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Abstract
We present a graph based technology mapping algo-
rithm, called DAG-Map, for delay optimization in
lookup-table based FPGA designs. Our algorithm carries
out technology mapping and delay optimization on the
entire Boolean network, instead of decomposing it into
fanout-free trees and mapping each tree separately as in
most previous algorithms. As a preprocessing step, we
introduce a general algorithm which transforms an arbi-
trary n-input network into a two-input network with only
O(1) factor increase in the network depth; previous
transformation procedures may result in an Q(logn) fac-
tor of increase. We also present a graph matching based
technique used as a postprocessing step which optimizes
the area without increasing the delay. We tested the
DAG-Map algorithm on the MCNC logic synthesis bench-
marks. Compared with previous algorithms (Chortle-d
and MIS-pga), DAG-Map reduces both the network depth

and the number of lookup-tables.

1. Introduction

The technology mapping problem is to implement a
synthesized Boolean network using logic cells from a
prescribed cell family. Much work has been done on the
technology mapping problem for conventional gate array
or standard cell designs (e.g. [12,4].) However, these
methods do not apply immediately to the technology map-
ping problem for lookup-table based FPGAs [19] since a
K.jinput lookup-table (K-LUT) can implement any one of
2%" K-input logic gates, and consequently the equivalent
cell family is too large to be manipulated efficiently.

Recently, a number of technology mapping algorithms
have been proposed for area optimization in lookup-table
based FPGA designs. These include the MIS-pga program
developed by Murgai et al. [14] and its improved version
MIS-pga (new) [16], the Chortle program and its succes-
sor Chortle-crf, developed by Francis et al. [5,7], the
Xmap program developed by Karplus [11], and an algo-
rithm proposed by Woo [18]. The objective of these algo-
rithms is to minimize the number of programmable logic
blocks in the mapping solution.

Previous work on FPGA mapping for delay optimiza-
tion consists of Chortle-d, developed by Francis et al. [6],
and the MIS-pga (delay) extension, developed by Murgai
et al. [15). The Chortie-d algorithm first decomposes the
network into fanout-free trees and then uses dynamic pro-
gramming and bin-packing heuristics to map each tree
independently. The objective at each step is to minimize
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the depth of the node being processed. The MIS-pga
extension for delay optimization contains two phases,
mapping and placement/routing. Various decomposition
techniques are used to dynamically resynthesize the net-
work to reduce the delay and area.” The advantage of this
approach is that it takes layout information into considera-
tion at the technology mapping stage.

In this paper, we present a graph based technology
mapping algorithm, called DAG-Map, for delay optimiza-
tion in lookup-table based FPGA design. Our algorithm
carries out technology mapping and delay optimization on
the entire Boolean network without decomposing it into
trees. Our algorithm is optimal for trees for any K-LUTs
while Chortle-d is optimal for trees only when K <6 [6].
Moreover, as a preprocessing step, we introduce a general
algorithm for transforming an arbitrary n-node network
into a two-input network with only an O (1) factor of
increase in the network depth, while the (E)revious transfor-
mation procedure may result in an (logn) factor of
increase. We also present a matching based technique
used as a postprocessing step for area optimization
without increasing network delay. We tested DAG-Map
on a set of MCNC logic synthesis benchmarks and com-
pared it with Chortle-d and MIS-pga (delay). Experimen-
tal results showed that on average, DAG-map reduces
both the network delay and the number of lookup-tables.

2. Problem Formulation

A Boolean network can be represented as a directed
acyclic graph (DAG) where each node represents a logic
gate and there is a directed edge (i, j) if the output of gate
¢ is an input of gate j. A primary input (PI) node has no
incoming edge and a primary output (PO) node has no
outgoing edge. We use input(v) to denote the set of
nodes which supply inputs to gate v. Given a subgraph H
of the Boolean network, input (H) denotes the set of dis-
tinct nodes which supply inputs to the gates in H. For a
node v in the network, a K-feasible cone at v, denoted C,,
is a subgraph consisting of v and predecessors of v such
that any path connecting a node in C, and v lies entirely in
C, and|input (C,) |< K. The level of a node v is the length
of the longest path from any PI node to v. The depth of a
network is the largest node level in the network.

We assume that each programmable logic block in an
FPGA is a K-LUT that can implement any K-input
Boolean function. Thus, each K-LUT can implement any
K-feasible cone of a Boolean network. The technology
mapping problem for K-LUT based FPGAs is to cover a
given Boolean network with K-feasible cones®. A

¥ We do not require the covering 1o be disjoint since we allow nodes
in the network to be replicated, if necessary, as long as the resulting net-
work is logically equivalent to the original one.



technology mapping solution § is a DAG where each node
is a K-feasible cone (equivalently, a K-LUT) and the edge
(Cu, C,) exists if u is in input (C,). We want to compute a
mapping solution that results in small circuit delay and,
secondarily, small chip area. The delay of a FPGA circuit
is determined by the delay in K-LUTs and delay in the
interconnection paths. Since layout information is not
available at this stage, we assume that each edge in the
mapping solution § contributes a constant delay. Hence,
the circuit delay is determined by the depth of S, since
each K-LUT contributes a constant delay (the SRAM
access time) independent of the function it implements.
Therefore, the main objective of our algorithm is to deter-
mine a mapping solution S with depth as small as possible.
Our secondary objective is to minimize the number of K-
LUTs in the mapping solution.

3. The DAG-Map Algorithm

Our DAG-Map algorithm consists of three major steps.
The first step transtorms an arbitrary Boolean network
into a two-input network. The second step maps the two-
mput network into a K-LUT FPGA network for delay
minimization. The third step performs area optimization
gflathe FPGA network without increasing the network

elay.

3.1. Transforming Arbitrary Networks into
Two-Input Networks

As in [7,6], we assume that each node in the given
Boolean network is a simple gate (i.e. AND, OR, NAND,
or NOR gate).> The first step of our algorithm is to
transform the given Boolean network of simple gates into
a two-input network (i.e. each gate in the network has at
most two inputs). There are two reasons for carrying out
such a transformation. First, we want to limit the number
of inputs of each gate to be no more than K so that we do
not have to decompose gates during technology mapping.
Second, if we think of FPGA technology mapping as a
process of packing gates in a given network into K-LUTs,
then, intuitively, smaller gates will be more easily packed,
with less wasted space in each K-LUT.
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(a) A four-input gate
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(b) Transformation
using balanced tree

(c) Transformation
using our aigorithm

Fig. 1 Transforming multi-input network into
two-input network (numbers indicate levels)

3 A complex gate can be represented in sum-of-products form and
then replaced by two levels of simple gates. We use the technology
decomposition command tech _decomp -o 1000 -a 1000 in
MIS [1] to realize such a transformation.
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A straightforward way to transform an n-node arbitrary
network Into a two-input network is to replace each m-
input gate (m >3) by a balanced binary tree. Fig. 1(a)
shows a 4-input gate v (where the numbers beside the
nodes indicate their levels) and Fig. 1(b) shows the result
of replacing it by a balanced bi tree. We see that the
level of v increases from 7 to g In general, such a
straightforward transformation may increase the network
depth by an Q(logn) factor [2). However, if we replace v
by the binary tree shown in Fig. 1(c), the level of v
remains 7. Therefore, the objective of this step is to
choose a binary tree to replace each multiple-input node
so that the height of the resulting network is as small as
possible.

Given an arbitrary Boolean network G, we transform G
into a two-input network G’ as follows. We process all
the nodes in G in topological order starting from PI nodes.
For each multiple-input node v, we construct a binary tree
T (v) to replace v using an algorithm similar to Huffman’s
algorithm for constructing a prefix code of minimum aver-
age length [10). Writing input (v) = {u,, u, ..., u,}, we
note that nodes u, u,, ..., 4, have been processed before
v and their levels in the new network G’ are fixed. Intui-
tively, we want to combine nodes with smaller levels first
when we construct the binary tree T(V). Our algorithm is
as follows.

Algorithm: decompose-multi-input-gate (DMIG)
letV={u;, us, ..., m});
while|V |22 do
select two nodes u; and u 17 in V' with smallest levels;
introduce a new node x;
input (x) = {u;, u;};
level (x) = max(level (x;), level (u )+ 1;
V= - {u, w})u (x}:
end-while
the root of T (v) = the only node left in V;
end-algorithm.

If we apply the DMIG algorithm to the example in Fig.
1(a), we obtain the binary tree shown in Fig. 1(c). In gen-
eral, we have the following results:

Theorem 1 For an arbitrary Boolean network G of
simple gates, let G’ be the network obtained by applying
the DMIG algorithm to each multi-input gate in a topolog-
ical order starting from the PI nodes. Then, we have

depth(G") <log(2d — 1)(depth (G) - 1) + log2/

where d is the maximum degree of fanout in G and / is the
number of Pl nodes in G. O

The proof is given in [2). A similar result was obtained
by Hoover et al. for bounding fanout in a Boolean net-
work [9]. Since in practice d is bounded by a constant
(the fanout limit of any output), the depth of the two-input
network G’ is increased by just a small constant factor
log(2d~1) away from depth (G).* A pathological example
for the balanced binary tree based transformation can be
found in [2], where the balanced binary tree based
transformation increases the network depth by an Q(logn)
factor even when d=1.

* Here we assume that depth (G) = Q(og2l), which is true for most
networks in practice. This excludes the unrealistic case where log2/ is the
dominating term in the right-hand side of the inequality in Theorem 1.




3.2. Technology Mapping for Delay Minimiza-
ion

After we obtain a two-input Boolean network, we carry
out technology mapping directly on the entire network.
We use a method similar to that of Lawler et al. for
module clustering to minimize delay in Boolean networks
[13]. The mapping is performed in two steps: we first
label the network to determine the level of each node in
the final mapping solution, and then we generate the logi-
cally equivalent network of K-LUTs.

The first step assigns a label 4 (v) to each node v of the
two-input network, with 4 (v) equal to the level of the K-
LUT containing v in the final mapping solution. Clearly,
we want A(v) to be as small as possible in order to
achieve delay minimization. We label the nodes in a topo-
logical order starting from the PI nodes. The label of each
PI node is zero. If node v is not a PI node, let p be the
maximum label of the nodes in input (v). We use N v) to
denote the set of predecessors of v with label p. Then, if
input (N,(v)u{v}) < K, we assign h (v) = p; otherwise, we
assign 1 (v)=p + 1. With this labeling, it is evident that
Niy(v) forms a K-feasible cone at v for each node v in
the network?.

The second step uses the labeling to generate K-LUTs
in the mapping solution. Let L represent the set of outputs
which are to be implemented using K-LUTs. Initially, L
contains all the PO nodes. We process the nodes in L one
by one. For each node v in L, we remove v from L and
generate a K-LUT v/ to implement the function of gate v
such that input(vs) = input (N, m®)).  (Recall that
Niwy(v) forms a K-feasible cone af v.) Then, we update
the set L to be L U input(vs). The second phase stops
when L consists of only PI nodes in the original network.
Clearly, we obtain a network of K-LUTs logically
equivalent to the original network. The algorithm can be
summarized as follows.

Algorithm: DAG-Map
/* phase 1: labeling the network */
for each PI node v do
h(v)=0;
T = list of non-PI nodes in topological order,
while T is not empty do
remove the first node v from T
let p=max{h(u)|u € input (v) };
if |input (N, (v) U {v})|<K then h(v)=p
else h(v)=p +1;
end-while
/* phase 2 : generate K-LUTs */
L = list of PO nodes;
while L contains non-PI nodes do
remove anon-PInode vfrom L,ie. L =L — {v};
introduce a K-LUT v~ to implement the function of v
such that inpwt (v/) = input (N, [B10)3
L =L v input (vr);
end-while
end-algorithm.

The DAG-Map algorithm has several advantages:
(1) It works on the entire network without decomposing
it into fanout-free trees; this usually leads to better
mapping solutions. For example, decomposing the

* Note that v € N,,,(v) since v is a predecessor of itself.
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(a) Original network (b) Decomposition into

fanout-free trees

(c) Mapping solution
by DAG-Map

Fig. 2 A mapping example for X=3

two-input network shown in Fig. 2(a) into fanout-
free trees (as shown in Fig. 2(b)) yields a two-level
mapping solution with three 3-LUTs. However, the
DAG-Map algorithm gives an one-level mapping
solution with two 3-LUTs (as shown in Fig. 2(c)).

(2) The DAG-Map algorithm can replicate nodes, if
necessary, to minimize the network delay in the
mapping solution. For the solution shown in Fig.
2(c), node u, is replicated to get an one-level map-
ping solution. Note that if node u; is not replicated,
the depth of the mapping solution is at least two.

(3) The DAG-Map algorithm is optimal when the initial
network is a tree (or a set of trees).

Theorem 2 For any integer K, if the given Boolean
network is a tree with fanin no more than X at each node,
the DAG-Map algorithm produces a minimum depth map-
ping solution for K-LUT based FPGAs. [

The proof is included in[2]. Recall that a similar result
was shown for Chortle-d in [6], but it holds only for K <6
since the bin-packing heuristics are no longer optimal for
K>65

Although the DAG-Map algorithm is optimal for trees,
it may not be optimal for general networks. In general,
DAG-Map is optimal if the mapping constraint for each
programmable logic block is monotone. A constraint X is
monotone if a network H satisfying constraint X implies
that any subgraph of H also satisfies X [13]. For example,
if we limit the number of gates a programmable logic
block may cover, it will be a monotone constraint. Unfor-
tunately, the constraint on the number of distinct inputs of
each programmable logic block is monotone only for
trees. Pathological examples can be found in [2].

33. Area Optimization Without Increasing
Delay

After we obtain a mapping solution of minimum depth,
we apply two operations for area optimization as a post-
processing step. These operations reduce the number of
K-LUTs in the mapping solution without increasing the
network depth. In this sub-section, each node is a K-LUT
in the mapping solution.

The first operation is gate decomposition, inspired by
the gate decomposition concept used in Chortle-crf [7].
The basic idea is as follows. If a node v implements a
simple gate of multiple inputs in the mapping solution,

¢ However, Chortle-d does not require that each node in the tree has
degree no more than K.
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Fig. 3 Gate decomposition for area optimization (K=5)

then for any two of its inputs x and u;, if
linput (4;) U input (u;)| <K, we can decompose v into
two nodes v;; and v/ of the same type as v, such that
input (vi;)={u;, u;} and input (v/)=input (v)u{v;;}—{u;, u},
and implement y;, u; and v;; using one K-LUT, so that the
number of K-LUTs 1s reduced by one. Such a decomposi-
tion is logically equivalent because of the associativity of
the simple functions. Moreover, the decomposed node v
has one fewer input (which is beneficial to subsequent
area optimization operations). Figure 3 illustrates the gate
decomposition operation.

This method can be generalized to the case where the
decomposed node v implements a complex function. We
use Roth-K; decomposition {17] to determine if the
node can be feasibly decomposed to v;; and v as in the
preceding paragraph. Although Roth-Karp decomposition
runs in exponential time in general, it takes only constant
time in our algorithm, since the number of fanins of a K-
LUT is bounded by the small constant K. If there is a pair
of inputs ; and u; of node v on which Roth-Karp decom-
position succeeds, and |input (u;) U input (w;)| <K, then
the gate-decomposition operation is applicable, and we
say that u; and u; are mergeable.

Another postprocessing operation for area optimization
is called predecessor packing. For a node v, if an input
node u; of v satisfies |input (v) U input (u;)| <K, then v
and u; are merged into a single K-LUT. In this case, we
say v and u; are mergeable. This operation reduces the
number of K-LUTs by one. Fig. 4 shows an example of
predecessor packing.

There are usually many pairs of mergeable nodes in a
network, but not all of these merge operations can be per-
formed at the same time. We thus use a graph matching
approach to avoid merging nodes in arbitrary order; this
achieves a globally good result. We construct an
undirected graph G=(V,E), where the vertex set V
represents the nodes of the network, and an edge (v;, v;) is
in the edge set E if and only if v; and v; are mergealble.
Clearly a maximum cardinality matching in G
corresponds to a maximum set of merging operations that

ab cd ef & abcd e¢f &

ab cd efg

Fig. 4 Predecessor packing for area optimization (K=5)
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can be applied simultaneously. Therefore we find a max-
imum matching in G and apply the merging operations
corresponding to the matched edges simultaneously. We
then reconstruct the graph G for the reduced network and
repeat the above procedure until we are unable to con-
struct a non-empty E. The experimental results show that
this matching based merging algorithm usually converges
after only one or two iterations. The maximum graph
matching problem can be solved in O (n3) time [8].

4. Experimental Results

We have implemented the DAG-Map algorithm and
tested it on a set of MCNC benchmark examples. We
chose K = 5. For each benchmark example, we first used a
standard MIS script (used by Chortle-d [6]) on the initial
network to perform area minimization. Next, we applied
the DMIG algorithm to transform the network into a two-
input network. We then used DAG-map to map into a 5-
LUT network. Finally, the matching based postprocessing
step was performed.

Table 1 shows the comparison of the results of our
algorithm with those of the Chortle-d algorithm (quoted
from [6]) and those of the mapping phase of MIS-pga
delay optimization algorithm (quoted from [15]). Overall,
the solutions of Chortle-d used 59% more lookup-tables
and had 2% larger network depth, and the solutions of
MIS-pga (delay) used 3% more lookup-tables and had 6%
larger network depth. In all cases, the running time of our
algorithm is no more than 100 seconds on a Sun Sparc
IPC (15.8MIPS).

In order to judge the effectiveness of our DMIG algo-
rithm for transforming the initial network into a two-input
network, We also compared the DMIG algorithm with the
transformation procedure in MIS (specifically, the MIS
command tech decomp -a 2 -o 2).In Table 2,
the first four columns compare the results of the two
transformation algorithm, while the last four columns
compare the results of DAG-Map on different two-input
networks produced by the two algorithms. In all cases,
the DMIG procedure resulted in smaller or the same
depths in the 5-LUT networks, and on average it used

Technology Mapping for 5-LUT FPGAs
chortle-d MIS-pga (d) DAG-Map

LUTs | dpt | time | LUTs | dpt time | LUTs | dpt | time
Sxpl 2% 3 0.1 21 2 35 2 3 11
Osym 63 5 02 7 3 152 60 s 23
9symm! 59 5 0.1 7 3 99 58 5 23
C#9 382 6 18 199 8 588 68 4 121
C880 329 8 09 259 9 390 130 8 6.1
al2 227 9 07 12 6 426 156 9 76
alwd 500 10| 03 155 11 154 274 | 10} 170
apext 308 4 038 274 5 60.0 246 5 1.1
apex? 108 4 02 95 4 84 83 4 28
comnt 91 4 0.1 81 4 51 31 5 08
des 2086 6 92 | 1397 1 9378 | 1427 51 921
duke2 241 4 04 164 6 164 181 4 55
misex] 19 2| 01 17 2 17 19 2 08
rd84 61 4 02 13 3 98 49 4 217
rot 326 6 1.0 322 7 50.0 251 7 137
vg2 55 4 0.1 39 4 1.7 2 3 0.9
24ml 25 3 0.1 10 2 21 5 2 04
total 4906 87 | 163 [ 3182 90 ( 12774 | 3089 | 85 | 1793
‘compr +59% | +2% - +3% | +6% 1 1 -

Table 1. Comparison with Chortle-d and MIS-pga (delay).




Comparison of 2-Input Network Transformation Methods
Before Mappings After S-LUT Mappings

mis tech_decomp DMIG algo mis tech_decomp DMIG algo

gates depth gates | depth | gates depth gates | depth
Sxpl 88 9 88 9 2 3 2 3
9sym 201 16 201 13 65 5 60 5
Dsymenl 199 17 199 13 61 5 58 5
Ce499 392 25 392 25 66 4 68 4
€880 347 37 347 35 131 3 130 8
alu2 3N 36 n 31 159 10 156 9
ald 664 40 664 4 263 n 274 10
apext 651 16 651 15 250 6 246 5
apex7 201 14 201 13 80 4 83 4
count 112 20 112 19 31 5 31 s
des 3049 19 | 3049 16 | 1461 6 | 1427 5
duke2 325 16 328 n 177 5 181 4
misex! 49 6 49 6 19 2 19 2
rd34 153 14 153 1 4“4 4 49 4
rot 539 27 539 21 256 7 251 7
vg2 72 15 72 10 29 4 2 3
24ml 4 10 44 10 5 2 5 2
total 7440 337 | 7440 292 | 3119 91 | 3089 85
compr. | +0% +15% 1 1] +1% +7% 1 1

Table 2. Comparison of 2-input network transformations.

fewer 5-LUTs.

Finally, we tested the effectiveness of our postprocess-
ing procedure for area optimization. The results are shown
in Table 3. After the postprocessing step, the total number
of lookup-tables is reduced by 15%.

5. Conclusions

We have presented a graph based technology mapping
algorithm for delay optimization in lookup-table based
FPGA design. Our algorithm consists of three main steps:
transformation of an arbitrary network into a two-input
network, technology mapping on the entire two-input net-
work for delay minimization, and matching based global
area optimization in the mapping solution. We have
tested our algorithm on a large set of benchmark examples

and achieved satisfactory results.”
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