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Abstract

The problem of combinational logic synthesis is addressed for two
interesting and popular classes of programmable gate array archi-
tectures: table-look-up and multiplexor-based. The constraints im-
posed by some of these architectures require new algorithms for
minimization of the number of basic blocks of the target architec-
ture, taking into account the wiring resources.

1 Introduction

Programmable devices (PD's) are devices that can be programmed
by the user to implement a logic function. Because of short
turnaround time, they are becoming increasingly important for rapid
system prototyping. In addition, they have a low cost of manufac-
turing and are fully testable. For short turnaround time, it is nec-
essary to have automatic tools that take a “high-level description”
(like equations or a VHDL description) of a circuit and synthesize

onto these architectures. PD’s can be classified into two broad cat-
egories:

1. Programmable Logic Devices (PLD’s) that are PLA-like.
Typically these are interconnections of PLA’s. Commonly
used architectures are the ones manufactured by A.M.D. and
Altera.

2. Programmable Gate Arrays (PGA’s) that are gate-array-like.
They are typically used to implement multi-level logic func-
tions. Examples of such architectures are the Xilinx and Actel
architectures.

Excellent tools (e.g. Espresso [9]) are available for optimizing the
mapping of a high level description of the logic onto PLD’s, since
the differences vis-a-vis the standard PLA-minimization problem
are small. However, very few tools are available for PGA's, since
differences in basic building blocks as well as in the amount of
wiring resources make the synthesis problem substantially more dif-
ficult than in the standard gate-array case.

The basic PGA architectures share a common feature: they con-
sist of repeated arrays of identical logic blocks. A logic block (also
called a basic block) is a versatile configuration of logic elements
which can be programmed by the user. The interconnections to real-
ize the circuit have to be programmed using scarce wiring resources.
There are two main categories of block structures, namely Table-
Look-Up (TLU) and Multiplexor-Based (MB); the architectures
resulting from them are called the TLU architectures and the MB
architectures respectively. A basic block of a TLU implements any
function with m inputs, (m > 2). For a given TLU architecture, m
is a fixed number. In MB architectures, the basic block is a config-
uration of multiplexors.

Existing multi-level logic synthesis tools like misII [7] break the
synthesis task into two separate phases: technology-independent
optimization and technology mapping. This strategy is based
on the possibility of measuring the cost of an implementation at a
higher level of abstraction. However, this strategy is not well suited
for PGA architectures since the constraints posed by such architec-
tures are not easily captured at an abstract level. For PGA’s, the two
steps should be merged together as much as possible to provide a
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better overall optimization algorithm driven by the target technol-
ogy/structure.

The paper is organized as follows: Section 2 describes the two
classes PGA architectures, and states the problem to be solved for
PGA’s. New approaches for these two classes are presented in Sec-
tions 3 and 4. Results on a set of benchmark examples are presented
in Section 5.

2 PGA Architectures
2.1 TLU Architectures

The basic unit of logic in these architectures is called a configurable
logic block (CLB). It can realize any logic function of up to m
inputs. A typical example is the Xilinx architecture [1], in which
m = 5. The interconnections between the logic blocks consist of
metal segments joined by program-controlled pass transistors. The
logic functions and the interconnections are determined by the con-
figuration program data stored in the internal static memory cells.
The main constraints from the synthesis point of view are:

1. A limited number of CLB’s on a chip (e.g. the Xilinx chip
typically has 64, 100 or 320 CLB’s).

2. Maximum number of inputs a CLB can have.

3. Limited wiring resources.

2.2 MB Architectures

In this architecture, the basic block of logic has a multiplexor struc-
ture. An example of an MB architecture is the Actel architecture
[2], in which the basic block has three 2-to-1 multiplexors and an
OR gate as shown by the block STRUCT in Figure 3. The rows of
logic blocks are separated by a routing channel consisting of routing
tracks and a clock distribution network.

2.3 Problem Statement

Given a circuit description in terms of a set of Boolean equations,
we are interested in its final realization using the basic blocks of the
target PGA architecture. The objective could be to minimize the
number of blocks used, the delay on the critical path or a combina-
tion thereof. In this paper, we address the problem of minimizing
the number of blocks used and of reducing the routing complexity.
The algorithms discussed below are implemented in the framework
provided by misII. All the basic terminology used in this paper can
be found in previous work ([7], [9], [4]).

3 An Approach for TLU Architectures

MuislI uses the number of literals in the factored form of anode in the
oolean network as an estimate of the area or the gate count. This 1s

a poor estimate in the minimization of the number of CLB’s. For ex-
ample, let m = 5, fi = abedeg and f2 = abc+ b'de +a’e’ +c'd’.
Functions f; and f2 have 6 and 10 literals respectively. Function
f1 requires two CLB’s in its optimum implementation, whereas f>
needs just one (since f> is a function of five variables). Thus the
objective function has to do more with the number of inputs than
with the actual logic that the function realizes. Before we describe
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in detail various parts of the algorithm, we need the following defi-
nitions.

Definition 4.1: An expression is cube-free if no cube divides the
expression evenly. e.g., ab + ¢ is cube-free; ab + ac is not. The
primary divisors of an expression f are the set of expressions D(f)
= {fIC | C is a cube}. The kernels of an expression f are the set of
expressions K(f) = { g | g € D(f) and g is cube-free }. The residue
associated with a kernel k; of a function f is the expression for f
with a new variable substituted for all occurrences of k; in f.

Definition 4.2: The support of a function f, denoted as sup(f), is
the set of variables f explicitly depends on. | sup(f) | represents
the cardinality of sup(f).

Definition 4.3: A functionfis afeasible function if | sup(f) |< m.
Informally, a feasible function can be realized by one CLB.

Definition 4.4: A Boolean network n is feasible if every intermedi-
ate node of 1 realizes a feasible function.

The number of intermediate nodes in a feasible network gives
an upper bound on the number of CLB’s needed for the network.
?Illl outline of the algorithm developed for TLU architectures is as

ollows:

synthesis_for TLU(n, m) I* m = max. inputs to CLB. */

misll standard script /* minimize logic */
7' = obtain_a_feasible_network(n, m);

1" = minimize_number of _nodes(n’, m);

To obtain a feasible network ' from the given network 75, two rou-
tines roth-karp_decompose and partition have been developed. One
of these two may be used to obtain 1’. To reduce the number of
nodes in 1, cover and merge routines are used.

3.1 Roth-Karp decomposition

In the decomposition process we are interested in decomposing non-

feasible nodes into feasible nodes. The network obtained after de-
composition is a feasible network. A number of decomposition
methods have been given (e.g. [5], [6]). We chose the Roth-Karp
decomposition method [5] over others, because other methods need
the construction of decomposition charts [6] whose size is always
exponential in the number of inputs. In the Roth-Karp scheme, a
cover representation of the on-set and the off-set of a function is
used, which is more compact than decomposition charts.

Roth and Karp give necessary and sufficient conditions for a de-
composition to exist. We have implemented their algorithm, but we
do not search for the best possible decomposition in the present im-
plementation, since this is computationally very expensive. Instead,
we accept the first bound-set [5] that is found and do the decompo-
sition.

3.2 Partition

Partition, like Roth-Karp decomposition, ensures that the function
fi associated with anode 1 is a feasible function. The difference is
that partition relies on kernel extraction to do the decomposition.
It operates in two phases. In the first phase, it examines nodes that

do not have a feasible function associated with them, Kernels f
Lherio gIc expression at a node (w1 (io gic function 1}1) arf;}'fu?ne‘;{

ated. For every kemel k; and residue r; that are feasible functions,
it associates a cost

cost(ki) =| sup(k:) (") sup(r:) | (1)

and chooses the kernel with the least cost. Else it recursively com-
putes the cost for kernels or residues that are not feasible functions.
If kernels cannot be extracted, an AND-OR decomposition is done
at the node. The cost can be interpreted as a measure of routing
complexity as follows: if we were to replace a node in the network
by one of its kernels k; and the corresponding residue r;, the num-
ber of new edges created in the network will be equal to

Figure 1: Separating sets using maxflow

(I sup(ki) | + | sup(ri) | — | sup(f) | +1)
~ (| sup(ki) (Y sup(ri) ).

The secondphase of partition is a local operation: only the neigh-
borhood of a node is searched for a solution. It uses a greedy heuris-
tic to select nodes that may be collapsed into their fanouts. Every
node which has a single fanout is collapsed into its fanout provided

the function at the new node is a feasible function, Nﬁ)}(l the cost of
collapsing each node into its fanouts is evaluated. The cost takes

into account the duplication of logic and the additional routing cost
incurred. Let FO(1) be the fanouts and FI(z) be the fanins of node
1. Then

cost(i) = Z

JEFO(i)

| FIG) | + | FI(5) |
— | FIGNFI(G) | -1 2
— (1 FOG) 1+ FIGY)

The first four numbers in every term of the summation represent
the number of routing nets that would be created on collapsing. The
remaining terms reflect the advantage of keeping the fanout of node
1 as the output of a CLB. The cheapest node is selected, collapsed
into its fanouts, and costs are updated. This process is repeated until
no further nodes can be collapsed. The simplify operation is used
to minimize the logic at eachnode. This may reduce the number of
fanins of some node and permit us to collapse more logic into it.

It should be noted that whereas roth-karp_decompose just de-
composes nodes, partition, besides doing a decomposition, also

tries to reduce the number of nodes in the feasible network and the
wiring resources in the final implementation.

3.3 Covering

At this point, we have a feasible Boolean network. It may be possi-
ble to decrease the number of nodes by appropriate collapsing. The
problem, then, is: given a feasible Boolean network, collapse nodes
so that the resulting network is feasible and the number of nodes is
minimum. We call this the covering problem. Unlike the second
phase of partition, it uses a global view of the network to determine
nodes to be collapsed. However, it is very time consuming.

Define a supernode corresponding to a node ¢ of a Boolean net-
work to be acluster that contains 7, and some nodes in the transitive
fanin of 7. A cluster cannot contain any primary inputs. Every node
in the cluster has a path to node ¢ which lies completely in the clus-
ter. Note that the boundary of any cluster forms a separating set
between node ¢ and the primary inputs. The constraint associated
with a supernode is that it should have a maximum of m inputs,
the motivation being that all the nodes in a supernode can be im-
plemented by one CLB and hence collapsed. There may be several
supernodes for a node.

Covering consists of two stages. In the first stage, all supem-
odes corresponding to each node of the network are generated by
repeatedly applying the maxflow algorithm (Figure 1). Each invo-
cation of the maxflow algorithm generates a separating set. If the
cardinality of this set is less than or equal to m, this indicates that
a new supemode has been found. In the second stage, we choose
a subset T" of supernodes from the candidates obtained in the first
stage such that T' covers the entire network. The aim is to minimize
the cardinality of the set T', since each supernode in T" corresponds
to a CLB. This problem is formulated as a binate covering prob-
lem. Our formulation of the binate covering problem is similar to
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Figure 2: Example of mergeable functions

the one described in [10]. There are two kinds of constraints con-
cerning the choice of candidate supernodes. The first is that every

intermediate node in the Boolean network should be included in at
least one supernode. The second is that if a supernode is chosen,

then for each input to the supernode, some supernode whose out-
put supplies the input must also be chosen. (In ordinary covering
problem (unate covering problem), the second set of constraints is
absent.) We want to obtain a minimum set of supernodes which sat-
isfy these constraints. Note that the cost of each supernode is one,
since it can be implemented by one CLB. An exact algorithm [12]
as well as heuristic ones have been developed and/or implemented

[11].
34 Merging

Special features of an architecture may be exploited at this point to
improve the results. For example, in the Xilinx architecture, a CLB
has the following properties:

o It can implement a feasible function (m = 5).

o It can implement two feasible functions f and g provided: a)
each of them has at most four inputs, b) the number of their
common inputs is at most three, and c) the total number of
inputs is at most five. If f and g satisfy these three conditions,
they are said to be mergeable. See Figure 2 for an example.

Given a feasible Boolean network 1, we want to find a largest
set of disjoint pairs of mergeable functions. Consider a graph G, in
which each vertex v represents a feasible function f at anode n of
the Boolean network 7. There is an edge between vertices v; and
v; of G if and only if the feasible functions f; and f; (at nodes n;
and n; of 7 respectively) are mergeable. Then the problem of merg-
ing is equivalent to the problem of finding a maximum cardinality
matching in G. This can be solved using standard optimization
techniques.

4 An Approach for MB Architectures

MB architectures can be of many different forms. For our experi-
ments we chose the Actel architecture as our primary target. In this
architecture, the basic block, STRUCT, is a configuration of three
2-to-1 multiplexors, with an OR gate providing the select input to
the output multiplexor. For the sake of simplicity, we explain our
basic algorithm on a simplified, more uniform structure: STRUCT1
where the OR gate is ignored (Figure 3). However, the algorithm
takes into account the OR gate when producing the final results.

In conventional technology mapping [13], each gate is chosen
from a library and has a cost associated with it. The optimized net-
work is decomposed into a subject graph in terms of the base func-
tions. Typically the base functions are NAND gates and inverters.
The logic function of every gate is similarly represented as pattern
graphs, which are also in terms of the base functions. The subject
graph is then covered by a set of pattern graphs such that the cost
of this set is minimized. One can use this approach to solve the MB
problem, by deriving a library of gates from the basic block.” The

gsst, then, is the number of STRUCT blocks needed to realize the
netion.
The basic idea of our approach is to select an appropriate base

function, a library of cells and a set of pattern-graphs. Given the
MB architecture, we chose 2-to-1 multiplexor as the base function.
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Figure 3: Two mux structures: STRUCT and STRUCT1

The library consists of all the functions that can be realized by one
basic block. Then, the complete set of pattern-graphs may be very
large. However, if we have a good subject-graph, a very small sub-
set of pattern-graphs generated from the cells in the library may
suffice (Section 4.1).

Binary Decision Diagrams (BDD’s) and Reduced Ordered Bi-
nary Decision Diagrams (ROBDD’s) [4] are well known represen-
tations of Boolean functions in terms of multiplexors, and as such
are used to build the subject-graphs and the pattern-graphs. First,
we define a few terms. A function f can be represented by a matrix
whose rows are the cubes of f. This is called a cover of the func-
tion f. A unate cover is a cover in which every variable appears in
only one phase. A binate cover is one in which at least one variable
occurs in both phases. Such a variable is called a binate variable.
A cover is said to be a tautology if it covers the entire Boolean
space. The cofactor of a function f with respect to a literal { is the
function when [ evaluates to 1. Let the function f be a function
of variables z,, z2, ....., z». Then Binary Decision Diagram of f
takes the form of a rooted directed graph with vertex set V' contain-
ing two types of vertices. A non-terminal vertex v has as attributes
an argument index(v) € { 1,2, ....n}, and two children, low(v) and
high(v) € V. A terminal vertex v has a value, value(v) € {0, 1}.

A BDDis said to be orde¥ed if the indices of the vertices in al] root-
to-terminal vertex paths follow a fixed order. A BDD 1s said to be

reduced if there is no vertex u with low(u) = high(u), and there
are no two distinct vertices v and w such that the sub-graphs rooted
at v and w are isomorphic. A reduced ordered BDD is called an
ROBDD. We say that a vertex of the subject-graph (pattem-graph)

is a leaf if it is either a terminal vertex or a non—texninal vertex
whose corresponding function evaluates to an input. A vertex that

is not a leaf is a non-leaf vertex. The non-leaf portion of the graph
is the graph with its leaves deleted. Also, a leaf-DAG is a directed
acyclic graph (DAG) whose non-leaf vertices have single parents.

4.1 Pattern-graphs

We construct four pattern-graphs for STRUCT1 as shown in Fig-
ure 4. If a function is realizable by one STRUCT block, it either
uses all the multiplexors, or two, or just one'. These pattern-graphs
are in one-to-one correspondence with these possibilities. So we
need a very small set of patterns to capture all possible functions
realizable by one STRUCT]1 block. Note that all pattern-graphs are
leaf-DAG’s and only pattern-graph 1 uses all the multiplexors.

The introduction of the OR gate at the select input of MUX3 in-
creases the number of functions realized by the block considerably.
From an algorithmic point of view, it introduces some difficulties:
the number of pattern-graphs increases, equivalence between the
multiplexor usage and the pattern-graphs is destroyed, and some of
the pattern-graphs may not be leaf-DAG’s. The algorithm is modi-
fied so as to explore for a possible occurrence of the OR structure.
For this, the pattern-set has to be expanded. Presently we have a set
of 8 pattern-graphs for STRUCT.

The following propositions state two cases when optimum
subject-graphs can be constructed for STRUCT and give a method
to generate the subject graphs (proofs are omitted):

Proposition 4.1: If a functionf = f(fl, f2, ... fk, gl, g2, ... , gl)
is a single cube with input variablesfl, f2, .... fk occurring in the

'If a function does not use any multiplexor, then it is a trivial function and can be
realized without any basic block.
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Figure 4: Patterns for STRUCT1
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positive phase and g1, g2, g3,.... gl in the negative phase, then the
ROBDD corresponding to the ordermg fl.12,81,82./3,83,84. A4,

...... of input variables results in the minimum number of
STR UC T blocks after covering.

Proposition 4.2: If afunctionf=f(fl,f2, .. fk, g1, g2, .. gl) consists
of only single literal cubes with input variables 1, f2, ... fk occur-
ring in the positive phase and gl, g2, ... gl in the negative phase,
thenthe ROBDD corresponding to the orderingfl, g1, 12, /3, g2, 4,

. 83./6,17, ... of input variables results in the minimum number
of STR UCT blocks after covering.

‘When inputs of a phase finish, the remaining inputs are concate-
nated to complete the ordering. Also, both the orderings are listed
such that they start from the terminal vertices and end at the root of
the ROBDD.

4.2 Construction of Subject-graphs

Experiments showed us that the construction of a subject-graph for
the entire network (global subject-graph [14]) leads to poorer re-
sults than the construction of subject-graphs for each node in the
network (local subject-graph) [11]. This is because of the follow-
ing reasons:

o The global subject-graphrequires all vertices to be indexed by
primary inputs. This may be too restrictive; it may be possi-
ble to obtain a better representation if intermediate functions
could be the indices of the vertices. The local subject-graph

allows that, since fanins to a node could be the intermediate
nodes.

o The ordering heuristic used to construct global subject-graphs
does not generate a good enough subject-graph for covering
by the small pattern-set. The basic assumption behind having
a small set of pattern-graphs is that the subject-graph is close
to optimum. If it is not, then the pattern-set may have to be
expanded.

So, we construct subject-graphs for each node of the network sep-
arately. We now describe the two representations for the subject-
graph and the heuristics used to build them.

1) ROBDD: We choose ROBDD as arepresentation for the subject-
graph because it is compact and has no duplication of logic. The ba-
sic method is to construct an ROBDD for the function at a node (the
inputs of the function being the fanins of the node) and then cover
it with the pattern-graphs. The size of the ROBDD of a function
is sensitive to the ordering of the input variables. No polynomial-
time algorithm is known for finding the ordering that results in the
smallest ROBDD. However, if the function has a small number of
inputs, an optimum ordering? can be determined quickly by trying
out all possible input permutations. This leads to the first heuristic
for constructing the subject graph.

Heuristic 1: Transform the given network 7 into a network 7’ in
which every node has at most N fanins. For eachnode, construct the
ROBDD’s corresponding to all the input orderings, evaluate their
cost using covering algorithm, and pick the one which yields mini-
mum cost. Since the problem of obtaining the network 1’ from 7 is

2In our case, the optimum ordering is the one that results in an ROBDD having
minimum cost.

similar to the problem for TLU architectures, the routines partition,
roth-karp decompose and cover are used with m = N. Valuesof N
from 3 to 6 give good results [11].

A shortcoming of this representation is that the input ordering
constraint imposed by the ROBDD may be too severe and may yield
a poor result in terms of the basic blocks. Also, there may be a lot of
vertices with multiple parents. Since the covering procedure is tree-
based, it breaks the subject-graph at vertices with multiple parents
(Section 4.3). If there are a lot of vertices with multiple-parents, the
sub]ecl-graph is partitioned into too many sub-trees. This may not
give a good result. This leads us to consider another representation
which does not have these two restrictions.

2) BDD: We now give a heuristic which constructs a BDD (without
any ordering restrictions) such that

o the number of vertices in the BDD is small, and
o the number of vertices with multiple parents is small.

Heuristic 2: For every node in the network, we construct a BDD
trying to minimize the number of vertices. The logic cover of the
node is cofactored with respect to its input variables until we reach
a unate cover (also called a unate leaf). Cofactoring with respect
to variable z; corresponds to creating a vertex (with index ¢) in the
BDD. The selection of the cofactoring-variable at each stage is done
as follows. If there are variables that appear in all the cubes in the
same phase, they are selected first (in any order). Next, at each
step the most binate variable is chosen. Ties are broken by select-
ing those variables first that occur in both phases nearly the same
number of times. Selecting variables this way tries to minimize the
number of vertices in the BDD.

At the unate leaf, we construct a 0-1 matrix B = (b;;) for the
unate cover U C, where

b = { 1 if i*" cube of UC contains variable z ;, )
Y 0 otherwise.

A minimal column cover CC for B is then obtained [9]. It con-
tains some variables occurring in the unate leaf. For each variable
rj in CC, a sub-cover SCj is constructed using cubes of U C that
depend on z ;. Each cube is put in exactly one such sub-cover (ties
are broken arbitrarily). From the sub-cover SCj, z; is extracted out
to yield modified sub-cover M SC;. In M SC}, z; is a don’t care.
This corresponds to creating a vertex with index j in the BDD cor-
responding to SC;. The column covers for M .SC; are recursively
obtained. The recursion stops when either a tautology is reached or
asingle cubeis left in M SCj. Atautology correspondsto the termi-
nal 1 vertex of the BDD. The BDD for a single cube is constructed
using the ordering determined from Proposition 4.1 (Section 4.1).
Hence we have the BDD of M SCj after this operation. The BDD
of SC; is obtained by ANDing the BDD’s of M SCj and zj, with
zj higher in the order. The BDD of U C is then obtained by ORing
repeatedly pairs of BDD’s corresponding to sub-covers SC;. Con-
structing minimal column cover helps in reducing the number of
vertices with multiple parents in the BDD. We make the following
observation:

Observation 4.1: If q is the number of cubes in the BDD of a unate
cover UC, and p is the number of non-terminal vertices in the BDD
with multiple parents, thenp < (¢ — 1).

In the BDD of the function f, there are no non-terminal vertices
with multiple parents until unate leaves are reached. By choosing
the most binate variable at each stage, the depth of the BDD and the
number of unate leaves is kept small. If there are few cubes in each
unate leaf, the number of vertices with multiple parents in the BDD
for f will be small.

A drawback of this heuristic is that there may be duplication in
different branches of the BDD. It may not be possible to predict
which one of ROBDD or BDD will result in a lower cost. So, we
may wish to construct both types of subject-graphs for a node and
select the one with the lower cost. This leads to Heuristic 3.

Heuristic 3: Construct both subject-graphs for the node -
ROBDD and BDD; cover them using the covering algorithm and
select the one with the lower cost.
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4.3 Covering algorithm

We use the tree-covering heuristic proposed in [13]. However, the
subject graph and the pattern graphs are in terms of 2-to-1 mul-
tiplexors. We now justify the use of the set of pattern-graphs by
stating the following theorem (proof is omitted):

Theorem 4.1: For a function f realizable by one STRUCT1 mod-
ule, 3 a subject-graph S whose non-leaf portion is isomorphic to
the non-leaf portion of one of the four pattern-graphs of Figure4,
say p. The covering algorithm will map S onto p.?

Since the pattern-set is small, the covering algorithm is fast.

4.4 Iterative improvement

By performing some local transformations on the network, it may
be possible to improve the result. The basic idea is to apply these
transformations in sequence - if a transformation yields a lower cost,
itis accepted. If the subject-graph construction is fast, we can afford
to recompute the cost. The outline of the iterative_improvement
algorithm follows:

iterative_improvement()

repeat {
partial_collapse(network);
decompose_nodes(network);
} (until satisfied or no further improvement);
quick_phase(network);

44.1 Partial_collapse

Partial collapse collapses a node into each of its fanouts. The aim
is to select nodes for simultaneous partial_collapse such that the
gain is maximized. If by partial_collapsing a node n, the cost of the
network decreases, the node is a candidate for being selected for
final partial_collapse.

A cluster C corresponding to n is formed. It contains n and all
its fanouts. This cluster represents the subnetwork affected by the
partial_collapse operation on n. The process is repeated for all the
nodes. We impose the condition that only disjoint clusters be si-
multaneously collapsed. This condition guarantees that the cost
computed for a node of a cluster at the time of forming that clus-
ter remains valid after all the selected nodes are collapsed into their
fanouts. We formulate the problem as a 0-1 integer program. Let
cost(n) be the cost of node n and C be the cluster that corresponds
to node n. The cost for cluster C, cost(C), is the sum of the costs of
the nodes in the cluster before n is partially collapsed. After n is
collapsed into its fanout nodes, let the sum of the new costs of the
fanouts be newcost(C). Define

gain(C) = cost(C) — newcost(C). 4)

If gain(C) > 0, then node n is a candidate for selection. We com-
pute the gain for every cluster, and retain only those clusters which
have a positive gain. Let us call these clusters good clusters.

Let z; be the 0-1 variable corresponding to the good cluster C;.
Let M = (m;;) be the node-cluster incidence matrix, where

_ J 1 if C; is selected for partial_collapse,
Ti= { 0 otherwise. F i ®

o 1 if node n; belongs to good cluster C';,
i _{ 0 otherwise. & ’ ©®

The problem, then, can be formulated as

maximize Z(Gaz’n(C.-) X T;) @
s.t. ‘

Zm;j;vj <1 Vi (8)
J

3This subject-graph S is an ROBDD and can be found by constructing ROBDD’s
for all possible input orderings for f. Note that f is a function of at most 7 inputs.
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name nl mis-pga ind. result

CLBs time CLE’s
10bitreg 20 10 69 1T
10count 126 23 154.2 19
180degc 146 21 74.5 34
3to8dmux | 101 30 81.1 25
4-16dec 70 12 57.5 18
4ent 66 17 35 10
8bappreg | 141 27 64.9 27
8count 138 20 577 29
9bcsacl 135 34 | 10289 45
9bcasc2 133 29 91.9 42
arbiter 146 21 733 13
C5315¢ 376 497 | 34674 -
C499 162 50 137.5 -
vg2 11 21 25.6 -
r<§84 20 32 65.1 -
rot 169 153 844.8 -
apex6 149 191 | 1376.8 -
apex’/ 59 50 117.3 -
duke2 84 105 357.1 -
5xpl 31 23 45.5 -

! In merge, the program ran out of memory.

Table 1: Results: TLU architecture
4.4.2 Decompose_nodes

Decomposition is aninverse operation of partial_collapse. 1t breaks
down a large node into smaller nodes. If the sum of the costs of the
smaller nodes is less than the cost of the original node, the node
is decomposed. Since decomposing a node has no affect on other
nodes, this operation is independent of other nodes in the network.

443 Quick_phase

This operation decides if it would be beneficial to implement a node
in its complemented form. Since this operation affects the fanout
nodes, the cost computation is done as in partial_collapse. In this
greedy heuristic, a node is picked; if it is beneficial to implement it
mn the complemented form, the same is done and the fanout nodes
are appropriately modified. The process s repeated till a single pass
is performed over all the nodes.

5 Results

The algorithms discussed above have been implemented in C and
incorporated in misll [7] to form a system called mis-pga. It canbe
run in interactive or batch mode. In batch mode, a “script” is used
to control the optimization. The input to our program is the result
of a mislII optimization with the standard script. All the examples
were run on VAX 8800.

5.1 TLU Architectures

We set m to 5 for this set of results. Since there are no published
results for TLU architectures, we compare our results with some
results obtained from industry [8] in Table 1. However, we also
present our results on some MCNC and ISCAS benchmarks. We
use the following order of commands for the experiments: parti-
tion, simplify, cover, merge. For each example, the table shows the
number of nodes in the initial Boolean network (column #n/), the
number of CLB’s after synthesis by mis-pga, the run time (in sec-
onds) and the corresponding industrial results (column ind. result).
It was experimentally observed that coveris effective but expensive.
For small examples, exact algorithm can be used, but for large ones,
the heuristic methods should be used. The merge reduces the CLB
count by 5-15%. This increases the CLB utilization on the chip.

5.2 MB Architectures

We compare the performance of mis-pga (using our direct ap-
proach), with misll (using the Actel library of cells [3]) on some
MCNC and ISCAS benchmarks in Table 2. Each entry in the
columns shows the block count and the run time in seconds (in

parentheses)*. The mis-pga results are shown in the columns A/,

*For hl, the time does not include the time taken for converting the initial network
into a network with nodes having inputs at most three.



name misi] mis-pga
hl hZ h3 hq

map(time) 0o it (tme) it (timc) 00 it.(time) it (Lime) no it.(time) it.(time) it (tionc)
duke? T72(83) 198 (3.6) 187(264.6) | 233(1.6) | 183(42.2) 223(89.0) 163(898.3) TTI(141.5)
f51m 52 (21) 56 (1.7) 51(117.5) 60 (0.3) 50(5.3) 57 (9.0) 47 (690.0) 50(59.2)
C1908 | 189 (104) | 197 (7.8) 182(803.9) | 271 (2.1) | 187(59.8) 204(156.7) | 172(2445.3) | 175(244.4)
bw 80 (46) 80(1.5) 71(67.1) 75 (0.4) 68 (4.0) 68 (174.1) 61(478.0) 63(89.9)
cli 57 (19) 62(1.9) 51(182.1) 64 (0.4) 58(9.3) 60 (7.8) 47(958.0) 52 (62.8)
v ]23 45 (12.3) 46 (0.9) 41(69.9) 37(0.2) 37(1.1) 37(2.4) 37(47.0) 37(3.6)
rd84 62 (36.3) 72(1.8) 64 (211.8) 188 (1.2) 71(11.2) 188 (34.4) 58 (909.7) 71 (59.2)
5xpl 52 (19) 53 (1.5) 51(103.6 62 (0.4) 47(5.6 61 (39.1) 41(197.0) 46(40.8
C499 174 (81) | 173 (10.0) | 171(751.6 166 (1.3) | 166(33.2) 166(6.1 166(147.9) 166(39.5
CS5315 | 732(353) | 812(29.7) | 776 (3798.4) | 737 (4.0) | 663 (993.9) | 674(1572.9) | 610(9104.1) | 630(2697.8)
ot 310 (108) - - 383 (2.8) | 300(236.9) | 334(455.3) | 271(4537.8) | 289(625.3)

Table 2: Results: MB architecture

h2, h3, W, corresponding to Heuristics 1 through 4 (for Heuristic
4, refer to the next paragraph). Heuristics are run with and without
the iterative improvement phase (subcolumns if. and no it. respec-
tively). The number of iterations for Heuristics 1 and 3 was setto 1,
and for Heuristics 2 and 4, to 4. In Heuristic 1 the value of N was set

also thank AT&T Bell Labs., Actel Corporation and Xilinx for their
help. The financial support provided by NSF under contract num-

ber EMC-84-19744 and DARPA under contract number 44-26555
1s gratefully acknowledged.

to 3. Optimum ROBDD’s are constructed for functions with up to References

six inputs. For the rest, an ordering heuristic is used [14]. Also, for

Heuristic 3, in the iterative_improvement phase, a last_gasp phase [1] Xilinx Programmable Gate Array User’s Guide. 1988 Xilinx,
was entered at the end. In this phase, a subnetwork is formed from Inc.

each node, and the mapping procedure is applied to this subnet-
work. If the cost of the subnetwork is less than the original node, it
replaces the node in the original network. The last_gasp was used
for this Heuristic, because our aim was to get the best possible over-
all result. A “-” indicates that the program ran out of memory”.

Heuristic 1 does give good results. Without iterations, it is fast,
since all nodes have at most three fanins and constructing an opti-
mum ROBDD is computationally not expensive. However, with
iterations, it takes a lot of time. This is expected because par-
tial_collapse creates nodes with higher fanins and the heuristic con-
structs optimum ROBDD’s for any node with fanin at most six.
Heuristic 2 is quite fast; the time taken for mapping without it-
erations is nearly 15-20 times less than misIl and the results ob-
tained are sometimes better than the misII results. Therefore, itera-
tive_improvement may be allowed to do a lot of restructuring. Then,
in almost all the examples, Heuristic 2 gives lower block counts
than misll in comparable run times. Since Heuristic 3 constructs
two subject-graphs for each node, it is computationally expensive,
but gives the best results as compared to other heuristics. It consis-
tently outperforms mislI on all the benchmark examples we ran and
resulted in 4 - 24% improvement over mislI results. While experi-
menting with all these heuristics, it seemed a good idea to use a fast
heuristic for restructuring and then apply the best mapping heuris-
tic. This led to the development of Heuristic 4, in which we use
Heuristic 2 to do initial mapping and restructuring; then in the final
phase of mapping, both the subject-graphs for a node of the result-
ing network are constructed; the one with the lower cost is picked.
This heuristic outperforms misIl (in almost all the examples) and
Heuristic 2. Finally, it was observed that the iterative improvement
phase often yields substantial (typically 20 - 40%) savings in the
block count, though it can be computationally expensive.

6 Conclusions

We have proposed new techniques for minimization of combina-
tional circuits for two generic PGA architectures that make op-
timization and technology-mapping tightly-coupled. These algo-
rithms are general: they can be used for a TLU architecture having
CLB’s with m inputs (m > 2) and can be easily extended for any
MB architecture. In future, we will address timing optimization and
synthesis for sequential circuits.
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