T; — {(u,v)|w or v € I}) U {(s,v)|Tv & I,s; € I, such that(s;,v) € T;}
U{(u,t)|u € O}.

In other words, we remove all transistors whose source and drain nodes are both input
nodes, merge all input nodes into a new node s (source), and connect each output node to
another new node ¢ (target or destination) by a new edge. Figure 6 shows the ST-graph
of TGy of Figure 5 which has two input nodes and two output nodes. Note the difference
between the construction of s and ¢. The reasons for this difference will be given after the
definition of an edge direction has been introduced.

In practice, not every undirected, connected graph can be an ST-graph. We shall
assume that each edge in an ST-graph is on at least one simple path (a path with no
loop) from s to ¢. This assumption will always be true since a transistor which is not on
any simple path from an input node to an output node is clearly redundant and can be
removed from the circuit. Also we assume that the degree of each node except s and ¢
is bounded by some constant C'. This is also generally true for most circuits because of
underlying technological considerations.

Edge direction

Signal flow direction is formally defined as follows.

Definition 2 [Direction] An edge (u,v) in an ST-graph can be assigned a direction from
u to v if and only if there exists two simple vertez-disjoint paths, one between s and u and
the other between v and t. (u,v) 1s bidirectional if and only if both directions from u to v
and from v to u can be assigned. If only one direction can be assigned, then the edge is
unidirectional.

This definition captures the essential nature of signal flow directions of transistors in a
static circuit. For a static circuit, each output node of a transistor group should be driven
by an input node through a sequence of transistors. Each transistor can have a specific
signal flow direction only if there exists a path from an input node to an output node
which traverses the transistor in the specified direction. For an edge (u,v) in an ST-graph
to have a direction from u to v, it is essential that there exist two vertex-disjoint paths,
one from s to u and the other from v to ¢.

We now give the reasons why nodes s and ¢ are constructed differently in an ST-graph.
For any static circuit, during steady state operation an input node acts as an “active” node



