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Abstract

After the discussion on the difference between floorplan-
ning and packing in VLS placement design, this paper
adapts the floorplanner that is based on the Q-sequence to a
packing algorithm. For the purpose, some empty room inser-
tionisrequired to guarantee not to miss the optimum packing.
Toincrease the performancein packing, a new move that per-
turbs the floorplan is introduced in terms of the Parenthesis-
Tree Pair. A Smulated Anealing based packing search al-
gorithm was implemented. Experimental results showed the
effect of empty room insertion.

1 Introduction

With the move towardsthe deep-submicron era, the circuit
designisentering into anew worldin which the target system
is so large and complicated that hierarchical and IP based
design methodol ogies are dominating, making the placement
more and more important.

Placement in VLS| design is to arrange the modules on a
chip under the constraint that no two modules are overlap-
ping while controlling the area, wire length, and other perfor-
mance indices to be optimal.

Possible ideas to reinforce this constraint are packing and
floorplanning. These terms have been used confusingly so
far as to imply similar meanings. But here we would like to
distinguish them as follows. Given n modules, floorplanning
consists of three stages of partition of the chip area into n
rooms, one-to-one embedding of modules into rooms, and 1-
dimensional compaction. While packing gives every pair of
modules a constraint to avoid overlapping. A popular exam-
pleisthat module A isright of B, meaning that A'sleft border
isright of B’sright border. And then determine the position
of each module.

The difference between floorplanning and packing could
be clear if we consider them to use as an alternative of the
other.

Take an example of n = 4 modules with size height x
width being A = 3 x 2, B = 2x3,C = 2 x 4, ad
D = 3 x 3. The packing problem is to find a placement
whose bounding box area (BBA) is minimum. The solution
is shown in Fig.1(a). This placement is not obtained by the
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Figure 1: (@) A minimum area packing not obtainable by any
n = 4 floorplanner. (b) A minimum area packing obtainable
by n = 4 floorplanner

conventiona use of the n = 4 floorplanner whatever it is.
This is obtained by embedding 4 modules into 5 rooms. So
we have to prepare 5 = n + 1 room floorplan allowing one
to be empty. If we were to stick to n = 4 room floorplan, the
packing shown in (b) would be output as the optimal.

On the other hand, suppose we use a packing algorithm to
construct a floorplan of n = 4 rooms. Given a packing of
4 modules, we draw horizontal and vertical line segments so
that each module is enclosed. The resultant rectangle areas
are rooms. If the placement by a packing algorithm is the
one as shown in Fig.1(a), we will have afloorplan of n > 5
rooms, failed to produce a floorplan of 4 rooms.

Thus, floorplanning and packing cannot be alternatives for
others without some careful adaptation. They may say that
practically the difference in performance, e.g. in area, would
be negligible. But recent experiments for abenchmark ami49
showed a significant difference according to the number of
rooms that allow to be empty. See [14].

Inthefollowing, abrief history of development of packing
and floorplanning is reviewed to describe our motivation.

1.1 Packing

Before the invention of the BSG [9], automated packing
had been successful only for the slicing placement which is
characterized by arecursive cut of the rectangle area. A rep-
resentation in terms of the dicing tree [10] has been attrac-
tive to practical applications and its string expression, nor-
malized polish expression[15], accelerated thistrend. These
successes encouraged trials to generalize the procedure slic-



ing to zig-zag cutting that leads to a certain success, at least
theoretically. (One reference iscited [3].)

In 1994, a grid data structure by the name of Bounded-
Siceline-Grid (BSG)[9] came out. It isthefirst datastructure
that can represent any placement, and it was followed by the
Sequence-Pair[7]. Their structures are suited for stochastic
search and implementations based on Simulated Annealing
show a good performance in minimizing the area.

Guo et. a. [4] and T. Takahashi[13] observed that the
rooted ordered-tree corresponds to the area of a packing
after 1-Dimensional compaction. Thus, they came to the
data structure, Ordered-Tree (O-treg). All these tools (BSG,
Sequence-Pair, O-Tree) show a certain potential in packing
with hundreds modules and practical hours of simulated an-
nealing. Therefore, we may conclude that the packing prob-
lem of rectangles has been solved.

1.2 Floorplanning

In a floorplan, two rooms are said channel-adjacent to
each other if they share one segment as the border. In our
model, each segment in a floorplan represents a channel. The
basi c objective of floorplanning isto satisfy a certain channel-
adjacency request among specified rooms and boundaries of
the chip. Before the invent of the Q-seq[12] and CBL[5],
there has been no significantly useful toolsfor optimal floor-
planning except slicing floorplan. So efforts8, 6] have been
devoted to adapt the Sequence-Pair to be atool for floorplan-
ning. The problem they tackled was to provide away to gen-
erate only the Sequence-Pairs that correspond to the place-
ments that lead floorplans without empty rooms.

In 2000, the Q-seq[12] by Sakanushi et.al. and Corner-
Block-List (CBL)[5] by Hong et. a. were proposed. They
were independent though the principle was reveal ed the same
asisfound in the contribution in 1930 by Abe[1].

1.3 Floorplanning to Packing

The new floorplanning agorithms Q-seq and CBL are
very much satisfactory in stochastic search, especialy with
respect to the channel-adjacency. Thus, they lost the mean-
ing to adapt the packing algorithm to floorplanning.

Corversely, adaptation of floorplanning agorithm for
packing began to have a meaning since these new algorithms
are very quick in transformation of solutions. Moreover, as
an application to VLSI layout design, floorplanning is more
suited than packing to the VLS circuit design since a mod-
uleis not merely a box but has various peripherals and rout-
ing space around and floorplanning secures a space for each
module.

Still floorplanning is required to be applicable to packing.
For the purpose, we have to allow the existence of empty
rooms, rooms that contain no modules. Then the problem
to be solved first of al is to estimate the number of empty
rooms to be provided not to miss the minimum area packing.
For this problem, Murata et. al. [8] showed that the upper
bound isn + [(n — 2)/2][(n — 2)/2]. Later Kodama et.
al.[6] improved thiston — 3 with a conjecture. In this paper,

we show more tight upper bound which is equal to the value
Kodamaet. al. had conjectured.

Another contribution is the introduction of a new move
in addition to the previoudly introduced moveg[12]. It isde-
scribed on the parenthesis tree-pair representation in a very
simpleform that would need a complicated description other-
wise. Thismoveisglobal and complementary to other moves
so that the diameter of the solution space islinear to n.

Experiments on MCNC benchmarks showed that we can
get better solutions than othersin shorter time.

The rest of the paper is organized as follows. Section 2
introduces the Q-sequence briefly. Section 3 isdevoted to the
study of floorplans with empty rooms that are redundant for
packing. Section 4 provides the parenthesis trees and opera-
tions on them. Section 5 presents a new move procedure and
proof of the reachability of the solution space. Section 6 is
for experiments and analysis. Section 7 concludes the paper.

2 Q-sequence
We introduce the original Q-seq briefly here.
2.1 Encoding

We first define several terms. In afloorplan, segmentsdis-
secting the chip into rooms are called segs, which alwaysend
at one seg or boundary in T-form. Given aroom ¢, the seg that
ends at the room i's right-bottom corner is the prime seg of
rooms. If the prime seg, s, isvertical (horizontal), the rooms
located on the right-hand (below) side and adjacent to s are
called associated rooms, and the highest (most left) oneisthe
next room of room i. For each room i, label R; and B; are
called positional symbols, so there are two types of positional
symbols.

We can encode a Q-Seq, @, from a floorplan as follows:
Leti = 1, and the current room be the room that |ocates on
the left-top corner of the chip, and @ is null. We record 7
into @, and label the current room as room 4. If the prime
seg of room i is vertical (horizontal), from bottom (right) to
top (left), for each associated room j, we record a positional
symbol R ;(B;) into Q.

L et the current room be the next room of room 4, and i =
i + 1, then iterate until room 4 has no associated room. For
examplein Fig.2, after iteration, Q becomes

1R3Ro 285 6463 3Ry 4855R5 6.

All rooms in the floorplan have been labeled in Abe-
order[1]. We can get other strings denoted by L and T' by
the following ways. From bottom to top, for each room i lo-
cated on the |eft boundary of the chip, we record a positional
symbol R; into L. InFig.2, L becomes R5R,. Fromright to
left, for each room j located on the top boundary of the chip,
we record a positional symbol B; into 7. T" becomes B 15;.

Finally, we insert L. and T' at the head of above @, and @
becomes

R5R16261 1R3R228564633R44B55R56 (1)
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Figure 3: Decoding of the Q-seq of Eq.(1)

which is the final Q-seq corresponding to the floorplan in
Fig.2.

Letinterval i(0 < ¢ < n), denoted by I(), be the subse-
quence between room ¢ and ¢ + 1 in a Q-Seg, not including
room labels, and |1(¢)| be the number of positiona symbols
inI(z). All positional symbolsin I(i) are the same type, and
[1(¢)| > 0 where0 < i < n.

2.2 Decoding

Thefollowing isthe framework of the decoding procedure
of the Q-seq and decoding of Eq.(1) is shownin Fig.3.

— Decoding Procedure —

Input: A Q-seq with module assignment, and mod-
ule sizes.

Output: Placement of modules

Initial Step: Prepare a rectangular chip where
there is only one room labeled by n.

Y4 y4 y4

@ (b) ©

Figure 4: (a) Redundant floorplan, and equivalent one w.r.t.
area (b) or (¢)

Main Step: Repeat the following steps from ¢ =
n—1toi=1.

If I(i) consists of R's: Insert room ¢ from the
left of the chip after pushing aside top |1(4)|
rooms that are adjacent to the left boundary
of the chip. Note that room = whose R . isin
1(i) ispushed. (See Fig. 3(a), (c), and (€).)

If I(¢) consists of B’s: Insert room 4 from the top
of the chip analogously. (See Fig.3(b), and
(d).)

— End of Decoding Procedure —

Both encoding a floorplan to the unique Q-seq and decod-
ing a Q-seq to the unique floorplan need O(n) time.

3 Empty Room Insertion

The Q-seg is enhanced to equip with additional rooms as
empty rooms. A room containing a moduleis called a solid
room. The number of added rooms shall be large enough
so that any packing is obtained through floorplanning. For
example, the optimal solution shownin Fig.1(a) was obtained
if the floorplanner had been enhanced to include one or more
additional rooms.

Given a floorplan. An example in Fig.4(a) where three
empty rooms a, b, and ¢ are observed. Different from the
modules in packing, a room is merely a dissected region of
the chip. Hence an empty room like ¢ has not a meaning to
exist in this situation since solid room z can expand to merge
¢, keeping its shape being rectangular. In other words, from
the floorplan thus modified, we will get the same packing
after the 1D compaction.

Consider the situation more in detail. Let an end point
of a seg be called a tip of the seg. Note that a seg has two
tips. Then, the above observation isrestated as "thereis a seg
whose both tips belong to the same empty room”.

Also we observe that two empty rooms a and b have not
a meaning since either one of floorplans in Fig.4(b) or (c)
attainsa packing with area not exceeding that by the floorplan
in(a). Thissituation is stated as "there is a seg one of whose
tips belongs to two empty rooms’.

Thus, the floorplan in Fig.4(a) is redundant for the area
packing with respect to the number of empty rooms. Thisis



replaced with ones in Fig.4(b) and (c) with less number of
empty rooms.
Our formal definition is as follows.

Redundant floorplan: A segiscalled reducible if
its both tips belong to one room or one of its tips
belongs to two empty rooms. A floorplan is said
redundant if it contains reducible segs.

Since our current subject is packing, it is concluded that
we have only to search the non-redundant floorplans. In other
words, we have only to equip the Q-seq with A empty rooms
where M isthe maximum number of empty rooms contained
in the non-redundant floorplans. Note that M isthe function
of n and that the length of the enhanced Q-seqis 3(n + M).
The problem in this section is to determine M.

Any integer n has uniquely aform of

n="k"+j, 0<j<2k 2

Theorem 1 Given n modules, in Eq.(2),

(k—1)? Jif  0<j<1
M=¢ (k=1P2+j—-1,if 2<j<k 3
(k=12 +j—2,ifk+1<j<2k

O

Sketch of the proof: For a given non-redundant floorplan,
assume it a planar graph, letting segs and intersections be
edges and vertices, respectively. Neglecting the outer do-
main, draw the dua graph putting vertices inside the rooms
and connecting two vertices of the adjacent rooms. A vertex
corresponding to an empty room is surrounded by a cycle of
length 4 or less and whose vertices correspond to the solid
rooms and length is 4 or more.

Let the graph obtained from this by deleting the vertices
corresponding to the empty rooms be called the dual solid
room graph. A floorplan and its dual solid room graph are
shown in Fig.5(a) and (b), respectively. The number of ver-
ticesisn. Hence the problem is reduced to finding a planar
graph of n vertices that maximize the number of faces. If
n = k2, itistrivia that a solution is the one whose dua
solid room graph is the & x k grid graph. Other cases are
spirally constructed at two peripherals up to 2k rooms. This
construction rule is guessed from the numbering of the ver-
ticesin Fig.5. A detailed discussion leads to the theorem. O

If we represent Eq.(2) in one equation, itis
M=n—|Vin—1]

which isidentical to Kodama's Conjecturein [6].
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Figure 5: A non-redundant floorplan and its dual solid room
graph constructionwhenn = 11 =32+ 2, M = (3 — 1)? +
2—-1=5.
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Figure 6: Q-seq and its R parenthesis system

4 Parenthesis Constraint Trees
4.1 Parenthesis System

The Q-seqg is a string including n room labels ordered by
Abe-order[12] and 2n positional symbols, which are classi-
fied into two types, R type and B type, respectively, where n
isthe total number of solid rooms and empty rooms.

In the rest of the paper, aroom can be either a solid room
or an empty room and n isthe total number of solid room and
empty rooms, if no special declaration.

We first consider the R positional symbols and room la-
belsin a Q-seq. Fig.6 shows a Q-seq for a packing with 9
rooms, and we put aleft parenthesis” (" above R;, and aright
parenthesis”)” above theroom label i, whereiis1, 2, ..., n.
Let p; denote the pairing of R ; and ¢, thenthereare n R pair-
ings, p1, p2, - - ., Pn, respectively. For two parings p; and p;,
pi issaid to beincluded by p, denoted by p; C p;, if p; in-
cludes p;. For two paringsp; and p;, p; issaid to be parallel
to p;, denoted by p; || p;, if p; does not include p; and p;
does not include p;.

For example, in Fig.6, p1 C ps, and p; || ps. Any two
R pairings must bear one of the two relations: including re-
lation and parallel relation. No two R pairings cross each
other[12]. Any Q-seq must satisfy R pairings relation con-
straints. Similarly, we can get n B pairings of B; and i and B
pairing relation constraints that any Q-seqs must satisfy. R
and B pairings relation constraints are also called the paren-
thesis constraint.

Since the Q-seq can represent any packing, we can per-
turb a packing by modifying the Q-Seq itself. How do we
modify the Q-seq efficiently without violating the parenthe-
sis constraint? We utilize two trees, R parenthesis tree and
B parenthesis tree (simply R-tree and B-tree, respectively),
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Figure 7: Parenthesistrees and packing of Q-seq in Fig.6

the structures to represent the relations of n R pairings and
n B pairings in the Q-seq respectively. We will show that
the operations on the trees are very simple while keeping the
parenthesis constraints.

4.2 Parenthesis Trees

An R parenthesistreeis derived from a Q-seq as follows.
Each node i in the tree represents an R pairing p;, and the
root of the tree represents an R pairing including the whole
Q-seq, denoted by py. Givenanodes, itschildren correspond
to R pairings that are not included by other pairings in the
substring from R ; to ¢ in the Q-seq except p; itself, and the
children are placed in the same order asin the Q-seg. For ex-
amplein Fig.6, under ps, three R pairings, p1, p3, and p4, are
not included by other pairingsinthe substringfrom R 5 to5in
the Q-seq except ps. Thus node 5 has three children, denoted
by node 1, 3 and 4, respectively in Fig.7(a). By recursively
using this way, from node 0, we can construct the whole R
parenthesistree until no leaves including any R pairings. The
R parenthesistree of the Q-seg in Fig.6 isshown inthe Fig.7
(). Similarly, we can construct the B parenthesis tree for the
Q-seq. Fig.7(b) and Fig.7(c) are the B parenthesis tree and
the packing of the Q-seqin Fig.6.

4.3 Properties of Parenthesis Trees

We summarize several features of parenthesis trees here.

Property 1: Given two rooms ¢ and j, corresponding to
node i and node j respectively in the R parenthesis tree, if
node i is an ancestor of node 5, then room i is below room j
in the packing.

For example, in Fig.7(a), node 5 has three children. The
corresponding three rooms are room 1, room 3, room 4, and
itisclear that room 5 is below them.

Property 2: Given two rooms ¢ and j, corresponding to
node i and node j respectively in the R parenthesis tree, if
node is aleft sibling of node j, then room i ison the left to
room j in the packing.

For example, in Fig.7(a), node 7 and node 8 have the same
parent, sothey are siblings. Since node 7 ison theleft to node
8, then room 7 is on the left to room 8 in the packing.

Property 3: Given two rooms ¢ and j, corresponding to
node ¢ and node j respectively in the B parenthesis tree, if
node is an ancestor of node j, then room ¢ is on theright to
room j inthe packing.

For example, in Fig.7(b), node 7 has two children, the cor-

Figure 8: Node i's sibling, children

responding two rooms are room 2, room 6, and it is clear that
room 7 is on the right to them.

Property 4: Given two rooms ¢ and j, corresponding to
node ¢ and node j respectively in the B parenthesis tree, if
nodei isaleft sibling of node j, then room i is above room j
in the packing.

For example, in Fig.7(b), node 4 and node 5 have the same
parent, so they are siblings. Since node 4 ison theleft of node
5, then room 4 is above room 5 in the packing.

Theorem 2 The rooms corresponding to the nodes whose
parents are the root in the R parenthesis tree are placed on
the bottom boundary in the packing. Analogously, the rooms
corresponding to the nodes whose parents are the root in the
BB parenthesis tree are placed on the right boundary.

As shown in Fig.7(c), room 5, 6, and 9 are on the bot-
tom boundary and room 8 and 9 are on the right boundary.
Since the Q-seq can find the rooms on the top and | eft bound-
aries, we know that the Q-seq can keep all the information of
boundary modules.

4.4 Operations on Parenthesis Trees

A Q-seq can be perturbed by moving positional symbols
back and forth in the Q-seq. We first discuss how to move an
‘R positional symbol, e.g. R;. Whilemoving R ;, the new se-
guence must satisfy the parenthesis constraint, which ensures
the new sequence is a Q-seq representing a feasible packing.
When we move R; in the Q-seq, the relations between the
‘R pairing p; and other R pairings will change accordingly,
which can be described by changing the R parenthesis tree.
When R; ismoved forward, p; will include more R pairings,
and when R ; ismoved backward, p; will includelessR pair-
ings, where R ; can not be placed behind of room label 4, and
can not be placed before R; if p; C p;.

In Fig.8, providing node i has k (k > 0) left sibling nodes
and m (m > 0) children, R; can be moved to just before R,
(a = a1,a9,---,ax) tomake paring p; include more parings
corresponding to sibling nodes from a; to ax, and R; aso
can be moved to just before Ry, (b = bs, b3, - - -, b,,) to make
pairing p; include less parings. When R; is placed just be-
fore room label i, p; includes no pairing, then node i has no
children.
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Figure 9: Moving R ¢ forthin the Q-seqin Fig.6
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Figure 10: Moving R ¢ back in the Q-seq in Fig.6

In the Q-seg in Fig.6, Ry can be moved forward and be
placed just before Rg, i.e. node 6 becomes child of node 9 in
the corresponding R parenthesistree (in Fig.7(a)).

Then the R parenthesis tree will become the one in
Fig.9(a). The corresponding packing and Q-seq are shown
in Fig.9(b) and Fig.9(c), respectively.

In the Q-seq in Fig.6, we aso can place Rq just before
Rs. Then the corresponding R parenthesistree, packing, and
Q-seq become the ones shown in Fig.10(a), (b), and (c), re-
spectively. Note that node 7 becomes one of node 9's sibling
nodes.

In aforementioned two examples, we just move R; to an-
other places, which is very simple. We can move B; to-and-
fro in the same way. Now, we can summarize two basic op-
erations on the parenthesis trees, adding children denoted by
A(T,i,5) and freeing children denoted by F'(T, i, j), where
T isan R parenthesistree or a5 parenthesistree, i and j are
room labels in the Q-seq. A(T),i,7) places R;(B;) just be-
fore R ;(BB;) in the Q-seq, then the sibling nodes ;j and those
between node 5 and i(including node j) become the children
of nodei inT, wherei > j. F(T,1,j) move R;(B;) just be-
fore R;(B;), and all the left siblings of node j become node
i'sleftsiblings. F'(T,4,4) will freeall children of node, and
place R;(B;) just before room label 7 in the Q-seq.

Based on A(T,4,j) and F(T,i,5), we can define more
two simple operations. Sometime, if thereisonly R ; ininter-
val I(i — 1) inthe Q-seg, we can aso move R; to elsewhere.

For example, suppose we want in Fig.6 to move Rg to the
position just before R 7. But it left a blank between room 7
and 8 so that |I(7)| = 0. At this moment, we should move
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Figure 11: The result of moving R s inthe Q-seq in Fig.6

the Bg here tofill the blank. After Bs ismoved back and just
be placed before room 8, al children of node 8 are freed and
become node 8's |eft siblings in the B parenthesis tree. The
resultant R parenthesis tree, B parenthesis tree, packing and
Q-seq are shown in Fig.11(a), (b), (c), (d), respectively.

Therefore, we define a new operation RM (i, j) such that
i and j are room labelsin the Q-seq and @ > j. RM(i,j)
moves R; to the position just before R ; and then place B;
just before room label .

In fact, as shown above, RM (i,j) includes two step,
first A(T,i,7), where T is the R parenthesis tree, and then
F(T,i,i), where T isthe B parenthesis tree. Similarly, we
can define an operation BM (i, j), where ¢ and j are room
labelsinthe Q-seqand i > j. BM (i, ) will move B; to the
position just before 3; and then place R; just before room
label i. BM(i,7) includes two step, first A(T,4,j), where
T is the B parenthesis tree, and then F(T,i,i), where T is
the R parenthesistree. By far, we have introduced four oper-
ations on parenthesis trees, A(T,i,j5), F(T,4,4), RM (3, j),
and BM (i, j), respectively,

by which we can perturb the Q-seqgs quickly and easily.

5 Solution Space and Move

5.1 Move Procedure

When Q-seq is used to tackle packing problem with all
modules dimensions, we apply one of the following four
packing perturbation operations to perturb a packing: (1) ro-
tation, rotate amodule, (2) swap, exchange the two modules
in two rooms, (3) R moving, moving R ; randomly and fea-
sibly in the Q-seq, (4) B moving, moving B; randomly and
feasibly in the Q-seg, where 1 < ¢ < n, and n is the number
of the rooms.

For rotation, we just need to exchange the width and
height of the module in one randomly selected room that is
not an empty room.

For swap, we only exchange the module number in two
randomly selected rooms, where there is at least one solid
room.

For R moving, if a selected node ¢ has children or sibling
nodesin the R parenthesistree, we can use A(T, i, j) to add
some children or (T, 1, j) to free some children. If I(i — 1)
in the Q-seq includes only one positional symbol R ;, we can



move R; by using RM (3, j).

For B moving, similarly, if a selected node ¢ has chil-
dren or sibling nodes in the B parenthesis tree, we can use
A(T,i,7) to add some children or F(T,i,j) to free some
children. If I(i — 1) in the Q-seq includes only one positional
symbol B;, we can move B; by using BM (3, j).

To make the move procedure flexible, above perturbation
operations, rotation, swap, R moving, and B moving, are
choose by probability p;, ps, p-, and p,, respectively such
that (0 < py, ps, pry pp < 1) @0d py + ps + pr + pp = 1.

5.2 Reachability

Wewill givethediameter of our solution space. The diam-
eter of a solution space isthe steps we must take to transform
an arbitrary solution to another arbitrary solution. Two pack-
ing are said to be the same if and only if their Q-seq are same
and the modules in the rooms with the same room label are
same.

Theorem 3 There is a probability of transforming an arbi-
trary initial packing to any packing via at most O(n) packing
perturbation operations mentioned above.

Proof:Let theinitial packing be P; and the target packing be
P3, which correspond to the Q-seq 21 and @3, respectively.
To transform a packing to another, we first transform @, to
@3, then we make each room contain the same module by
swap and rotation operations. It is obvious that two Q-seqgs
are the same if and only if their corresponding parenthesis
trees are the same.

Givenaninitial Q-seq @ and thetarget Q-seq @3, if there
isaspecia Q-seq (- towhich both @, and @3 can be trans-
formed via A(n) steps and B(n) steps, then we can deduce
that 1 can be transformed to Q5 viaat most A(n) + B(n)
steps because four packing perturbation operations are re-
versible. The special Q-seq @2 and corresponding packing
are shown in Fig.12(a) and Fig.12(b).

Because every Q-seq has the same Abe-order of rooms,
we just consider how to make all the positional symbolsin
two Q-seqgs are on the same positions.

There are n — 1 intervals where n is the number of rooms
in the Q-seq. We alter I(k) one by one by the reverse of
Abe-order of rooms, namely, we first alter I(n — 1), then
I(n — 2), and so on. We use I; (k) and Iy(k) to represent
I(k) in Q1 and Q2, respectively. For convenience to refer,
H R(k) isdefined as aspecia operationonaQ-seq. If &k = n,
Ry is moved to the head of the Q-seq, that is to say, Ry
becomes the first positional symbol in the Q-seq, otherwise,
Ry is move to the position just behind of R 1. HR(k)
can beimplemented by a A(T, k, j) operation, where T isR
parenthesistree. We can transform @, to @2 by thefollowing
way.

kissettoben — 1, apparently, I5(k) = Bj41. For I (k),
there are three cases.

case 1: 11 (k) = Bg+1. Since I1 (k) = Ix(k), we just need
operate H R(k + 1) to move Ry, forward.

o 1 I
2
[— packing —f
n-1 D

[ | n I
(a) transformation process

— packing
Pi —

A(n) B(n) — P

QQ = {Ran_l s 'R2R1611822813 e — 187,,71}
(b) the Q-Seq of P

Figure 12: Transform P, to P through Ps

case 2: 1 (k) includes just Ry1. We first move Ry by
HR(k + 1), then By, is moved here to fill the blank
whichisimplemented by an F/(T', k+1, k+1) operation,
where T' is B parenthesis tree.

case 3: 11 (k) includes more than one R positional symbols
where R4 isthe last one. One by one, from left to
right, |71 (k)| positional symbols are moved forward by
HR(i), wherei € {j | R; € I1(k)}. Then, B, + 1is
move here to fill the blank which is implemented by a
F(T,k+ 1,k + 1) operation, where T' is B parenthesis
tree.

Set k = k — 1, theniterate until £ = 0.

Finadly, I (k) = I(k),k = 1,2,---,n — 1, Q1 becomes
Q2. Inall iterations, each positional symbol at most is moved
once. Therefore, it needs at most 2n times positional symbol
movings to transform Q1 to Q2. So, A(n) = 2n. Similarly,
wehave B(n) = 2n. Then, wededuceto A(n)+B(n) < 4n.

After two Q-seqs become the same, we exchange the mod-
ulesin two roomsin packing P; and rotatethe moduleif nec-
essary. Apparently, it needs at most 2n steps to make each
room in two packings P; and P; have the same module with
the same width and height, so two packing become the same.
So, it needs at most 6n steps to transform an arbitrary initial
packing to another arbitrary packing. a

The theorem says that there is a probability of transform-
ing an arbitrary initial packing to any packing via at most
O(n) packing perturbation operations.

5.3 Solution space

An upper bound of the packing solution space of the en-
hanced Q-seq is 25" (2n)!/n!. For accurate formulaabout the
solution space of the Q-seq and analysis, see [12].

6 Experimental results

Utilizing the enhanced Q-seq, we have implemented a
packing algorithm controlled by simulated annealing in C++
language on a Sun Ultra60 workstation. Five MCNC build-
ing block benchmarks: ami49, ami33, hp, Xerox, and apteare
used. We compare our experimental resultsin chip areawith
theresults of O-treg[4], B*-treg[2], enhanced O-treg[11], and
CBL[5].

All initial packings used in the experiments are generated
by the same way, where all rooms are piled in one column,



Circuit | Total O-tree B* —tree | enhanced O-tree CBL enhanced Q-Seq
size || area | time| aea| time| area time| area| time| area time
apte 46.56 || 47.1 38 | 46.92 7 | 46.92 11 NA NA | 46.92 0.35
xerox | 19.35 || 20.1 | 118 | 19.83 25 | 20.21 38 | 20.96 30 | 19.93 3.6
hp 8.30 || 9.21 57 | 8.947 55 | 9.16 19 - - | 9.03 3.5
ami33 1.16 || 1.25 | 1430 1.27 | 3741 1.24 118 1.20 36 |1.194 40
ami49 | 354 || 37.6 | 7428 | 36.80 | 4752 | 37.73 406 | 38.58 65 | 36.75 57
comparison 1.8% 1.1% 1.8% - -

Table 1: Area(mm?) and runtime(sec.) comparisons/ bold figure: best

that isto say there is only one room located on top boundary
and bottom boundary, respectively, and the top n (number of
modul€) rooms contain n modules. The area of a packing is
measured by that of the minimum bounding box enclosing
the packing.

The area and runtime comparisons with O-tree, B*-tree,
enhanced O-tree and CBL are listed in Table 1. This shows
that the enhanced Q-seq obtained the average of improve-
ments by 1.8%, 1.1%, and 1.8% in area compared with O-
tree, B*-tree and enhanced O-tree, respectively, while using
much lesstime.

7 Conclusion

We have successfully enhanced the Q-seq by empty room
insertion and a powerful move procedure based on two paren-
thesis trees. Compared with other algorithms, the enhanced
Q-seq could find better results in much shorter time. 1t owes
to two reasons, oneis that it costs at most O(n) time to per-
turb and decode a Q-seq, and the other is that the diameter of
solution space of the enhanced Q-seq is small. Further study
on the property of Q-seq and its applications on placement
are undergoing.
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