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Abstract

Although delay driven clustering algorithms can opti-
mize circuit delay, they usually result in huge area increase,
We present a node duplication control strategy along with
a simple packing algorithm thar greatly reduce the area
penalty with a very small degradation in performance. We
use the Quartus Design System from Altera to test our al-
gorithm for a set of MCNC benchmark circuits. The results
show thar while a 14.5% average delay decrease can be
achieved with an average area increase of 240.8%, the al-
gorithm reduces the average area penalty to 27.4% with an
average delay decrease of 13.8%. Alse the number of clus-
ters and the fitting time reported by Quartus are reduced by
more than ?1% and 60%, respectively.

1. Introduction

Circuit clustering plays a very important role in VLSI
layout. It is defined as assigning circuit cells into a group
under certain design constraints. In performance driven
clustering, the problem is to cluster a circuit so as to mini-
mize its delay, subject to some constraints (area and/or pin)
on the clusters. Lawler et al. [8] presented a polynomial
time optimal solution to this problem assuming the unit
delay model. In this model, no delay is associated with
any logic gate or interconnection linking two gates within
a cluster, and a delay of one time unit is encountered along
any interconnection crossing a cluster boundary.

Murgai et al. [9] presented a more realistic delay model
called general delay model in which each gate » has an in-
trinsic delay of §(v), no delay is associated with an inter-
connection linking two gates in the same cluster, and finally
a delay of D time units (D is a specific constant) is asso-
ciated with an interconnection linking two gates in two dif-
ferent clusters. Rajaraman et al. [10] proposed an optimal
area-constrained clustering algorithm using the general de-
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lay model. In [13], the clustering algorithm in [10] was
extended to consider pin constraints as well as area cen-
straints. Recently, Cong et al. [3] developed a two-level
clustering algorithm based on the algorithm presented in
[10]. They proved that the performance driven multi-level
clustering problem is NP-hard.

The main problem with the optimal circuit clustering al-
gorithms is that they all generate a large area overhead. In
[9] and [13] a heuristic algorithm that favored the merging
of clusters sharing the largest number of nodes was used.
Since such merging algorithm just considers common nodes
in different clusters, it is not a good metric. The area over-
head minimization under 1/O constraint was considered in
f1] and [14] and heuristics for this problem were proposed.
However, these heuristics did not minimize the number of
duplicated nodes and just focused on the number of clusters.

In this paper we present a node duplication control strat-
egy along with a cluster packing method to reduce the area
overhead of the optimal clustering algorithms. We explain
the effect of each algorithm on final area overhead and de-
lay and show that a combination of these two strategies can
greatly reduce the area overhead.

The rest of the paper is organized as follows: section
2 defines the problem of clustering for delay minimization
under capacity constraint. Our proposed algorithm is de-
scribed in detail in section 3. Section 4 presents experimen-
tal results, and finally, section 5 concludes the paper.

2. Problem Formulation

A combinational Boolean network N can be represented
as a directed acyclic graph (DAG) G =< V,E >, where
V is the set of nodes, and E is the set of direcied edges.
Each node, v € V, represents a logic element (LE) equiv-
alent to a 4-input lookup-table or 4-1.UT, and each edge,
(u,v) € FE, represents that node u is a fan-in of node v (u
and v € V). Let input(v) and output(v) be the set of all
fan-in and all fan-out nodes of v, respectively. A primary
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input (PI) node is a node with fan-in 0, and a primary out-
put (PO) node is a node with fan-out 0. Each node v has
an area cost of w(v) which is set to one for every node in
the network since all LEs in an FPGA have the same size.
- A cluster C' is a set of nodes u € V and the capacity con-
straint of € specifies that sum of the weights of the nodes
in C, or simply number of LEs in C, given by W (C), must
not exceed a constant M. The clustering problem is then
defined as follows: given a combinational network, cover
the network with clusters subject to capacity constraints and
minimize the delay through the network. The delay through
the network is the maximum delay along any path from a
PI node to a PO node. The delay along a path is the sum
of LUT delays and inter-cluster delays(I)) on the path. A
cluster ' in a solution is feasible if W(C') < M. A solution
is feasible if every cluster in it is feasible.

Let N,, v € V, be the subgraph of N induced by v and
all of its predecessors in N, with v being the only output
node. A cluster rooted at v, denoted by C, is a subgraph of
N, containing v as the only output node. Let {(v) denole the
delay of a node v in an optimal clustering solution of N,,.
The label of each Pl node is defined as 0. In {13], the authors
proved that the search space of all feasible solutions could
be limited to rooted clusters without affecting the optimality
of the solution.

3. The TDCP Algorithm

Figure 1 shows our proposed clustering algorithm
referred to as TDCP (Timing Driven Clustering followed
by cluster Packing).

Algorithm TDCP (G, M, D, slackmaz)
1. initial_clusters + Labeling(G, M, D),
2. final_clusters « Clustering{initial_clusters),
3. finai.clusters + Rooted_Cluster_Elimination(
final_clusters);
4. cluster dist + Node_Duplication_Control{
' final_clusters, slackmaz);
5. packed list + Cluster_Packing(cluster dist);
6. end.
Figure 1: TDCP algorithm

The inputs to the algorithm are: the graph &, maximum
cluster size M, inter-cluster delay D, and maximum node
slack slackmaz. The first two steps are based on the
delay optimal clustering algorithm in [10]. In the labeling
step, we label each node v with the maximum delay at
v in an optimal clustering of N,. In the clustering step,
clusters in a clustering solution are generated starting
from the PO nodes in a bottom-up fashion, based on the
clusters obtained in the labeling phase. Afier clustering, the
number of clusters may be reduced using the rooted cluster

elimination algorithm proposed in [13] without affecting
circuit delay. The last two steps are node duplication
control and cluster packing.

3.1. The Labeling Phase
Figure 2 shows the labeling phase used in TDCP.

Algorithm Labeling (G, M, D)

1. Set I{(v) = 0, for all Pl nodes v;

2. Sort the non-Pl nodes in V' in topological order into a
list Vor;

3. while (Vr is not empty)

Remove the first node » from Vr;

Construct NV,

for each node u ¢ Nv\{v}
Plu) « Hu) + distance(u, v);

Sort the nodes in Ny\{v} in order of decreasing value

of I to form P;

9. Remove the first node « from P;

10. reached_PI_node + false;

1. Cy « {v};

12.  while (W(Cy) + 1 < M)

13. it (» is not a Pl node)

o No ;e

14. Cy + Cy U {u}

15. else if {(not reached PI_node)
16. Pl node + u

17. reached_PI_node « true;
18. if (P is not empty)

19. Get the next node u from P;
20. else

21. break;

22. it (reached_PI node}

23. i{v) + UI'(PI_node) + D,
24, else

25, )y« U'(u) + D;
26.return initial_clusters Cy;
Figure 2: The labeling phase

In this phase, we label each node u with the maximum
delay at v in an optimal clustering of N,. We now describe
the computation of C, and /(v) for all nodes in N. For each
of the Pl nodes v, we assign I(v) = 0. All other nodes
are processed in topological order. To label a node v, all
of whose predecessor nodes u € N, have been labeled, we
first compute ¥ (u) using:

V'(u) = l{u) + distance(u,v) [6))]

distance(u,v) is the maximum total LUT delay along any
path in N, from the output of v to the output of v. The rea-
son we name the maximum total delay as distance is the
way we compute it in our algorithm. We start computing
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I{v) by calculating {'(u) for all nodes u € input(v). For all
such nodes the maximum distance (so far) to the root node v
is one. Then we compute I'(%) for all u € input(input(v)).
This time the maximum distance so far would be 2. And we
continue until we finish computing I’ (u) for all u € N,,.
In this way computing distance(u,v) would be as easy as
multiplying the distance value of any node by one LUT de-
lay (assuming all logic elements have the same delay).

After calculating ' for all nodes in N,\{v}. we try to
cluster v with as many nodes as the capacity constraint per-
mits to make C, {we do not allow PI nodes to be in a clus-
ter). Clearly, the greater the value of I’ (u) the more the need
to include w in C,. So we sort all nodes in N,\{v} in or-
der of decreasing value of [’ and then use the high I'-valued
nodes to make C,.

After building C\, v is labeled by considering all possi-
ble paths from an input to the output of . Since no PI node
exists in any cluster, all the paths cross C,. The label of
nede v is then compuled using:

Hov) =D +1'(u) @

where 4 is cither the last node in N, which could not be
included in €, (due to capacity constraint) or the first P1
node in the list 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,,.

3.2. The Clustering Phase

The clustering phase generates the necessary clusters to
form the optimal clustering solution. As in [10], we first
generate the clusters for the PO nodes and then for each
input node w of the generated clusters, the cluster rooted at
u is added to the set of final clusters. Figure 3 shows the
algorithm.

Algorithm Clustering (initial_cluster s}

. final_clusters « @;

. L « set of PO nodes;

. while (L is not empty)

Remove a node v from L;
final_clusters « final-clustersU Cy ;
L « LU input(C,);

. return final clusters;

Figure 3: The clustering phase
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3.3. Cluster Reduction

After performing the clustering phase for a circuit, the
number of clusters in the resulting circuit is usually large
even for small circuits. This is due to the fact that many
clusters are not filled to capacity and there are node duplica-
tions. We use the algorithm presented by Yangetal. [13] re-

ferred to as rooted cluster elimination. Rooted cluster elim-
ination tries to eliminate as many rooted clusters as possible
by substituting the roots (i.e. the only output nodes) of these
clusters with their duplicates in other clusters, provided that
the computed delay of the clustered circuit is not increased.
Note that if a cluster is eliminated, the duplicated node of
its root in the other cluster becomes an cutput node for that
cluster.

3.4. Node Duplication Control

Since the number of duplicated nodes may be high, we
impose some restrictions on the amount of node duplica-
tion. Figure 4 shows our proposed algorithm.

Algorithm Node_Duplication_Control { final_clusters,
slackmaz)

1. Re-labet network();

2. Compute node slacks();

3. for all clusters C,, € final_clusters

4 Sort nodes in €, in reverse topological order;

5 foralued,

6. ifaC, st 2#£vanduc C,

7 if u is not an output node in any cluster

8 it uis already kept in some cluster

9. if slack(u) > slackmax

10. Cy + Cy — {u};

11. continue;

12, else

13. HheGst (u,t)e Eandte Cy
14. Cy « Oy — {u}s

15. continue;

16. else

17. if u is not an output node in C,
18. if slack{u) > slackmax

19. Cy + Gy — {u};

20. continue;

21. Keep u in Cy;
22 return final.clusters;
Figure 4: Node duplication control

We control node duplication based on the node slacks
[6]-—nodes with slacks greater than a predefined value are
not duplicated. First, the labels of all nodes in & are re-
calculated. Note that we can not use old node labels, be-
cause old labels for each node are generated based on the
cluster rooted at that node. However, some clusters may
not exist in the final solution either because they are not
in final_clusters set after the clustering phase or because
they have been eliminated during rooted cluster elimination.
Therefore, we need to calculate new labels based on the fi-
nal existing clusters. To find node slacks, we first calculate
the final labels of all nodes in the circuit based on the fi-
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nal clustering results. The label of each PI node is set to 0.
Then the label of any other node v can be calculated as

(v)= maz )l(u) + 6(v) &)

uCinput(v
where
_ [ )
Hu) = { I(u) + D
To compute the slack, the required labels, rl, of all
nodes must be cemputed. Each PO node has its required

fabel set to the maximum labe!l among all PO nodes. Then,
the required label of any other node v can be calculated as

edge (u, v} is intemal to a cluster

)

edge (u, v) crosses a cluster boundary

ri{v} = ueﬂfﬂ:(u)rl(u) — &(u) &)
where
1= { ) D e ety ©
Finally, we calculate the slack of each node u as
slack(u) = rl{u) — Hu) ()

After caiculating node slacks, all nodes in each cluster
in the final cluster list are processed in reverse topological
order. In this way we do not permit a node to remain in a
cluster if none of its fan-outs exists in that cluster (lings 13-
15). Also note that if a node has more than one duplicate
in the set of final clusters, but does not have permission for
duplication due to its slack value, careful consideration is
made to keep the best node among its duplicates in different
clusters. Since output nodes of a cluster has the best delay
among all other duplicates of that node, we always keep
such nodes and check for duplication permission for other
duplicates of the nodes (lines 17-20).

3.5. Cluster Packing
Figure 5 shows our generalized packing algorithm.

Algorithm Cluster_Packing(cl Jist}
/* el list is the set of clusters returned from
Noede_Duplication_Control(). */
1. Set packed list — &
2. Sort all clusters in ¢/ list based on the packing type;
3. while (¢l Zist is not empty)
Remove first cluster ; from cl list;
if (W(C1) = M)
Append C, to packed_list,
continue;
for all C € ol list
overlap = num-_comm._nodes(C1, Cz);

0 ®mNO o

10. if (W(Cy) + W(C2) — overlep € M)
11, Keep C» and merge_factor(C1, Ca);
12, Cienr + Cy with the best merge. factor;
13. G + merge (Cy, Cuest):

14, (W (C,) = M)

15. Append C, to packed list;

16. continue;

17. Insert C, at proper location in ¢ list;

18. return packed list;

Figure 5: Generalized packing algorithm

The packing algorithm starts with an ordering of the
clusters in ¢l Iist and chooses the most eligible cluster. The
eligible cluster is selected based on the packing type, which
will be discussed shortly. To reduce the number of pos-
sible candidates for packing, we limit candidates to those
clusters that have common nets with the selected eligible
cluster. If we could not find a candidate or if the cluster ca-
pacity reaches it maximum, we remaove the eligible cluster
from ¢l ist and put it in packed . list.

We tested several metrics for merging clusters in our
packing algorithm: Rent exponent, number of common
nodes, normalized number of common nodes, and number
of common inter-cluster nets.

Our Rent cluster packing algorithm uses the well-known
relationship in Rent's rule [5, 7] which is actually an empir-
ical formula that describes the genera! property of a design
with moderate size. Rent’s rule has been used as a metric
for circuit ¢clustering [4, 11, 12] and is expressed as follows:

E, =px [W(O)" &)

where, E is the number of external pins of a cluster, C. pis
the average number of pins per LE in €, W{C) is the num-
berof LEs in C, and r (0 < r < 1) is the Rent exponent.
Equation (8) could be expressed as

In(E,/T)

"= W (©)

®
where T is the total number of pins in a cluster. The smaller
values of r mean that the cluster has less connectivity with
other clusters and also has good connectivity in terms of
its internal LEs. In this case, line 1 of the packing al-
gorithm finds Rent exponents of all clusters in ¢l Iist and
sorts clusters in decreasing order of their Rent exponents.
The merge_factor (line 11) between two candidate clus-
ters weuld be their projected Rent exponent after merge.
We impose a consiraint on the value of Rent parameter to
prevent loosely connected clusters from merging together
to form a larger cluster.

In common node and normalized common node pack-
ing, we sort the clusters in increasing order of their sizes.
Since larger clusters have more chance of finding a good
merge candidate, we give the priority to smaller clusters.
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If overlap specifies the number of common nodes between
two candidate clusters C and Cy, then the merge._factor
for these cases would be overlap and WD:J;-:!T%C_'” re-
spectively.

Finally, for common inter-cluster net packing, the sort
function is the same as common node packing (smaller clus-
ters are more eligible) and the merge_factor is simply the
number of common inter-cluster nets.

4. Experimental Results

We have implemented our TDCP algorithm in C++ and
LEDA and ran our experiments on a Pentium III 900 MHz
CPU with 512 MB of memory. We used the commercial
synthesis tool Quartus II v.1.1 from Altera to test our re-
sults. The device we used was the EP20K600EFC672-1X
from the APEX family. APEX architecture has a hierarchi-
cal structure in which 10 4-LUTs are greuped together and
make a logic array block (LAB) and then 16 such LABs are
grouped together and make a Megal.AB. This architecture
can take advantage of the locality of interconnections and
use the faster local and semi-global interconnections to im-
prove the performance of the circuit. We assigned our clus-
ters to MegalLABs and left the LAB assignment to Quartus;
so the cluster capacity constraint (M) was set to 160 LEs
per cluster. The inter-cluster delay, D, was set to 2ns and
the node delay, 6(v), was set to 0.5na.

We used combinational circuits from the MCNC bench-
mark sets and generated 4-input LUT network using
Flowmap [2]. Since netlists generated by Flowmap are in
BLIF format we first converted them to Text Design File
(TDF) format recognizable by Quartus. We used a method-
ology similar to [3). Our program generates the set of clus-
ters along with the new netlist of the circuit that contains
duplicated nodes (if any) and their corresponding duplicated
nets. We used the LogicLock feature provided by Quartus
and assigned each of our clusters to one LogicLock region.
LogicLock region information is kept in a specific file with
an .ESF specification that is generated by TDCP. We let
Quartus find the best location for our clusters during fitting,.

Table 1 shows information about the benchmark circuits
used in our experiments, namely, number of LEs, LUT,
number of input pads, I, number of output pads, O, and
pin to pin delay reported by Quartus in ns for the original
netlists.

Table 2 shows the results of our algerithm when full node
duplication is done without cluster packing. No duplicated
node is removed from any cluster, which results in an aver-
age delay decrease of 14.5% (fifth column) compared with
the results of the original circuits (Table 1). The second col-
umn shows the new area of the circuit in terms of the num-
ber of LUTs and the third column lists the area increase per-
centage compared with the original circuits. As can be seen,

Table 1. Benchmark circuits information and
Quartus delay in ns

[ Ciecuits T LUT | 1T O [ delay |
apexb 303 [ 135 | 99 [ 29.25 |
c1908 145 33 25 27.85
C5315 620 178 £23 | 35.15
¢8R} 174 &0 26 26.93
dalu 500 75 16 26.03
des 1591 | 256 | 245 | 37.13
ild 995 257 | 224 | 58.11
19 376 88 63 2737
k2 516 45 43 2789
misex 1397 14 14 27.53
too_irg 197 | 38 3 | 25356
vda 291 17 39 25.49
x3 377 135 99 22.52

Table 2. Area, delay, number of clusters (NC),
and fitting time (FT) results for full node du-
plication without cluster packing, compared
with the original circuits

[ Circuit area | wing | delay | %dec | NC FT
apext 543 382 19.99 L8 93 03:28
c1908 1244 757.9 26.39 5.2 5 04:34
c5315 2647 | 326.9 28.94 177 03 13:07
<880 422 142.5 26.73 0.7 15 02:15
dalu 912 824 24.20 7.0 16 03:15
des 4843 | 2044 27.19 26.8 244 20:19
10 5921 495.1 45.55 216 175 32:12
i% 1309 248.1 22.18 19.0 63 04:26
k2 2108 3085 23.66 15.2 45 §7:30
misex3 2299 64.6 2740 0.5 46 07.03
too-Irg 256 36.9 19.69 23.0 3 01:21
vda 1429 391.1 22.67 {1.1 39 04:18

| x3 503 334 20.62 8.4 93 03:19

[Ae 24038 a5 [ 731 | 0814 ]

the average area increase for this mode is 240.8%. This is
what we expected due to the absence of node duplication
control and cluster packing. The last two columns show the
number of clusters (NC), and the fitting time (FT) reported
by Quartus in mm : 83 format, respectively.

Table 3 presents the results for node duplication control
without cluster packing. The results are for the cases when
no node duplication is allowed {column 2), partial duplica-
tion, for nodes with slack Jess than or equal Ing, is allowed
(column 3), and finally full node duplication is permitted
(last column). To save space, just the average values are
shown. The second and third rows show the average de-
lay decrease percentage and the average area increase per-
centage, respectively, compared with the original circuits.
The last two rows list the average number of clusters and
the average fitting time, respectively. As can be seen, there
is no area increase when no node duplication is allowed,
but we should note that since each cluster corresponds to a
LogicLock region, the unassigned LEs/nodes inside the re-
gion/cluster cannot be used by any other node. So a more
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Table 3. Average delay decrease, area in-
crease, number of clusters, and fitting time
for all benchmark circuits with node duplica-
tion control and without cluster packing

[ [ Nodup. | Partialdup. | Fulldup. |

Avg. delay dec % 6.5 9.3 14.5
Avg. ared inc % [ 180.1 240.8
Avg. NC 525 63.5 731
Avg. FT 4:48 6:49 8:14

Table 4. Resuits for partial node duplication
with common inter-cluster net packing, com-

pared with the original circuits
Circuit area %inc | delay | %dec | NC FT
apexd 395 0.5 22.33 2306 4 231

1908 || 145 | 00 [ 2591 1 .70 | 1T [ 123
535 || 1002 [ 616 | 3163 | 100 | 13 | 501
850 19 | 358 | @3z | 97 3 | 140
duln 612 | 214 | 3456 | 56 | 5 | 298
dcs 1639 | 50 | 2948 | 76 | 14 | &5
110 1862 87.1 39.71 31,7 i3 T:45
i 408 | §5 | 2385 | 123 | 3 | 339
2 Sl | 87 | 70| 28 | 4 | 52
misex3 || 1786 | 278 | 2285 | 170 | 14 | 304
wotg || 238 | 219 [ 1908 | 250 | 2 | 122
vda 346 87.6 24.04 5.7 4 2:54
<3 I | 11 | 2062 | 84 | 3 [ 709

[(Avg [ 274 8 | 6 [ 32

realistic way to look at the area is to analyze the number of
clusters (NC), which is high for all of the three duplication
modes in this case. This means that we cannot achieve sub-
stantial decrease in arca overhead simply by controlling the
amount of node duplication. Therefore, the need for cluster
packing ts obvious.

Table 4 shows the results of our algorithm when com-
mon inter-cluster net packing along with node duplication
control are used. Partial node duplication is done using a
maximum node slack of 1ns. So nodes are not duplicated if
their slack is greater than 1ns. As can be seen, both the av-
erage area increase and the number of clusters are reduced
compared with all of the results we have had so far. In fact,
this type of packing shows the best average delay decrease
(13.8% compared with the resuits for the original circuits)
with respect to average area increase (27.4%). Since the
number of clusters is small, the Quartus fitting time is also
the least among all cases.

A comparison among all packing methods is presented
in Table 5. The first column shows the packing method
used: common inter-cluster net packing (Comm. net}, Rent
packing, common node packing (Comm. node), and finally
normalized common node packing (Nrm. Comm. node).
The second column shows the average delay decrease for
no node duplication, and the third and fourth columns show

Table 5. Delay and area results for different
packing methods ’

Packing type No dup Full dup
delay % delay | % area
dec dec inc

Comm. net 9.0 124 547

Rent 6.7 11.6 75

Comm. node N/A 99 408

Nrm. Comm. node N/A 11.9 49.9

Table 6. Average delay decrease, area in-
crease, number of clusters, and fitting time
for full node duplication and no packing vs.
partial duplication along with Comm. net
packing

No packing | Comm. net packing
I Full dup Partial dup
Avg, delay dec % 14.5 13.8
Avg. areainc % 240.8 274
Avg. NC EEEN [
Avg. FT 8:14 3:24

the average delay decrease and average area increase for
full node duplication mode, respectively. As can be seen,
the common inter-cluster net packing {second row) shows
the best results among all packing methods. The results for
Rent packing are not as good as we expected. Since Rent
exponent has a more global view of the circuit structure (due
to its dependency on the number of internal and external
pins of the cluster as well as cluster size), we expected to
get better resulis for this type of packing, We believe that
since Rent exponent is not accurate for small size clusters
and since we have many small size clusters before packing,
this could be the reason for Rent’s poor performance.

The last two columns show the results for common node
and normalized common node packing. which are just ap-
plicable when duplication is allowed. Since the main goal
of these types of packing is node minimization, they result
in thc least area increase among other cases. Normalized
common node packing results in a better delay value be-
cause of its more realistic merge_factor compared with
that of commen node packing.

5. Summary

We have presented a node duplication strategy along
with cluster packing to reduce the area overhead that re-
sulted from delay driven clustering algorithms. The number
of clusters and the fitting time for a set of MCNC bench-
mark circuits were reduced by 91% and 60%, respectively,
compared with the results of fult node duplication mode
without cluster packing. The average delay decrease was
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just decreased by 5%. A summary of these results is shown
in Table 6.
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