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Abstract

This paper presents an effective algorithm for multi-
level civeuit clustering for delay minimization, which is
applicable to FPGAs. At the highest level of cluster-
ing, the circuit is clustered using a modified single-level
clustering algorithm based on [6]. A cluster to netlist
transformation technique is proposed, which converts
each cluster into a new subcircuit. The algorithm then
continues recursively by clustering the generated sub-
circuits into further levels of clusters. To reduce the
amount of area overhead, a node duplication control
algorithm based on the node slack is proposed and o
cluster packing algorithm is used o reduce the num-
ber of clusters. Experimentol results on the two-level
clustering problem using Quartus Design System from
Altera show that our algorithm reduces the delay, on
average, by 7.9% compared with the best results in (3],
Also the total FPGA compile time for all the bench-
mark circuits reported by Quartus is reduced by 36%.

1. Introduction

Circuit clustering is one of the crucial steps in circuit
layout for handling large designs. It is defined as di-
viding a circuit into clusters while satisfying certain
design constraints. In performance driven clustering,
the preblem is to chister a circuit so as to minimize its
delay, subject to some constraints (area and/or pin)
on the clusters. A polynomial time optimal solution
to this problem was presented in [4] assuming the unit
delay model, in which no delay is associated with any
gate or interconnection within a cluster, and a delay
of one time unit is encountered along any inter-cluster
connection. A more realistic delay model called the
general delay model was proposed in [5] in which each
gate has an intrinsic delay value, no delay is associ-
ated with an interconnection within the same cluster,

and finally a constant delay is associated with an inter-
cluster connection. An optimal area-constrained clus-
tering algorithm using this model was propesed in [6].
The clustering algorithm in [6] was then extended to
consider pin constraints as well as area constraints [38].

Since most of today’s circuit designs are very large
in size, a multi-level clustering approach may result
in reducing the complexity by a significant order. It
is also important for mapping circuits onto hierarchi-
cal architectures like Altera’s APEX FGPAs [1]. Cong
et al. [2] developed a two-level clustering algorithm
(TLC) and proved that the performance driven multi-
level clustering problem is NP-hard. In their proposed
heuristic algorithm a first-level cluster is defined as a
set of nodes, and a second-level cluster is characterized
as a set of first-level clusters, both with prescribed area
bounds. TLC creates a two-level cluster for all nodes in
the circuit and then covers the whole circuit based on
the clusters. The cluster creation process constructs a
second-level cluster and all first-level clusters within it
at the same time. TLC is not easily extensible to solve
circuit clustering problems with more than two levels
due to the concurrent creation of second and first-level
clusters. Moreover, TLC does not allow node duplica-
tion within a second-level cluster, which makes it less
efficient, since allowing node duplication in second-level
clusters may result in reducing the interconnections be-
tween clusters, which may reduce the cireuit delay.

Recently, Sze et al. [7] presented a multi-tevel cir-
cuit clustering algorithm (MLC) that recursively clus-
ters the circuit until the required number of clustering
levels is achieved. At each level of clustering, a graph
contraction algorithm is nsed to contract each cluster
and build a new graph for the next level of clustering.
Although MLC permits node duplication in all clus-
tering levels, the final area of the circuit, measured as
the number of clusters, is very high. Also, though not
reported in [7], the actual area increase of the circuit
(number of duplicated nodes) would be high as well.
Our experiments show that the large number of elus-
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ters results in slow placement process using the state-
of-the-art placement tools.

To reduce the area overhead, we present a node du-
plication control strategy along with a cluster pack-
ing method einbedded into a recursive clustering algo-
rithm. Qur clustering algorithm that is capable of clus-
tering the circuit into any arbitrary number of levels
(specified by the user) is & top-down clustering strategy
based on the clustering algorithm in [6]. The algorithm
creates clusters for each level separately from a desired
level to the first level. At each level of the cluster-
ing the clusters generated from the previous level are
transformed into smaller subcircuits and the clustering
is recursively applied on each subcircuit. We are able
to reduce the final circuit delay by allowing node dupli-
cation in all clustering levels. Using our node duplica-
tion control and cluster packing, which are carried out
at each level of clustering, we can control the amount
of area increase.

The rest of the paper is organized as follows: section
2 presents definitions and problem formulation. Our
proposed algorithm is deseribed in detail in section 3.
Section 4 discusses experimental results, and finally,
section 5 concludes the paper.

2. Definitions and Problem Formulation

A combinational Boolean network- N can be repre-
sented as a directed acyclic graph G = (V, E), where
V is the set of nodes, and F is the set of directed
edges. Fach node, v € V, represents a logic element
(LE) equivalent to a 4-input lookup-table or 4-LUT,
and each edge, (u,v) € F, represents that node u is
a fan-in of node v (n and v € V). Let inpui(v) and
output(v) be the set of all fan-in and all fan-ocut nodes
of v, respectively. A primary input node is a node with
fan-in 0, and a primary output node is a node with
fan-out {. Each node v has an area cost of w(v).

Let n be the desired level of circuit clustering and
network N can be represented by a single cluster at
level n+l defined as {C7+'} with the set of nodes
Vit = V. An i-thlevel clusier C%, 0 > i > 1, is
a set of nodes ¥V C V¥ with an area constraint of
M;. The area constraint of each cluster C* is defined
as W(C*) =3 cei wlu) < M;. Let m; be the number
of i-th-level clusters and i, ;1 = 1. Each cluster C:"-,
(1 €£i<n, 1< j<my;) can be represented by a sub-
graph G;(%’E_},) of G};"’l, for some k € {1,...,m;,1},
induced by V;i and let G = Q.

Each node » € V has an intrinsic delay 6(v) as-
sociated with it. Assuming constant delay values
D, > Dy > ... > Dy > Dy, the delay of an
edge connecting two nodes in different i-th-level clus-
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Figure 1. Assigning intra-cluster and Inter-
cluster delays to circuit connections during
clustering (third-level, second-level and first-
level clusters are illustrated by rectangles,
squares, and triangles, respectively) (a) third
level (b) second level {c) first level

ters, but in the same (4+1)-th-level cluster is set to D,
(1 €1 < n). More specifically, the inter-cluster delay at
level i, D¥{(u,v), 1 < i < n is defined as D*(u,v) = Dy
where k is the smallest in {4,...,n} such that both u
and v are placed in one of the top-level clusters C*+7,
The delay of an edge within the same i-th-level and
(i4+1)-th-level clusters is set to Dy. '

Fig. 1 shows an example of assigning delay values
Dy, ..., Dy, to circuit connections during clustering.
Let the desired number of clustering levels be n = 3 and
the area constraints at each level be Mg = 5, My = 4
and M; = 2 (so, the maximum number of nodes in
the third, second and first-level clusters would be 5, 4
and 2 nodes, respectively). Nodes are shown as circles
whereas third-level, second-level and first-level clusters
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are jllustrated as rectangles, squares, and triangles, re-
spectively. Note that only some of the connections have
been shown. Suppose that at the end of the first itera-
tion of the clustering algorithm two third-level clusters
C} and €3 are generated {Fig. 1(a})). During clus-
tering, all connections between these two clusters have
a delay of D3 {ex. (u,v)) and all intra~cluster edges
fex. (u,2), (z,1), (5,4)) have a delay of Dy. Assume
that at the next level of clustering three second-level
clusters are generated: CF, C%, and CF (Fig. 1(b}}.
At this level, since u, 2z and ¢ are at the same second-
level cluster, CZ, a delay of Dy is incurred on (u,2)
and (z,#) connections. However, the delay incurred on
(s,#) would be Dy since s and ¢ are in different second-
level clusters, but in the same third-level cluster. The
delay on (u, ) is still D since » and v are in different
second-level and third-level clusters. Finally, if at the
last level of clustering a total of five first-level clusters
(CL,...,C3) are generated (Fig. 1{c)), as in the pre-
vious level, the delay incurred on (u,v) and (s,t) are
D, and Dy, respectively; however, the delay of {2,f}
would be [ since z and ¢ are in the same second-level
cluster {C2); but in different first-level elusters,

The delay through a cluster is the maximum delay
along any path from an input node of the cluster to an
ontput nede of the cluster. The delay along a path is
the sum of the gate delays and edge delays on the path.

The recursive clustering problem with area con-
straints is then defined as follows: Given a combi-
national network N and a desired chistering level n,
n > 2, divide the (n--1)-th-level cluster into a set of
{C}.C3....,Cp, } of n-thlevel clusters, and recur-
sively divide all the i-th-level clusters into a set of
{Cf“l,C.;_l,. - ,Cf,:il} of (i-1)-th-level clusters until
the set of first-level clusters is obtained, such that the
delay of each chister is minimized. The clusters of each
level must satisfy the following conditions:!

vie {n,..., 1hWie {l,...,m;}, 3k e {1,...,mip},

§ ) < M,
qevn, NN

Vimi G5 =
3. The RCP Algorithm

Fig. 2 shows our proposed clustering algorithm re-
ferred to as RCP (Recursive timing driven Clustering
followed by cluster-Packing). The algorithm gets the
graph G, the desired level of clustering n, maximum
cluster sizes at each level M,, ..., M1, inter-cluster de-
lays D, ... Dy, intra-cluster delay Dy, and maximum

node slacks at each level slackl,, ., ..., slackl,,.. The

!Note that V includes the duplicated nodes, if any.

clnstering starts at the n-th-level and the single clus-
ter C7*1 is transformed into the graph GTHY which is
equal to G. Then our updated single-level clustering
algorithm is applied ta G and returns the set of n-th-
level clusters. After a post processing routine on the
generated clusters (discussed below), the clustering at
the n-th-level is finished and subsequent clustering lev-
els are generated accordingly. At each i-th-level clus-
tering, lines 4 to 7 are repeated m;y, times, which is
the number of (i+1)-th-level clusters generated at the
previous level. Note that at each iteration, T? contains
the set of i-th-level clusters generated from clustering
one of the (i41)-th-level clusters. %, which contains
all the i-th-level clusters, is obtained as the union of all
T sets generated at each iteration.

In Cluster_to_Netlist procedure (line 4), at the n-
th level, no transformation is done since C}'*+! is the
same as the original circuit. At the next level, the
procedure transforms each n-th-level cluster C;‘ into a
graph G} which is the subgraph of G induced by V7.
At other levels of clustering the same transformation
is done accordingly.

We now explain the Post_Processing procedure that
is applied to each set of clusters generated from a single
upper level cluster. Since node duplication is allowed at
each level, it is possible that an already feasible cluster
(in terms of area constraints) at a level i is no longer
feasible after node duplication in the lower level i-1.
Also note that we do not restrict the number of clusters
inside an upper level cluster; however, there might be
some limitation on this value. The Posi_Processing
procedure takes care of such problems by applying a
recursive partitioning algorithm on the upper clusters.
We leave the post processing procedure to the place-
ment tool and let it decide if such processing is needed
on the cluster. It should be noted that the number
of clusters recorded in the experimental results are the
number of feasible clusters in each level after place-
ment.

Algorithm RCP (G, n, M,,..., M1, Da,..., D1, Dy,

slack? ..., slackpmaz)
/* graph G' is represented by a single duster T, */
1. for i = n downto 1 do
2. Ci=0;
3. for all clusters C}* € {C1, Y.L CHELL D
4 G5! Cluster.toNetlist (C/);
5 T* + Updated Single Level Clustering {i, G*%,

Mi, Da,y..., Dy, Dy, slacki o)

Post_Processing (T*);
7. Ct—CtuT,

o

Figure 2. RCP algorithm
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3.1. Updated Single-Level Clustering

Fig. 3 shows the updated single-level clustering algo-
rithm. The inputs to the algorithm are the current
clustering level level, the netlist graph G that will be
clustered, area constraint at this level M., and the
necessary constant delay values. Labeling (line 1) finds
the best cluster rooted at each node » in G. Cluster-
ing (line 2) constructs clusters starting from the out-
put nodes using the clusters obtained in the labeling
phase. After clustering, the numher of clusters may
be reduced using a cluster elimination algorithm. The
last two steps are node duplication control and cluster
packing that reduce the number of duplicated nodes
and the number of clusters.

3.1.1. The Labeling and Clustering Phases. Let
Ny, v € G be the subgraph of the graph G induced
by v and all of its predecessors, with v being the only
outpit node. A cluster rooted at v, denoted by C,, is a
subgraph of IV, containing v. Let I(v) denote the label
(delay) of a node v. '

In the labeling phase, we label each node v with
the maximum delay at © in an optimal clustering of
N,. For each of the cluster input nodes v, we assign
{(v) = 0. ALl other nodes are processed in topological
order. To label a node », all of whose predecessor nodes
1 € N, have been labeled, we first compute I(x) using
U(n) = I(u) + dist{u,v) = (Dy + 8), where dist(xn,v)
is the maximum number of levels between u and the
root node v. U'(u) is actually the maximum total node
and edge delay along any path in N, from u to v. After
calculating I’ for all nodes in N,\{v} we try to cluster v
with as many nodes as the capacity constraint permits
to make Cy. All nodes in N, \{v} are sorted into a list
P in order of decreasing value of I, so that nodes with

greater I values are selected first to be included in C, .-

After building C,, v is labeled by considering all
possible paths from an input to the output of v. Since
no cluster input node is allowed to be in a cluster all the

Algorithm Updated_Single_Level Clustering (level, é,

Micvets Da, ..., Dicvar, Do, slackiss)
1. initial clusters set + Labeling (level, G, Miever,

Dn: seey D!eueh Dl));

. clusterset « Clustering (G, initial_clusters_set);
. Rooted_Cluster_Elimination (clusters_set);
. Node _Dup_Control {levet, G, clusters_set, s[(zckfﬁﬁf);
. packed.set «— Cluster_Packing (cluster set, M.oe1);

(SR VI R N

Figure 3. Updated single-level clustering al-
gorithm

paths cross €. The label of node v is then computed
using:
Hw) =1'(u) + D', v) — Dy

where u is either the last node in N, which could not
he included in €, (due to capacity constraint) or the
first cluster input node selected from P. Since P is
sorted in order of decreasing value of I, the value of
I'{u) would be the maximum ! value among all nodes
that are fan-in to C,. Note that we need to deduct the
intra~cluster delay Dy for the edge between u and its
sink inside €, because it is now an inter-cluster edge
whose delay is specified by D*¥*(u,v).

Fig. 4 shows the labeling phase of a simple network
with two primary input nodes a and b with intrinsic
delays of zero. Let the capacity M of a cluster be 3,
and assume a single-level clustering is being done. Let
the node delay 4, the intra-cluster delay Dy, and the
inter-cluster delay 4 be (.5, 1.0, and 2.0, respectively.
The labels of nodes ¢, e, and f can be computed as
shown in Figs. 4(a)-4{c) (node d is labelled like ¢).
For example, in Fig. 4(b) after finding the !’ values
of the nodes in N, and sorting them into the list P
we have: P = {c,d,q,b}. Each cluster can contain
up to three nodes, so the final cluster for e would be
C. = {e,c,d}. The label of e is then computed using
le)=V(a)+ D1 — Dop=3+4+2-1=4. An important
point when sorting the nodes in P is that if two or
more nodes have the same I’ value, they must be sorted
in decreasing order of their { value. This is done to

_ prevent the cluster from being made of twe {or more)

distincet groups of rnodes. For example, after labeling
nodes in Ny (Fig. 4(c}), nodes f and any two nodes
among €, d, and ¢ ean be in Cy (because all have equal
U values). So the cluster could be Cy = {f,c, d} (Fig.
5(a}), which consists of two disjoint groups of nedes.
Clearly, {f.e,d} or {f.e,c} are more acceptable (Figs.
5(b) and 5(c)). By sorting nodes (with equal I’ values)
based on their [ values, node e and one of the nodes ¢
or d would be selected to be in Cy.

The clistering phase generates the necessary clus-
ters to form the optimal clustering solution at this level.
First, the clusters for the cluster output nodes are gen-
erated and then for each input node u of the generated
clusters, the cluster rooted at u is added to the set of
final clusters. For example, for the simple network of
Fig. 4 C; = {f,e,c} and Cy = {d} would be the -
nal clusters of the network. After clustering, we use
a rooted cluster elimination algorithm, presented by
Yang et al. [8], to eliminate as many rooted clusters as
possible by substituting the roots {i.e. the only output
node) of these clusters with their copies in other clus-
ters provided that the computed delay of the clustered
circuit is not increased. Note that if a cluster is elimi-
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Figure 4. The labeling phase for subgraph ;.
(a) labeling < (b} labeling ¢ {c) labeling f

Figure 5. Possible clusters for node f (a) Cy =
{f:c)d} (b) C,f = {f:e:d} (C) Cf = {f,ﬁ,(!}

nated, the copy of its root in the other cluster becomes
an output node of that cluster.

3.1.2. Node Duplication Control and Cluster
Packing. Since the number of duplicated nodes may
be large, we impose some restrictions on the amount of
node duplication. We control node duplication based
on the node slack —nodes with slacks greater than a
predefined value are not duplicated. First the labels
of all nodes are recalculated. Note that we should not
use old node labels, because old labels for each node
are generated hased on the cluster rooted at that node.
" However, some clusters may not exist in the final solu-
tion either because they are not included in chistering

algorithm or because they have been eliminated dur-

ing rooted cluster elimination. So we need to calculate
new labels based on the existing clusters. To find node
slacks we first calculate the final labels of all nodes
in the circuit based on the current clustering results.
The label of each input node of a cluster is set to 0.
Then the label of any other node v can be calculated

asl{v) = maz

I{n) + d(v) where
uCinput(v)

l(u) _ { l(u) + Dy (u, v} is an intra-cluster edge

l(i‘l) =+ Dle’uel(": ‘U) (u, v) is an inter-cluster edge

After calculating the labels, the required labels of all
nodes are computed. We first set the required label of
all cluster output nodes to the maximum label among
all such nodes. Then, the required label of any other

node v, can be calculated as ri(v) = min  ri{u) —
u€oulput{v)

&(u) where

(v, &) i= an intra-cluster edge

ri(u) — Dy

Tl(?.l) = { T'l(?t) - D(eue!(v: u)

(v, u) is an inter-cluster edge

Finally, we calculate the slack of each node v as
slack(v) = rl(v) — i(v).

After calculating node slacks, all nodes u in each
cluster in the final cluster list are processed in reverse
topolegical order. First we check if a node « is dupli-
cated and if not, we just keep the node in the cluster.
Otherwise, we check if « is an output node in any clus-
ter. If u is not an output node in any cluster we keep
the node in the clusters where u can be duplicated (the
slack value is less than the maximum). If 4 can be du-
plicated, but none of its fan-outs exists in that cluster,
we remove # —this can be done since the cluster nodes
are processed in reverse topological order. If u is an
output node in some cluster we keep  in the cluster in
which it is an output node and we check for the dupli-
cation possibility in other ciusters. In this way, since
output nodes of a cluster have the best delay among
all other duplicates of that node, we always keep such
nodes and check for duplication permission for other
copies of the nodes.

To reduce the number of clusters at each level we
use the generalized packing algorithm proposed in [3]
with the addition of imposing pin constraint on the
number of inputs for the first-level clusters. This is
done to comply with architectural constraints in our
experimental tests and is discussed in section 1V,

3.2. Algorithm Complexity Analysis

The updated single level clustering algorithm takes
O(IV|2loglV| + |VI|E|)} time. This is actually the
time complexity for the labeling algorithm, which can
be computed with the same analysis as in [6]. The
other steps in the updated single level clustering al-
gorithm have lower complexities than the labeling:
in node duplication control, reverse topological or-
dering of the nodes for a cluster C;: takes O(M; +

|Ei]); thus the total duplication control time would
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be O(my(M; + |EY)) < O(IV|(IV] + |El})). Cluster
packing takes O{(max;.1._n(m:})?) < OUVI?) [3] (my
is the number of clusters at level 7). Therefore, for
the multi-level ¢irenit clustering problem with n levels,
the overall time complexity of the RCP algorithm is
O(n(V PlogV| + VI E]).

4. Experimental Results

We have implemented our RCP algorithm in C++ and
ran our experiments on a Pentium III 900 MHz CPU
with 512 MB of memory and compared our algorithm
to the TLC implementations which are obtained from
the authors of [2]. We used the commercial synthe-
sis tool Quartus II v.2.0 from Altera to test our re-
sults. Asin (2], we used the EP20K600EFC672-1X de-
vice from the APEX20KE family. We tested our algo-
rithm for the two-level hierarchy of APEX architecture
in which 10 4-LUTs are grouped together and make a
logic array block (LAB) and then 16 such LABs are
grouped together and make a MegaLAB. We assigned
the second-level clusters to MegaLABs (M2 = 160) and
the first-level clusters to LABs (M) = 10). The de-
lay parameters are the same as the ones used in [2]:
Dy = 1.5Tns, Dy = 0.85ns, Dy = 0.36ns, and for all
nodes v, 6(v) = 0.61ns and w(v) =1,

We used combinational circuits from the MCNC
benchmarks that were used in [2]. Our algorithm gen-
erates the set of clusters along with the new netlist of
the circuit that contains duplicated nodes (if any) and
their corresponding duplicated nets. We used the Log-
icLock feature provided by Quartus and assigned each
of our clusters to one LogicLock region. LogicLock re-
gion information is kept in a specific file with an ESF
specification that is generated by our algorithm. It
should be noted that clusters in (2] are represented us-
ing Clique-based clusters in ESF files, however, since
Quartus IT v.2.0 no longer supports MegalLAB size
Cliques, we converted their clustering information from
Clique-based to LogicLock-based by changing the syn-
tax of the ESF files. Also, as in (2], we imposed a
constraint on the maximum number of Inputs that a
first-level cluster (that corresponds to a LAB) can have
since LABs in APEX architecture cannot have more
than 22 inputs.

We tested several metrics for our cluster packing as
in [3]. The best delay result was achieved when clusters
were merged using comimon inter-cluster net packing in
both clustering levels. Table 1 illustrates the delay re-
sults for TLC implementations and our algerithm when
common inter-cluster net packing is used in both lev-
els. The second column shows the results for TLC when
no node duplication (No ND) is allowed; columns 3-4

show the results for TLC with full node duplication
(Full ND), and columns 5-6 and 7-8 show the results
of our algorithm when no node duplication is allowed
in any level, and when full node duplication is allowed
in both levels, respectively. The “delay” column repre-
sents the delay of each clustered circuit in ns and the
“% dec” column lists the percentage of delay reduction
compared with the TLC No ND implementation. The
results demonstrate that our algorithm with Full ND
achieves, on average, 7.3% more delay reduction com-
pared with the best results achieved by TLC. An inter-
esting result is that our algorithm in No ND mode has
better delay resuits than the TLC Full ND implemen-
tation. This shows the effectiveness of our clustering
algorithm even when there is no node duplication. We
could not compare our results with MLC [7] since it
does not produce any circuit or clustering information,
but rather it just reports the estimated delay based on
the generated clusters.

Table 2 shows the area (number of second-leve! clus-
ters, NC, and the number of LEs, LUT) and FPGA
compile time (in mm : s5) corresponding to the results
of Table 1. For the No ND modes (columns 2-3 for
TLC and 89 for our algorithm) there is no increase in
the number of LEs since no duplication is allowed. For
the Full ND modes (columns 4-7 for TL.C and 10-13 for
our algorithm) the %ine columns list the percentage of
LUT increase compared with the original circuits. The
FPGA compile time columns list the total compile time
{Synthesis, Fitting, and Timing Analysis) reported by
Quartus. Compared with TLC Full ND, RCP Full ND
reduces FPGA compile time by 36%. This reduction
is mainly due to the small number of second-level clus-
ters. So, even though our Full NI} algorithm results in
a 20% LUT increase compared with the TLC Full ND
implementation, it can reduce both the average delay
and compile time results. It should be noted that TLC
does not contain cluster packing and just merges very
small clusters to reduce the number of clusters.

Table 3 shows the effect of our node duplication
control strategy (RCP Part. ND). The results are for
the case when nodes are not duplicated if their slack
is greater than 2ns and Ons, in second-level clusters
and first-level clusters, respectively (slackl, . = 2ns,
slackl,,. = Ons). Asshown in row 1, the average LUT
overhead is decreased by 68% and the average FPGA
compile time is also reduced by 50%. These area and
compile time reductions are achieved at the expense
of a 4.2% decrease in the the average delay improve-
ment. TLC has another implementation with partial
node duplication (TLC Part. ND). Although this im-
plementation reduces the average LUT increase more
than RCP Part. ND, however, the average delay de-
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Table 1. Delay comparison
TLC TLC RCP RCP
{No ND) (Full ND) {Na ND/No ND) (Full ND/Full ND)
Circuit delay delay | % dec delay % dec delay % dec
alu 36.97 33.54 9.3 29.21 21.0 25.59 30.8
apex2 33.98 32.05 5.7 31.52 7.2 20.58 12.9
apexf 18.60 20.91 -12.4 19.10 -2.7 17.52 5.8
;1908 24.96 25.17 -0.8 25691 -3.8 24.03 3.7
5315 32.51 31.75 2.3 30.63 6.1 27.68 14.9
CRAN 24.02 20.91 15.1 26.45 -7.4 22.36 9.2
dalu 22.41 22.06 1.6 22.40 0.0 20.58 8.2
des 28.94 29.42 -1.7 27.18 6.1 24.10 16.7
111 46.21 44.10 4.4 41.64 4.9 42.64 7.7
i9 21.62 21.82 -1.4 23.62 -0.8 20.67 4.4
W2 27.65 26504 4.0 28.93 -4.6 22.75 17.7
large 31.04 30.25 2.5 28.97 6.7 27.37 11.8
misex3 27.47 - 29.61 -7.8 20.71 246 28.23 -2.8
too_large 19.10 20.27 -6.1 18.26 1.4 i8.18 4.8
vda 22.55 18.53 17.8 2212 1.9 19.65 12.9
x3 20.13 17.05 15.3 18.89 6.2 19.05 5.4
Average 3.0 4.1 10.3
Table 2. Area and FPGA compile time comparisons
TLC TLC RCP RCP
(No ND) (Full ND) {(No ND/No ND) (Full ND/Full ND)
area FPGA area FPGA area FPGA area FPGA
Circuit compile compile compile compile
NC time LUT | % inc NC time NC tiine LUT | % inc | NC time
alu 26 01:27 1431 | 345.8 BG 03:38 & 01:15 2350 | 632.1 16 03:58
apex2 215 10:57 744 99.4 267 21:12 21 04:51 3425 82.4 37 048:53
apexb 99 01:556 516 31.3 09 02:03 6 01:25 493 254 5 01:35
(1908 25 01:12 741 411.0 25 02:29 2 01:00 656 3524 5 02:02
CH315 120 4:04 2366 281.6 154 14:01 12 02:24 2329 2756.6 25 06:46
C830 25 01:19 431 147.7 26 01:45 4 01:05 485 178.7 & 01:35
dalu 16 01:46 829 65.8 16G 02:21 [] 01:37 8B82 T6.4 L 02:16
des 244 10:24 4268 168.3 245 20:23 17 04:15 3164 98.9 29 19:59
il0 203 08:06 3527 254.5 276 40:59 13 03:23 6907 594.2 55 37:29
i0 63 {1206 521 33.6 63 02:12 [ 01:27 603 6.4 6 01:31
k2 32 02:29 2109 a08.7 106 06:39 T 02:06 2254 336.8 20 04:51
large 129 5:18 1897 1056.7 172 07:57 12 02:52 2023 119.4 17 04:16
misexd 100 0)5:27 2458 75.9 149 08:38 15 03:18 28009 101.1 28 (15:47
too large 3 01:04 256 36.9 3 01:09 2 01:08 295 57.8 3 01:11
vda 33 01:39 1128 287.6 38 02:43 4 {1:31 EEXS 222.0 ] 02:07
x3 499 01:59 484 28.4 99 01:59 b {1:35 490 30.0 5 01:30
Average 89.5 03:49 16G8.0 114.0 09:19 8.5 02:12 202.7 17.0 05:59
1 Total 1432 1:01:02 1824 2:20:08 136 0:35:12 272 1:35:46

Table 3. Partial node duplication compared
with RCP Full ND

Avg Total Tinc in
LUuT compile Avg
dec % | time dec % delay
RCP (Part, ND/ Part, ND) 68 50 4.2
TLC {(Part. ND) 82 15 9.7

creage and compile time are worse than RCP.

5. Summary

We have presented an effective recursive algorithm for
circuit clustering for delay minimization. A node re-
moval algorithm and a cluster packing algorithm were
also presented and used to reduce the amount of node

duplication and the number of clusters at each level of
clustering. Experimental results for the two-level clus-
tering problem using Quartus II v2.0 showed that our
algorithm achieved, on average, 7.3% more delay re-
duction compared with the best results in [2]. Also the
total FPGA compile time reported by Quartus was re-
duced by 36%. To decrease the area overhead resulted
in our algorithm, a partial node duplication strategy
was proposed that resulted in 68% reduction in area
overhead and 50% reduction in the average FPGA com-
pile time. Currently, we are working on our partial
duplication algorithm to improve the delay results.
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