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Abstract

A new data structure “Q-sequence” for representing a
floorplan of n rooms is proposed. The Q-sequence is
a concatenation of room names and two kinds of po-
sitional symbols, totally of length 3n. It is shown that
encoding of a given floorplan and decoding to a floorplan
are both possible in linear time of n. An ezact count-
ing formula of distinct floorplans is given. Numerical
estimation shows that the number is only slightly larger
than that of slicing structure, and far smaller than (n!)?
which is the size of the packing solution space by the
Sequence-Pair.

keyword floorplan, @Q-sequence, count, 4-direction,
topological packing

1 Introduction

Floorplanning in VLSI layout design is a dfvide-conquer
strategy to the layout design of a huge scale circuit.
Given a circuit consisting of n functional sub-circuits
(modules) to be placed on a rectangular area (chip), a
floorplan is a dissection of the chip into n rectangles
(rooms), each to house one module. Optimization is
hierarchical such that each module shall be realized,
or chosen from IP’s, optimally inside the room, and
then modules are interconnected global-optimally via
terminals. All these optimizations are controlled by the
floorplan.

Since floorplanning is a top down strategy, it is so
much indirect to identify how and what features of the
floorplan affect the performance. Furthermore, the eval-
uation function of the circuit with respect to layout is
very complicated these days, even to the level of adopt-
ing a look-up-table[2]. In such environments, a con-
structive way is considered not prospective except for
providing an initial solution, and the stochastic sam-
pling approach is taking its place. It searches the so-
lution space of floorplans one after another, evaluating
each assuming a rough routing, as long as the compu-
tation resource allows, to output the best so far.

The base that makes such a search being effective is
in the representation of the floorplan. It must be smart
enough that any floorplan can be encoded, that encod-
ing and decoding are both easy, and that a systematic
generation of all representations is possible. The pur-
pose. of this paper is to introduce an idea.

So far, an elegant coding system has been known
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only for the floorplans with the slicing structure[3}. For
the general structured floorplan, a study is found in
[8] where a coding system for general floorplans is pro-
posed. Its purpose is to estimate the number of distinct
floorplans. But the result was a rough upper bound.
Moreover, the room names are implicit in the code so
that it is not suitable for layout design. However, it
motivated our work, though the idea is very much sim-
plified and rooms become explicit.

It must be noted about the fact that the packing al-
gorithm can be an alternative for floorplanning. Let-
ting the input be n rectangles, the algorithm will out-
put a non-overlapping placement of them in the chip
of as small area. If we regard each rectangle a room,
we can have a floorplan with at least n rooms. Often
the packing contains a space that cannot be covered by
the rectangles whatever their sizes are, which we don’t
admit as a floorplan. Still recent advances in packing
algorithms, which was initiated by the general struc-
ture topological packing BSG [6] and Sequece-Pair [4],
or partly topological O-tree [9, 10], attempts us to ap-
ply them for floorplanning. In fact, some efforts based
on the Sequence-Pair have been reported[7], where a
check routine is added to reject inadequate sequence-
pair, by which the computation time to get one floor-
plan amounts to O(n?).

We propose a new coding system named the Quarter-
state sequence (abbreviated as Q-sequence). It is a data
structure of length 3n, consisting of room names and 2n
positional symbols that describe the states of rooms.
Since it is constructed as a concatenation of the local
state of each room, encoding and decoding are possi-

ble in linear time and operations such as removing a

room or inserting can be executed in a constant time.
A byproduct is an exact formula to count all distillct
floorplans, which has been a long-standing problem in
combinatorial mathematics.

We start in Section 2 with a note that there are two
definitions of the "floorplan”, which will make clear our
standpoint. In Section 3 and 4, we explain the cod-
ing and decoding. In Section 5, we derive a counting
formula. Section 6 summarizes our contributions.

2 Preliminary Discussions

First of all, the criterion of floorplan must be clarified.
Line segments that dissect the inside area of the chip
and those that enclose the whole area are called inside-



segs or wall-segs, respectively. When it is not necessary
to distinguish them, they are called simply segs. Segs do
not cross each other and an inside-seg ends at another
orthogonal seg in T-form.

The relation between a seg and a room that the seg
is the left wall (right-wall, above-wall, or below-wall) of
the room is called the room-seg relation. Two floorplans
are said equivalent (with respect to room-seg relation),
if it is possible to label the rooms and segs in such a
way that the room-seg relations are identical. This is

~the floorplan we are considering in this paper.

A different but probably more popular criterion of the
floorplan is defined as follows. The relation of two rooms
such that they share the same part of a seg is called
the room-room relation. If there is a labeling of rooms
such that the room-room relations are identical, these
floorplans are said equivalent (with respect to room-
room relation). See a difference in a simple example
in Fig. 1. (There have been many studies in eighties
about the room-room floorplans, and now considered
fixed since the floorplan is completely characterized in
terms of complez triangle and its feasibility is verified
in O(n) time. Literature [1] is referred for overview.)
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Figure 1: Two floorplans equivalent w.r.t.the room-seg
relations but not w.r.t. the room-room relation.

It is an essential question which of the room-seg and
room-room relations are more significant in VLSI lay-
out design, especially from the point of routing. Appar-
ently, two rooms in a room-room relation are preferable
because they are easily interconnected by short wires
or directly. But this merit should not be expected too
much since it is observed only when the pitch of pin
positions of two modules matches exactly, which is very
rare unless so designed. Then, we need a channel be-
tween them anyway. Furthermore, the criterion of fea-
sible floorplans is too strict for the designer’s practical
request to be accepted. Thus we must be satisfied if two
modules face the same channel, if they are to be strongly
interconnected. This is materialized in practice in the
layout style of standard array where modules are fabri-
cated to have the same height and laid out in lines so
that as many modules face the same channel. In this
layout, a further significance is if two modules are on the
same side or not of a channel. This influences consider-
ably in compaction if we think of interaction with other
routings. These discussions support the claim that the
floorplan based on the room-seg relation is significant
in VLSI floorplanning.

3 Coding of a floorplan

Assume a floorplan of n rooms such that every room
has its name. Of symmetric discussions with respect to

the system of 4-direction (left, right, top, bottom), we
go with one of them without loss of generality.

A room is called the tail room if it lies at the right-
below corner. Take a room r that is not a tail room.
At its right-below corner, the vertical or horizontal seg
ends at the other in T-form. In each case, the seg is
called the prime seg of r. See Fig. 2. '

If the prime seg is vertical (horizontal), the rooms
that touch the seg from the right (below) are called the
associated rooms. Then, the Q-state of room r is defined
as the sequence of letter r followed by labels of R (B)
of the number of associated rooms. The room that lies
topmost (leftest) of the associated rooms is called the
next room of r. See Fig.2.

a |b !

b] .
Tol: i
Figure 2: With respect to room r: prime seg (bold

line), associated rooms i, j, k, next room i, and Q-state:

(rRRR)(left) and (rBBB)(right).
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The sub@)-sequence is the concatenation of Q-states of
all rooms along the order of -

left-top room comes first, then the next room,
and its next room so on, to end by the tail
room.

For example, the subQ-sequence of the floorplan in Fig.1
is (aRbBBcRARReBS).

A room is called the inside room if it does not touch
the left-wall nor above-wall of the chip. Take an in-
side room r. There is a preceding room whose prime
seg is a horizontal seg that associates B pointing room
r. Also there is a different room whose prime seg is a
vertical seg that associates R pointing room r. In the
above example, inside room d is predicted by one of B
in(---bBB---d) and one of R in (---¢Rd---). To make
this kind of property hold for every room, we add a pre-
sequence X to the subQ-sequence Q’ in a fashion that
(X Q') where X is the concatenation of R’s and B’s of
the numbers of rooms that touch the left-wall or above-
wall of the chip, respectively. The resultant is unique
and called the @Q-sequence.

A more complex example is shown in Fig.3, where
rooms are labeled with integers to represent the inverse
order of appearance. The reason of this labeling will be
understood later. '
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Figure 3: (RRRBBBIBSRRRTBER5BBABBIR2R1)
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4 Decoding of a Q-sequence

The above-mentioned property is characterized by
mathematical terms.

— Procedure: Parent (Q to RQ) —

1. Delete all the B’s. (The resultant is called the RQ-
sequence.)
2. Replace every R with an open parenthesis ” (7.
3. Replace every room name with a close parenthesis
” )77 .D

Similarly, procedure Parent (Q to BQ) is defined by
exchanging B and R. In Fig.4, procedures are shown in
one configuration, with parenthesis correspondences.

((« ) )Yy 26 )y YOO
, r
LII BBB 9B Ill‘_J B l_1 BB 4 BB 3 gi gl
NECEC RS RNt R
H i b }
(CO)O) YOy YO ey ) )

Figure 4: Q-sequence and procedures Parent(Q to RQ)
and Parent(Q to BQ) for a floorplan given in Fig.3.

Theorem 1 A sequence consisting of n R’s and n B’s
and n room names is the Q-sequence if and only if fol-
lowing two conditions are satisfied.

Single: The subsequence between two rooms
contains one or more single labels of R
or B, and

Parent: The parenthesis system by RQ-
sequence or BQ-sequence is consistent.

5 Number of Floorplans

5.1 Exact number

Apart from applications, the strongest interest in com-
binatorial theory is to give a counting formula of dis-
tinct floorplans for given n. We present one based on
the Q-Sequence.

Remember that we have set the rule that room names
are labeled in reverse order of their appearance in the
Q-sequence. For such a Q-sequence, we define two
functions R-function Nz (z) and B-function Np(x) for
z=1,2,...,,n. Nr(z)is the number of letters R in the
right of x. Ng(z) is analogously defined. For example
in Fig.3, they are as follows.

NR(].) = O,NR(Q) = 1,N71(3) =2, ,NR(Q) =6

Np(1) = 0, N5(2) = 0, N5(3) = 0,- -, N3(9) = 6.

Note that the pair completely characterizes the Q-
sequence. Properties Single and Parent in the theorem
are translated by the pair (Ng(z), Np(z)) as follows.

Single’ One of Nz (z)— Nr(2—1) and Np(z)—~ Np(z—
1) is positive and the other zero.
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Parent’ Ng(z) < z and Np(z) < z.

The function pair is defined on a given Q-sequence. It
is used here to classify the Q-Sequences. Let C(n,r,b)
be the set of all Q-Sequences satisfying Nz (n) = r and
Np(n) = b. Let |C(n,r,b)| denote the number of dis-
tinct elements of the set. Note that b and r range from
0 ton—1. In fact, |C(n,0,b)| = |C(n,r,n—1)] = 1 and
|C(n,n — 1,b)| = |C(n,r,0)] =1 for any n. Then the
number F(n) of distinct Q-Sequences is given by

n—1ln—1

F(r) =3 |C(n,nb)

=0 b=0

1

Furthermore, by property Single, C(n,r,b) is the union
of C(n—1,7',b) over r' < r or the union of C(n—1,r,¥)
over b’ < b. If n = 1, the Q-Sequence is uniquely (RB1).
Hence |C(1,0,0)] = 1. Thus, we have a recursive for-
mula. : '

1 n=1Lr=b=0
0 rb>n
[C(n,r,b)| = E:"‘:lo IC(n—1,7,b)|
+ EZ;‘O |C(n - 1,7,b')}|: otherwise -
2
By the system of equations (1) and (2), we can enumer-
ate exact F(n).

5.2 Upper bound

Consider a Q-Sequence. By property Parent, the variety
of the Q-sequence is known to be Catalan number of n,
Catalan(n) ~ 22" /\/7n.

Given an RQ-sequence, consider the problem to re-
construct the corresponding Q-sequences. The consec-
utive intervals where letter B can be inserted are be-
fore room n and between two rooms. However, the in-
terval that has letter R denies letter B (by property
Single), and every interval without letter R must have
at least one B (by property Parent). It is also true
that any insertion of n B’s to satisfy the above proper-
ties gives a unique Q-sequence. Therefore, for one fixed
RQ-sequence, the variety of corresponding Q-sequences
is the variety of distributions of n B’s into n — m or-
dered nonempty classes, where m is the number of in-
tervals which letter R occupies. It is ) C}—yn, which
is bounded by ,, ., C nzi.

On the other hand, the variety of room names is nl.
Since different RQ-sequences never generate identical
Q-sequences,

F(n) < Catalan(n) x,_, Caza xn!

< Catalan(n) x 2*=1 x p!

< 220 x 2=l e ) = 9Bn=1)



5.3 Observations

The number of distinct binary trees of n leaves with two
kinds of inner node labels is BI(n) = Catalan x 21 x
n!l. Since any slicing floorplan is represented by this
class of binary trees, BI(n) is also an upper bound of the
number of slicing floorplans, very restricted floorplans.
Therefore, the fact that. BI(n) is also an upper-bound
of the number of general floorplans is significant.

We denote by SL(n) the number of distinct slic-
ing structure floorplans. A self-evident inequality is
SL(n) < F(n) < BI(n). Our interest is to compare
the difference between F(n) and SL(n). The former is
numerically calculated by equations (1) and (2). The
latter is to count the number of normalized binary trees
defined in [3]). Normalizing by n!, the comparison up
to n = 20 is shown in Fig. 5. In the graph, func-
tion n! is also included for reference to compare the
size SP(n) = (n!)? of the packing solution space by the
Sequence-Pair. .

From these observtions, we see that no significant re-
duction of the solution space is attained if we restrict
the floorplan to the slicing structure. With almost the
same computaion labor, we could search the space of
general structure floorplans by the Q-sequence.

It is not prospective to apply a packing algorithm by
the Sequece-Pair since its solution space is too large.

The upper-bound given in [10] is Catalan(n) x (n!)2.
It is far worse compared our upper-bound Catalan(n) x
2(n—1) x pl.

Solution Space
1e+20 SP(n) .
:e+18 ¢ ) /:
e+16 Bl(n) o F(n)
te+14 > * >
1e+12
1e+10
1e+08
1e+06 =
10000
100

12 4 6 8

SL(n)

10 12 14 16 18 20
n: Number of Rooms

Figure 5: Comparison of sizes of solution spaces.

6 Concluding Remarks

For the space, we did not mention our results about
basics properties of the Q-sequence. Examples are:

$ Given a Q-sequence, the vertical (horizontal) con-
straint graph of the corresponding floorplan can be con-
structed directly from the sequence.

$ Deletion or insertion of a room can be done in a
constant time,

$ Defining the move between solutions by the pair
of deletion and insertion, a stochastic algorithm that
searches floorplans is implemented. An application is
in packing of n soft modules. For each floorplan, we

assign modules and apply a very fast soft-module com-
paction algorithm([5]. The quality by experiments was
satisfactory.

$ Boundary check, i.e. listing the rooms that are ad-
jacent to a specified seg is possible in a linear time.

It is believed that a further study will make this data
structure most useful in VLSI layout.
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