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Abstract

We present a novel macrocell overlap removal algorithm,
based on the ant colony optimization (ACO) metaheuris-
tic. The algorithm generates a feasible placement from a
relative placement with overlaps produced by some place-
ment algorithms such as quadratic programming and force-
directed. It uses the concept of ant colonies, a set of agents
that work together to improve an existing solution. Each ant
in the colony will generate a placement based on the rela-
tive positions of the cells and feedback information about
the best placements generated by previous colonies. The so-
lution of each ant is improved by using a local optimization
procedure.

1. Introduction

While several macrocell placement techniques, such as
sequence pair [1], O-tree [2], and B*-tree [3], generate over-
lap free placements, others such as quadratic programming
[4] and force-directed [5], generate layouts with cell over-
laps. Allowing overlaps during the placement or floorplan-
ning process can lead to better solution, but at the cost of
a non feasible placement. The increase of the overlap cost
at the end of the process may reduce the amount of over-
lap, but cannot eliminate it completely.

Vijayan and Tsay [6] proposed a method to remove the
overlap based on the constraint graphs. The initial floorplan
is used to build a set of constraint graphs with redundant
edges. The graphs are topologically sorted and the critical
(longest) path is determined for each of them. The algorithm
removes a redundant edge from the most critical of the two
critical paths. This step is repeated until there is no improve-
ment in the layout area. The algorithm also uses a similar
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procedure to change the aspect ratio of the blocks. The dis-
advantage of this method is the random choice of the edge
to be removed. If there are two or more edges which qual-
ify for removal, it is not possible to predict which one will
lead to a better final placement. Asato and Ali [7] proposed
an improvement of this algorithm by removing all redun-
dant edges from one of the constraint graphs after the itera-
tive improvement proposed in [6] is finished.

Nag and Chaudhary [8] have used the sequence pair rep-
resentation to remove the overlaps for FPGAs.

The rest of the paper is organized as follows: Section
2 presents the ACO heuristic. Section 3 describes the pro-
posed procedure. Section 4 shows the method used to re-
duce the execution time. Section 5 presents and discusses
the experimental results. Finally, Section 6 draws conclu-
sions.

2. Ant Based Optimization Metaheuristic

Ant colony optimization (ACO) was introduced by
Dorigo et al. [9] for solving the Traveling Salesman Prob-
lem (TSP). Consider a complete undirected graph G(V, E),
where each edge (u,v) € E has an associated non-
negative weight w(u,v). TSP is defined as the problem
of finding a minimal weight tour, i.e., a simple cy-
cle which contains all vertices. The virtual ants have
the same behavior as the real ants: they traverse the
graph and lay pheromone trails on edges. At each ver-
tex, they choose the next path based on the pheromone in-
tensity trails of the edges incident in the vertex and the
weight of the edges. Initially, m ants are placed in ran-
domly selected vertices. Each ant will generate a tour and
will deposit on the edges of the tour a pheromone trail pro-
portional to the length of the tour.

Let 7(r, s; t) be the intensity of the trail on edge (r, s) at
time ¢. After all ants have generated the tours, the trail inten-
sity is updated (due to evaporation and trail reinforcement)
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1  Procedure ACO

2 Initialize parameters and
3 pheromone trails

4 for colony :=1 to ncolonies do
5 for ant:=1 to m do

6 Generate tour

7 Compute cost

8 if cost < min_cost

9 Save solution

10 min_cost = cost

11 end 1if

12 Update pheromone trails
13 end for

14 Evaporate

15 end for

16 end Procedure

Figure 1. ACO algorithm
attime ¢ + 1:
7(r,s;t + 1) = pr(r, s;t) + A7(r, s;1) (D

where p is a parameter such that 1 — p represent the evap-
oration coefficient. In order to avoid unlimited accumula-
tion of pheromone, p € (0, 1). The trail reinforcement is
the sum of the reinforcements generated by all the ants in
the colony:

Ar(r,s;t) = > Arg(r, 531) 2)
k=1

where m is the number of ants in the colony and A7y (r, s; t)
is the quantity of pheromone laid by the k-th ant at time ¢,
defined as:

Aty (r, 53) = Lgk’ if the k-th ant uses the edge (r, s)

0, otherwise.

3)
where (Q is a constant and Ly, is the tour length of the k-th
ant.

Let n(r, s) be the visibility between the vertex r and the
vertex s. n(r, s) is defined as n(r,s) = 1/w(r,s), where
w(r, s) is the weight of the edge (r, s) value that does not
change during the iterative process. The probability of an
ant k to choose s as the next vertex when it is at the ver-
tex r at time ¢ is given by:

7% (r, 5;t)n° (r, 5)

, ifseM
Pe(r,838) = 9 ey, 70w 0P (1) *
0, otherwise.
“)

where M}, is the set of vertices not visited yet by the ant &,
a and J are two parameters that control the relative impor-
tance of trail versus visibility. The basic ACO algorithm is

shown in Figure 1. ncolonies is the number of colonies (it-
erations) and m is the number of ants in a colony.

3. ACO Algorithm for Overlap Removal

The proposed technique uses the constraint graphs (di-
rected acyclic graphs) to derive an overlap free place-
ment. The vertical constraint graph Gy (Vy,Ey) sets
the y-coordinates of the cells, while the horizontal con-
straint graph Gg(Vh,Eg) sets the x-coordinates. A
macrocell placement is overlap free if for all the cell pairs
{i,j}, there is an edge (i,7) or (j,i) in one of the con-
straints graphs (horizontal or vertical constraint graph).

The overlap removal algorithm is based on the ACO al-
gorithm presented in Figure 1.

3.1. Visibility Graphs

In this section, the concept of visibility is adapted to
macrocell placement. The visibility between two cells ¢ and
7 is defined as a heuristic value which allows to evaluate the
relevance of edges in the redundant constraint graphs, deter-
mined by the relative positions of the cells. Since there are
two constraint graphs, two visibility graphs (ng and ny)
must be used. Two cells may have the following relative
overlap:

1. Horizontal overlap: The projections of the cells on the
horizontal axis overlap.

2. Vertical overlap: The projections of the cells on the
vertical axis overlap.

3. Physical overlap: Both horizontal and vertical overlaps
are present.

4. No overlap: There is no vertical or horizontal overlap
between the cells.

Let us define the weight of an edge ng (i, j) in horizon-
tal visibility as the amount of vertical overlap between cells
i and j and the weight of an edge 7y (4, 7) in vertical visi-
bility as the amount of horizontal overlap. The direction of
an edge in the visibility graphs is determined by the rela-
tive positions of the cells: from the cell with the lowest cen-
ter to the other cell for iy and from the cell with the left
most center to the other one for 7. For example, if the cen-
ter of cell ¢ is below the center of cell 5 and there is a hori-
zontal overlap between the cells, 1y contains the edge (4, 7).
All the weights are normalized by dividing them with a con-
stant value D4, defined as the average cell dimension.

The visibility definition is extended by allowing the rel-
ative overlap between two cells to have negative values:

Vovlp(iaj) = (Dwz + .D-’IJ])/2 - Hdist(iaj)

Hovlp(iaj) = (Dyz+DyJ)/2_VdZSt(Z7J) (5)
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Figure 2. Visibility calculation

where Dzx; and Dy; are the dimensions of cell ¢ and
Hg;s:(i,7) and Vg;se(i, ) are the distances between the
centers of the cells ¢ and j on the two axes of coordi-
nates. Note that if the cells do not physically overlap, the
overlap value is negative. The weight of edges in the vis-
ibility graphs between the two cells ¢ and j is determined
by:

w(nV (Ta S)) = (V:wlp(iaj) - Ovlpmin + 601}!1)) /-Du,vg

w(”H(T7 S)) = (Hovlp(ia .7) - Ovlpmz'n + 507;11)) /Dav'€6)
where (r, s) is (4, 7) or (§,1), Ovlpmiy is the minimum be-
tween Vouip (4, J) and Hoyyp(4,5), and 0y is @ constant
value used to make both V4, and Hp have positive val-
ues. d,y1p can be the average cell size D,q. The direction
(r, s) of the edge is determined by the relative positions of
the cells.

Figure 2 shows an example of visibility calculation for
two cells ¢ and j. In this case, the visibility graphs have two
edges: (i,7) in ng and (j,4) in npy with the weights given
by Equation 6. The edges (4, %) in ng and (7, j) in ny have
the weight zero.

3.2. Construction of the Constraint Graphs

Let us define M(3,j) as the set of edges in the vis-
ibility graphs between the cells ¢ and j. Since only one
edge in both constraint graphs is enough to have an over-
lap free placement, the algorithm will choose one edge from
M(i, j) to be added in the constraint graphs. The algorithm
uses two trail arrays 7y and 7y to record how cost effec-
tive is the usage of each edge from M3, 5). Initially, all the
fields in 7 and 7y are set to unity.

For all pairs of vertices {i,j}, if there are posi-
tive weighted edges in M(i,5), an ant k& will choose one
edge to be added to the constraint graphs with the probabil-

1ty:

T (r, 8)n° (r, 5)
2 (u,0)EM(irg) 7% (u, v)1P (u,v)
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Figure 3. Example of placement compaction

where (r, s) is an edge from M (i, 7). 7(r, s) and n(r, s) are
Tv (r,8) and ny (r, s) or 7 (r, s) and g (r,s), depending
on the graph where the edge (r, s) belongs. If all the edges
in M(i,7) have the weight zero, no edge will be added.
The cells with in-degree equal to zero in one of the con-
straint graphs will have the corresponding coordinate value
set to zero and they will be the first cells processed when the
cell positions are calculated. The cell positions can be eas-
ily computed applying a procedure similar to breadth-first
search algorithm on the constraint graphs, starting with the
vertices with in-degree zero. If x; is the coordinate of a par-
ent, all its children will have = x; + Dz;, where Dx; is
the dimension of cell ¢.

3.3. Local Optimization of Cell Placement

Since an ant chooses the edges stochastically in the two
constraint graphs, some suboptimal constraint edges can be
selected. This will generate a placement with unused space
as shown in Figure 3(a). Let us consider that the y coordi-
nates of the cells are computed. The placement can be op-
timized horizontally by testing if the parent and the child
can have vertical overlap, i.e., the vertical distance between
the cells is greater than zero. When no vertical overlap is
possible, the edge between the two cells in the horizontal
constraint graph is removed and an edge between the two
cells is added to the vertical constraint graph. The direc-
tion of the edge is from the lower cell to the upper cell.
Similarly, the area can be optimized vertically when x co-
ordinates are computed first. Figure 3 shows how the com-
paction is done. Cell j is the child of cell ¢ in the horizon-
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Procedure Place & Compact
Calculate the y coordinates
Calculate the z coordinates

and compact horizontally
Reset the y coordinates
Calculate the y coordinates

and compact vertically

© 90 U WN R

end Procedure
Figure 4. Place and Compact procedure

Final position
without limitation

Final position

with limitation . .
Initial position

1 celli! / Celli

Cell j

Cell k

Circuit boundary
Figure 5. Limiting the cell sliding

tal constraint graph G g (Em, V). Because the two cells do
not have vertical overlap, the edge is removed from the hor-
izontal constraint graph and an edge is added in the vertical
constraint graph Gy (Ey , V). The direction is from i to j
because the center of ¢ is below the center of j. When this
operation is performed, the coordinate calculation must be
performed three times as shown in Figure 4. The procedure
Place & Compact processes first the vertical constraint
graph, then the horizontal constraint graph, then again the
horizontal constraint graph. In order to have a better com-
paction in both directions, the algorithm alternates the order
in which the constraint graphs are processed for each iter-
ation. Figure 4 shows one of the two possible forms of the
procedure. A problem that may occur during this phase is
the sliding of cells from the neighborhood of the initial po-
sition to the circuit boundary. For example, cell ¢ shown in
the Figure 5 will slide from the initial position because it has
the biggest y value and all the edges in the horizontal con-
straint graph incident to ¢ will be removed by the local opti-
mization procedure. This problem can be solved by setting a
minimum position for a cell when an edge is moved from a
constraint graph to the other. Consider cell ¢ in Figure 5. The
horizontal constraint graph contains the edge (j,4) which
will be removed and an edge will be added in the vertical
constraint graph. When the edge (j, ¢) is removed, the min-
imum z value of the cell ¢ is set as the & coordinate of the
cell 5. This can be extended to all the edges in the horizon-
tal constraint graph incident to ¢:

where R g (7) is the set of edges incident to i which were
removed from the horizontal constraint graph. Similarly, it
can be set a minimum value for the y coordinate.

3.4. Trail Update

The trails are updated using Equation 1. In order to avoid
stagnation, the trails are not allowed to have values below a
minimum bound (7g (7, s) > 0.1 and 7y (7, s) > 0.1 in this
work). The reinforcement trail intensity A7 is determined
by:

Q

Costg’
0, otherwise.

Ar(r,s) = if the ant uses the edge (r, s)

©)
where () is a constant. Costk is the cost of the best place-
ment obtained by the colony K and is defined as:

Costg =wy - AJAg+wa - L/ Lg (10)

where A is the total circuit area, Ag is the initial circuit
area, L is the total wire length, and L is the initial total
wire length. w; and w9 are the weights of the area and wire
length and can be specified by the user. We used w; = 1
and wy = 2 in order to have a better wire length result.
Since the cost value is close to three in this case, the con-
stant () from Equation 9 can be set to unity. A7(r,s) is
less than one, but does not have a very small value that will
make the trail values go to zero when the evaporation coeffi-
cient is high. The cost of the current placement is compared
with the best cost so far. If the current cost is lower, the cur-
rent placement is saved and the best cost updated.

Figure 6 summarizes all the steps of the overlap removal
procedure. ncolonies is the number of colonies used and
nants is the number of ants in a colony.

4. Improving the Execution Time

The execution time of the search procedure, similar to
breadth-first search algorithm, which calculates the posi-
tions of the cells can be reduced by using a special queue
to store the vertices to be processed. The constraint graphs
contain transitive edges which cause some vertices to be
processed several times. The number of times a vertex is
processed can be reduced if the queue is searched when a
new vertex is added. If the vertex is already in the queue, it
will be moved to the tail (the last one to be processed). The
search can be done in constant time when the queue is im-
plemented as an array whose elements are also linked by
pointers.

If all the cell pairs are considered when the visibil-
ity graphs are constructed, then the time complexity for

Xmin(t) = min{z(k)|(k,i) € Ru(i)} (8) Generate constraint graphs and Place &
IF]‘,F.
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1 Procedure Overlap Removal

2 Initialize parameters and

3 pheromone trails

4 Generate the visibility graphs
5 for colony :=1 to ncolonies do

6 for ant:=1 to nants do

7 Choose cell orientation
8 Generate constraint graphs
9 Place & Compact

10 Compute cost

11 if cost < best_cost

12 Save placement

13 best_cost = cost

14 end if

15 end for

16 Update pheromone trails

17 Evaporate

18 end for

19 end Procedure

Figure 6. Ant based overlap removal algo-
rithm

Compact functions (see Figure 6) is O(n?), where n is the
number of cells. The number of ants in a colony is typically
proportional to n. Since the number of colonies does not ex-
ceed a constant limit, the overall time complexity of the al-
gorithm is O(n?). This limit can be improved by reducing
the number of cell pairs that generate edges in the visibil-
ity and trail graphs. When the distance between two cells
is big, the probability that these two cells will overlap dur-
ing the placement is close to zero. Let us define a visibil-
ity range M axRange. If the distance between two cells is
longer than M axzRange, no edges will be added in the vis-
ibility graphs. When MaxzRange is equal to the chip
size, all cell pairs will generate edges in the visibil-
ity graphs and the corresponding adjacency matrices are
dense.

Let us consider that the visibility range is several times
the average cell size:

MazRange =k - Dyyq (11

where k is a constant. This implies that the cells that will
generate edges in the visibility graphs with any given cell
are included within a 2kD g X 2kDg,4 window. The av-
erage number of cells covered by this window is the win-
dow area divided by the average cell size 4k*>D?, o/ D2, g =
4k? = constant. Therefore, the number of cell pairs that
will generate an edge in the visibility graphs is reduced, in
average, to 4k?>n = O(n). This observation shows that the
adjacency matrices of the visibility graphs are sparse when
only the useful edges (edges between close cells) are con-
sidered. The overall average time complexity in this case
will be O(n?).

Xdist Cell i

Cell j

Cell m

Figure 7. Determining the minimum visibility
range

Initial

Circuit Cells Nets Wire Area

(mm) | (mm?)
Compress 35 174 333 0.334
Find 58 268 89.2 0.698
Fifo 63 296 83.3 0.866
Elliptic 94 531 191.1 1.013
Shufft 104 488 115.2 1.010
Ami33 33 119 8.0 0.027
Ami49 49 408 108.8 0.806
Playout 62 | 2,506 617.0 1.475

Table 1. Benchmark characteristics and ini-
tial values

Reducing the number of edges in the visibility graphs
will reduce the execution time, but due to cell movement
from the initial position and local improvement presented
in Section 3.3 the resultant placement may have overlaps.
We have used two methods to ensure that the final layout
will not be overlap free. The first one which was presented
in Section 3.3 limits the sliding of cells which are placed on
top and right edges of the circuit.

The probability that a cell will overlap with another
cell decreases with the increase of the M azRange. When
MaxRange is equal to the circuit size, this probability is
zero. However for most of the cells a much smaller limit
is enough. We used an adaptive technique that finds the
minimum required value for the visibility range. Consider
the cell ¢ and the situation presented in Figure 7. Let C(4)
be the set of cells placed below and to the left of cell 3.
Let j be the cell in C(i) so that the distance D(i,j) =
Xdist(i,7) + Ydist(i,j) is minimum. The visibility range
is determined by:

MazRange(i) = max {Xdist(i,j),Ydist(i, j)}+k-Dayg

12)
where k is a constant with a value between 2 and 5. This
method will increase the visibility range for the isolated
cells. If the cell overlaps with other cells, the visibility range
willbe k - Dgyy.
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Ant based Ant based Constr. reduction SA based
(50 colonies/100 ants) (100 colonies/200 ants)

Circuit Wire Area Run Wire Area Run Wire Area | Run Wire Area Run

(mm) | (mm?2) (m:s) | (mm) | (mm?2) time | (mm) | (mm?2) | time | (mm) | (mm?) time
Compress 31.7 0.274 12s 31.2 0.274 55s 34.6 0.306 2s 31.5 0.303 1m:43s
Find 86.4 0.585 23s 84.8 0.567 | 1m:34s 90.8 0.625 3s 85.6 0.600 4m:47s
Fifo 79.4 0.750 24s 76.1 0.697 | 1m:38s 83.4 0.784 3s 77.2 0.752 5m:29s
Elliptic 2224 1.366 | 1m:17s 215.0 1.251 | 5m:21s 240.8 1.483 11s 220.5 1.422 | 17m:24s
Shuffe 120.0 1.025 | 1m:12s 116.3 0.988 | 4m:15s 126.8 1.231 24s 125.3 1.116 | 15m:21s
Ami33 7.0 0.019 13s 6.6 0.019 50s 8.4 0.024 2s 8.2 0.027 1m:29s
Ami49 1214 0.771 30s 1174 0.748 | 2m:0ls 152.1 1.101 2s 112.8 0.819 4m:24s
Playout 842.1 1.909 | 1m:29s 801.3 1.883 | Sm:l4s 970.2 2.260 28s 771.5 1.998 | 18m:07s

Table 2. Experimental results

5. Experimental Results

We tested the proposed overlap removal procedure on a
set of layouts generated by a force-directed macrocell place-
ment algorithm. The circuits used as benchmarks are: (1)
synthesized by a behavioral synthesis system from high-
level specification; (2) MCNC benchmarks. Table 1 shows
the benchmark characteristics: number of cells, number of
nets, and the initial value for area and wire length. The re-
sults were obtained on a SUN ULTRASPARC 30 Worksta-
tion with 300MHz processor and 128MB RAM. The pro-
gram is written in C++.

We considered that both the visibility and trails to have
equal importance, the a and 8 coefficients from Equa-
tion 7 being set to unity and the evaporation coefficient
to 1 — p = 0.1. The results of the ant based overlap re-
moval procedure were compared with the original layouts
and those generated by the constraint reduction algorithm
proposed by Asato and Ali [7].

Table 2 compares the area and the estimated wire length
of the proposed approach for 50 colonies and 100 ants
and 100 colonies and 200 ants with the placement gener-
ated by the constraint reduction algorithm and the place-
ment generated by a low temperature simulated annealing
based approach. The initial solution for the simulated an-
nealing based approach is obtained by taking, for any pair
of cells, the edge with the largest weight from the visibil-
ity graphs. The moves consists on replacing one edge from
a constraint graph with the corresponding edge in the other
constraint graph. The wire length is estimated in all cases
by using the half-perimeter method. The results show that
the ant based algorithm outperforms the constraint reduc-
tion algorithm which is stuck in local minima. Also, the
constraint reduction algorithm does not consider the wire
length during the overlap removal process which affects its
performance. One can observe that the increase of the area
and wirelength for the proposed method is small. In some
cases the values are smaller than those of the initial place-
ment. This can be explained by a better packing and local
optimization of the cell

6. Conclusions

In this paper, a new macrocell overlap removal proce-
dure has been proposed. The novelty of the approach lies
in the use of the ant colony optimization heuristic to search
the solution space in the neighborhood of an initial place-
ment. The test results show that our method performs better
than the existent techniques. In some cases the placement is
improved over the initial placement.
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