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Abstract— In this paper, we propose “ selected sequence-pair”
(SSP), a sequence-pair (seg-pair) with thelimited number of sub-
sequences called adjacent crosses. Itsfeaturesare: (1) Thesmall-
est packing based on a given SSP can be obtained in O(n) time,
where n is the number of rectangles. (2) An arbitrary packing
can be represented by SSP. (3) The total representation number
of SSP of sizen isnot more than that of rectangular dissection of
thesamesizewith n—|/4n—1 | empty rooms (the necessary num-
ber of empty roomsto represent an arbitrary packing). Torealize
these features of SSP, we propose an algorithm to enumerate all
adjacent crosseson a seg-pair in linear timeof n+k& (k isthenum-
ber of adjacent crosses). Also we apply a conventional method to
convert a seq-pair without adjacent crosses to an equivalent Q-
sequence, representation of rectangular dissection, in O(n + k)
time. A move operation to obtain an adjacent solution efficiently
isproposed to perturb SSP for Simulated Annealing. From exper-
imental results, we confirmed the proposed method was carried
out in linear time and was more efficient than the conventional
method when SSP size got bigger.

|. INTRODUCTION

One of the major problemsin VLSI layout design is in plac-
ing the rectangular modules as densely as possible. The merits
of sequence-pair (seg-pair) [1], a representation used in its so-
lution, are in that it can represent an arbitrary rectangle pack-
ing and each seg-pair always has its corresponding packing(s).
Since a seg-pair defines the relative positions of all pairs of
rectangles, it haswide applications. For instance, in pre-placed
modules [2], rectilinear polygon packing [3], boundary con-
straints [6] and conversion to an equivalent rectangular dissec-
tion from a packing [7]. In [1], a method to get the bottom
left corner packing (there is no block that can shift left and
down from its origina position with other components fixed)
from a given seg-pair of n rectanglesin O(n?) time was pro-
posed using horizontal/vertical constraint graphs. Later, an-
other method to get packing in O(nlogn) time [4] was pro-
posed. Recently a study [5] showed that a packing can be ob-
tained in O(nloglogn) time. However, since it takes more
than linear time, further improvement is required for the usein
practice.

When a given seg-pair of n rectangles includes & sub-
sequences called adjacent crosses, Murata et al. proposed a
method to convert such seg-pair to a rectangular dissection of
the same relative positionsin O((n + k)?) time. They showed
the number of adjacent crosses (k) is corresponding to the
number of empty rooms in the rectangular dissection since an
adjacent cross corresponds to an empty room on oneto one ba-
sis[7]. Recently our study [15, 16] showed amethod to convert
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a seg-pair to an equivalent rectangular dissection in O(n + k)
time giving the position of adjacent crosses and the inserting
order of dummy modules into such adjacent crosses.

Also, in[11], we proved that the necessary number of adja-
cent crosses for representing a packing of n rectangles was not
morethan »n — 3, and we conjectured that the tight upper bound
of the number of such adjacent crossesis K(n) =n—|v/4n—1|
[11]. Takashimaet al. insisted on the justice of this conjecture
in[13].

Therefore Takashima et a. proposed a method to search an
optimal solution for a packing of n rectangles using rectangu-
lar dissection with /C(n) empty rooms[13, 14]. Inthismethod,
however, it is seldom that all of the given empty rooms are nec-
essary in the process of searching. Therefore it is considered
that there is still room for improvement to obtain an optimal
solution efficiently.

In this paper, we propose a new packing representation
named “ selected sequence-pair” (SSP), a seg-pair where & is
not more than XC(n). In order to decode SSP fastly, we propose
an algorithm to enumerate all adjacent crosses on a given seg-
pair in O(n + k) time and to obtain inserting order of dummy
modules into such adjacent crosses. We also apply the meth-
ods [15, 16] proposed by us which obtain a packing from a
seg-pair without adjacent crosses via a Q-sequence [10], rep-
resentation of a rectangular dissection, in O(n + k) time. By
combining the algorithm proposed here with the conventional
methods, we can obtain the bottom left corner packing based
on SSPin O(n) time.

The outstanding merits of SSP are as follows:

(1) The bottom left corner packing based on a given SSP can
be obtained in O(n) time. (Note that obtaining a packing of n
rectanglesin the smaller time complexity than O(n) istheoret-
icaly impossible.)

(2) An arbitrary packing can be represented by SSP.

(3) The total representation number of SSP of size n is not
more than that of rectangular dissection of the same size with
K (n) empty rooms (the necessary number of empty rooms for
representing an arbitrary packing).

Also, a move operation for obtaining adjacent solution ef-
ficiently is proposed to perturb SSP for Simulated Anneding.
From experimental results, we confirmed the proposed method
was carried out in linear time and was more efficient than the
conventional method when SSP size got bigger.

Il1. PREVIOUS WORKS

I1.1. Sequence-Pair
A sequence-pair (seg-pair) is an ordered pair of 'y and ' _,
whereeach of I' ;. and ' _ isapermutation of names of givenn
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Fig. 1.: Example of oblique-grid and packing of seg-pair (abc; bac)

modules. For example, (' ;T'_) = (abed; bdac) isaseg
pair of module set {a,b,c,d}. If module z isthe'thinT 4,
wedenote T, (i) = z, aswell asT'; ' (z) = i. Similar notation
isaso used for I' _. To help intuitive understanding, we use a
notation such as

by which we mean
I'Ha) <TL(b) and T-'(a) <T-'(h).

For every module pair {a, b}, a isin the left of b (equiva-
lently, bisintheright of a) if

(F+;F_):(.a.b;ab).
Similarly, a is below b (equivalently, b is above a) if

AnHV-relation-set (HVRS) for aset of modulesis a set of
horizontal (intheleft/ right of) or vertical (above/ below) rela-
tions for all module pairs. For example, seg-pair (abc; cab)
correspondsto HVRS {a isin theleft of b, cisbelow a, cisbe-
low b}. A seg-pair always corresponds to a realizable HVRS,
and there is a seg-pair whose HVRS can lead to an minimum
area placement.

The H/V constraints of a seg-pair can be intuitively under-
stood using the oblique-grid notation. It isan n x n grid
obliqudly drawn on the plane so that the T" . is observed along
the sequence of the positive slopes from left to right and the
I"_ isobserved similarly along the negative slopes. For exam-
ple, Fig.1(a) showstheobliquegrid of seg-pair (abc; bac). It
shows the H/V constraints: block ¢ isin the right quarter view
range (between —45° and +45°) of block a on the oblique
grid, then ¢ should be placed in theright of a.

From one seg-pair, a bottom left corner packing can be ob-
tainedin O(n loglogn) time[5].

I1.2. Rectangular Dissection

A rectangular dissection is a dissection of a rectangle into
a set of rectangles called rooms with exclusive assignments
of modules to rooms (no two modules share a single room.)
Examples are shown in Fig.2. Only T-intersections are used to
form the dissection except for the four corners of the outermost
bounding rectangle [18]. (Two T-intersections on a point may
look like a cross.) Each of the line segments and edges of the
bounding rectangle is called a seg. A room is occupied if a
module is assigned to the room, otherwise empty.

In this paper, asin the conventional floorplan or the topolog-
ical placement, we only focus on the topology between rooms

and segsin arectangular dissection. Consequently, if the num-
ber of rooms are given, the variety of rectangular dissection
becomesfinite[19].

HVRS of rectangular dissection is defined as follows. If
a vertical (horizontal) seg s adjoins the right of (below) the
room a and the left of (above) room b, we say “room a is left
of (above) room b viaseg s.”

11.3. Adjacent Cross
In seg-pair S, when rectangles a, b, ¢, d are put in the order of

S:(...a...bc...d...;...c...ad...b...)Or
S=(--d---bc---a--;-- b

we say “S has an adjacent cross’ or “a, b, ¢, d make an adja-
cent cross’ [7]. InS, b and c are adjacent in I'y.. Also, a and
d are adjacent in I_. We denote the adjacent cross as bc/ad
and call “ad” (“bc”) al_ (I}) adjacent pair. A rectangular
dissection whose HVRS is the same as that of a seg-pair of
n rectangles with adjacent crosses cannot be realized with n
rooms. We need to introduce as many empty rooms as adja
cent crosses.

For example, the rectangular dissection satisfying HVRS of
a seg-pair (1234;2413) is shown in Fig2.(a). It confirms
the necessity to introduce an empty room in the middle of four
rooms.

11.3.1 Inserting Operation of a Dummy Module into an
Adjacent Cross

To convert a seg-pair with adjacent crosses to a rectangular
dissection of the same HVRS, the first thing to do is inserting

dummy modules to a seg-pair to remove adjacent crosses [7].

Theorem1 When aseg-pair has n rectangles and & adjacent
crosses, the minimum number of roomsin the rectangular dis-
section of the same HVRS as the seg-pair isn+k. [ |

Theinsertion of dummy modulesinto seg-pair with adjacent
crosses can be realized as follows. Assume rectangles a, b, c,
d in seg-pair S make an adjacent cross ab/cd. Insert dummy
module = between a and b on I’y and between cand d onT"_.
Then, a, b, ¢, d don’'t make an adjacent cross.

11.4. Q-sequence

Q-sequence (Q-seq) proposed by Sakanushi et a. in[10] isa
method to represent a rectangular dissection of general struc-
ture with n rooms by letters of total length of 3n. Each room
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_ represented by Q-seq
correspondi r.lg to RoR1BsB11B3B22
seqrpair (1234;2413) ReRaR33B14Rs5B56

Fig. 2.: Examples of rectangular dissection



x in aQ-seq has necessarily its corresponding R .. and B,.. For
example, rectangular dissection of Fig. 2(b) is represented by
aQ-seq
“ Q = R2R1 8581153822R6R4R33B44R55866.”

Q-seq is made from Q-state defined as follows [12].

Definition1 (Q-state) In arectangular dissection, when the
lower (right) end of avertical (horizontal) seg s touches a hor-
izontal (vertica) seg at the bottom right corner of room z in
the shape of ‘L’ (*’), Q-state of room x has a room name
followed by R, (B,) corresponding to room y which is adja-
cent to the right (bottom) of seg s in the order from the bottom
(right). |

For example, arectangular dissection of Fig.2(b) has a ver-
tical and a horizontal seg touching in the shape of ‘L’ at the
bottom right corner of room 2 and, adjacent to the right of this
vertica line, room 6, 4 and 3 stand in a column from the bot-
tom. The Q-state of room2is“2R¢R4R3.”

InQ-seq, “R;” (“B;") before the leftmost room name shows
that room 7 is adjacent to the left seg (upper seg) of the bound-
ing rectangle. For example, thetop “RoR1” in @ meansroom
2 androom 1 are adjacent to the | eft seg of the bounding rectan-
gle. Similarly “B5B;" means room 5 and room 1 are adjacent
to the upper seg of the bounding rectangle.

[1.5. Algorithm for Converting Seq-pair without Adjacent
Crossesto Q-seq

For easy understanding, we rename each rectangle as I, =
(1,2,3---n) I = (1,2,3---n)) without loss of general-
ity. In the following, we call this renamed seg-pair aT (I3})
normalized seg-pair. For example, a I (I}) normalized
seg-pair of (abcde f;bfdcae) is (123456;264315)
((514362;123456)).

In [15, 16], We proposed an algorithm for converting S,
a I normdized seg-pair without adjacent crosses, to Q-seq.
Thisagorithm and decoding of Q-seq make it possibleto con-
vert S’ to arectangular dissection in O(m) time when the size
of S” ism (conventionally it took O(m?) time[7]) and a pack-
ing can be obtained in O(m) time. In thisalgorithm, we obtain
the following four links (rs, b, ls, (b) on T (4) which is the
ith element from the left in the given seg-pair.

Definition2  Among the rectangles whose numbers are
smaller than T (4), rs(4) denotes the closest position to I" (4)
on the right of T (¢) and s(i) denotes the closest position to
I (i) ontheleft of I (7).

Among the rectangles whose numbers are bigger than I'_ (i),
rb(i) denotes the closest positionto I (i) on the right of T (4)
and [b(i) denotes the closest position to I (7) on the left of
(7). |

rs(i), rb(i),ls(7),1b() can be obtained for all rectanglesin
O(m?) time easily when the number of rectangles is m. But,
Obtaining them in O(m) timeis possible by the following so-
phisticated algorithm.

Algorithm Link rs

Input: T of S’ with m rectangles
Output: rs link of I of S’

Initialize the stack;
push 0 to the stack;
for (i =1,2,---,m){
while (I (¢) < Topmost element of the stack)
Pop the topmost element from the stack, and
set up an rs link from the topmost element toward I (3)
(that is rs(I"Y(pop())) = 4) ;
push I () to the stack;
} (Algorithm Link rs End)

We consider the time complexity of Link rs. A double loop
exists in Link rs and the inner loop always pops an element
each time from the stack. Besides, at the bottom of the stack,
zero exists which is never popped.

Obviously the number of timesfor the elementsto be pushed
into the stack is exactly m+1, so this agorithm is carried out
in O(m) time. We can obtain rb, Is and [b links similarly.

S’ can be converted to Q-seq by the following agorithm
keeping HVRS of S’.

Algorithm SegPair—Qseq
Input: m rectangles, I of S’
Output: Q-sequence
/* Make Link */
Make rs,rb,ls and b link of I;
[* rs chain */
Output R with subindex of the traced element name
by tracing rs link from the leftest element of I
until no destination of rs link remains;
/* ls chain */
Output B with subindex of the traced element name
by tracing Is link from the rightest element of I
until no destination of Is link remains;
/* Check adjacent relation between each room */
for (room =1,2,---,m —1){
output room; /[*output room name*/
if (07 (room) <L (room+1)){
/* rb-rs chain */
Output R with subindex of the traced element name
by tracing rb link once and rs link
from T (room) to LY room+1) }
else{
/* lb-ls chain */
Output B with subindex of the traced element name
by tracing b link once and Is link
from T"Y(room) to LY room+1) }
}

output m; /*output last room name*/

(Algorithm SeqPair—-Qseq End)

h(3) Ib(6)
el VD) b(3)_Ib(4)_Ib(5)

26,4 3 1.5 26,4 3,15

1s(2) rs(3) rs(4) S(Q/Ns(3 Is(4) 15(6)

rs(1)
(@rs link and rb link (b)ls link and Ib link

6

Fig. 3.: Four links of S



I1l1. SELECTED SEQUENCE-PAIR

When aseg-pair of n rectangles has adjacent crossesof C(n) =
n—|v4n—1]| or less, we call it a selected sequence-pair
(SSP). Since an empty room in rectangular dissection corre-
sponds to an adjacent cross in seg-pair on one to one basis [7]
and it was proved that an arbitrary packing was represented by
arectangular dissection with 1C(n) empty rooms or less [13],
the following theorem is obtained.

Theorem?2 An arbitrary packing of n rectangles can be de-
rived from a seg-pair (SSP) using not more than /C(n) adjacent
Crosses.

[11.1. Algorithm to obtain packing from SSP

From an SSP which has & adjacent crosses and represents a
placement of n rectangles, we can obtain a packing in O(n)
time by the following procedure.

Procedure SSP Decoder
Step 1: Enumerate all adjacent crosses on a given SSP S by
algorithm Adjcross List (O(n+k) time).
Step 2: Based on the obtained position of adjacent crosses and
the order to insert dummy rectanglesby Step 1, insert &£ dummy
rectangles to remove all adjacent crosses (O(n+k) time) [7].
Then the size of SSP S’ without adjacent crossesis m =n+k.
Step3: Convert S’ to Q-seq Q by agorithm SeqPair—
Qseq (O(m) time) [15, 16].
Step 4: From Q, restore arectangular dissection [9] and assign
rectangles to obtain the packing (O(m)time).

(Procedure SSP Decoder End)

Step 2, Step 3 and Step 4 are conventional methods and
later we will explain Step 1 and Step 2. Step 3 is mentioned
in section 11.5. Asfor Step 4, refer to [9].

[11.2. Step 1: Enumeration of All Adjacent Crosses

[11.2.1 A Method to Enumerate All Adjacent Crosses
When al' normalized seg-pair of n rectangles has & adjacent
Ccrosses, it ispossibleto enumerate all adjacent crossesin O(n+
k) time by algorithm Adjcross List .

Algorithm Adjcross List

Prepare an empty double linked list where nodes must be
sorted in an ascending order of the number from the head of
the list and do the following steps for each rectangle i on I'_
of aI' normalized seg-pair from the left. After completing
the search from the left on I, do the same procedure from the
right.

Focus on rectangle i and
Step 1: Move the pointer to the position where i is to be in-
serted on adoublelinked list. When the pointer isin a position
and we call a rectangle to be inserted there m, if the pointer
moves toward smaller rectangle name than m and jumps over
another rectangle which we call p on the list, output p, m, 1,
p~+ 1 which make an adjacent crossp p+1/mi.
Step 2: If 141 has not been focused yet but will be focused
later, insert 4 on the double linked list. 1f i—1 is found on the
double linked list, deleteit.

(Algorithm Adjcross List End)
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Fig. 4.: Example of Adjcross List realization on seg-pair
(123456;426135). (a) Insert “4” on I into the list asthe search of “5” is
unfocused. (b) Insert “2" asthe search of “3" isunfocused. (c) Don't insert
“6" as“7" doesn't exist. (d) Tofocuson“1,” “4” and “2" were jumped over
upward, so “45/61” and “23/6 1" make adjacent crosses. As the search of
“2" was done, don'tinsert “1." (e) Don't insert “3” as the search of “4” was
done. Alsodelete“2” (f) Finally don't insert “5” asthe search of “6” was
done. Also delete“4.”

Adjcross List is obtained by altering SeqPair—-Qseq men-
tioned in Sec.I1.5 like sweeping a plane in computational ge-
ometry to enumerate efficiently all adjacent crossesin paralel.

If a I_ normalized seg-pair (123456;426135) is in-
putted, two adjacent crosses“4 5/6 1" and “23/6 1" are found
(as shown in Fig.5(a)) by the operation shown in Fig.4. An-
other adjacent cross “34/2 6" is found by repeating the same
operation from theright to the left on T of inputted seg-pair.

The following theorem comprises on Adjcross List.

Theorem 3 For an arbitrary seg-pair of size n with k adjacent
crosses, agorithm Adjcross List can enumerate all adjacent
crossesin O(n+k) time.

(Proof)  Algorithm Adjcross List sweeps I starting from
the left and then from the right and can find each of adjacent
crosses, if they exist, while sweeping the I'_ adjacent pair of
the adjacent cross.

When our focus moves from one element to the next one on
I, the number of times that the pointer moves on the double
linked list exceeds by one the number of elements passed by
the pointer. When the pointer moves toward a smaller element
name, the total number of timesthat the pointer passes one ele-
ment is k in the whole Adjcross List since an adjacent crossis
found every time the pointer passes each element. The differ-
ence between moving toward larger element names and toward
smaller element names is one. Therefore the time complexity
isO(n+k). |



[11.2.2 Inserting Order of Dummy M oduleto Remove All
Adjacent Crosses

In case a plurd number of adjacent crosses exist, in order to
remove them, we have to consider the order of dummy module
insertion. In the following, this order is explained using the
order of finding adjacent crosses by Adjcross List.

Assume that adjacent cross ab/cd is found before ab/ef in
the search of aI'- normalized seg-pair from left to right on T
by Adjcross List.

In this case, between adjacent elements ¢ and b on I}, a
dummy module p to remove ab/cd must be inserted left to a
dummy module ¢ to remove ab/e f. Accordingly, the order of
insertion becomes “a, p, ¢, b” on I;..

The order of insertion is similar when the search was carried
out on I_ of a I_ normalized seg-pair from right to left by
algorithm Adjcross List.

Next, assume that adjacent cross cd/st is found before
ef/st in the search on I of a I_ normalized seg-pair from
left to right by algorithm Adjcross List.

In this case, between adjacent elements s and ¢t on I, a
dummy module u to remove cd/st must be inserted left to a
dummy module v to remove e f /st. Accordingly, the order of
insertion becomes “s, u, v, t" onT".

Also assumethat adjacent cross cd/ st isfound beforee f /st
in the search on I of aI> normalized seg-pair from right to
left by algorithm Adjcross List.

In this case, between adjacent elements s and t on I, a
dummy module « to remove cd/st must be inserted right to a
dummy module v to remove ef /st. Accordingly, the order of
insertion becomes“s, v, u,t” onT"_.

In algorithm Adjcross List, adjacent crosses found by
searching I from left to right and those found by searching
from right to left never hold adjacent elements (a,b and s, ¢
mentioned above) in common. For this reason, the inserting
operation can be carried out independently.

[11.3. Step2: Removal of all adjacent crosses by dummy
rectangle insertion

Based on the obtained position of adjacent crosses and the or-
der to insert dummy rectangles by Step 1, we must insert k£
dummy rectangles to remove all adjacent crosses. It can be
carried out in O(n+k) time by converting seg-pair representa-
tion from array to list. Then the size of SSP S’ which has no
adjacent crossesis m =n+k. For example, by inserting oper-
ation, a seg-pair (122324y56;4226yx135) is obtained
fromaseqg-pair (123456;426135) (Fig.5(b)).

IV. SOLUTION SPACE OF SSP FOR SIMULATED
ANNEALING SEARCH

Obtaining a packing by combining the search methods such as
Simulated Annealing and SSP, it is necessary to define a move
operation and to construct solution space. It isdesirablefor the
move operation to guarantee reachability from an arbitrary SSP
to another arbitrary SSP and to obtain random adjacent feasible
solution in linear time of the number of rectangles. Therefore,
in this paper we use the same operation as [8]: For a seg-pair
(I}+; I ), one module (move-module) is moved in either T or
I"_. Thisreachability was proved in [8] by expanding the proof

(a) Two adjacent crosses found
in the search from left on I

Fig. 5.: Theinsertion order of dummy modules to remove adjacent crosses

that the solution space constructed only by a seg-pair without
adjacent crosses is reachable. The detailed proof is omitted
here.

When adjacent solutions contain infeasible solutions, tech-
niques to search the solution space by Simulated Annealing
may be specified as follows:

(1) Obtain an adjacent solution randomly until it becomes fea-
sible.
(2) Impose very large cost to infeasible solutions.

A defect of (1) is that it needs a lot of time to obtain one
feasible adjacent solutioniif the proportion of feasible solutions
in adjacent solutions is small. When (2) is used, there is no
guarantee that Simulated Annealing finds a feasible solution.

An alternative method was proposed in [8]:

(3) Enumerate all feasible solutions, and then select afeasible
solution randomly.

We adopt the way to enumerate feasible adjacent solutions
and pick up one of them at random. The procedure in detail is
shown bel ow.

Step 1: In permutation T' of either T, or I, determine one
move destination at random.

Step 2: InT, regard all elements except those at both sides of
move destination as the candidate of a move element. Then
measure the fluctuation of the number of adjacent crosses
which occurs when every move element is inserted into the
move destination.

Step 3: In checking the fluctuation at Step 2, if there is no
move element resulting in SSP, go back to Step 1.

Step 4: Among move elements resulting in SSP, choose one
element at random and insert it into the move destination.

In this procedure, there may be a case to go from Step 3
back to Step 1 and afrequent occurrence of this makes efficient
realization in linear time impossible. However, it is confirmed
by computational experiment that this hardly occurs.

The fluctuation of the number of adjacent crosses for al
move element candidates in step 2 can be obtained in O(n)
time by checking the following three cases. The following de-
scription is for the move operation on I'_ and the move opera-
tion for Iy isshown in parentheses.

(1) Adjacent crosses which disappear after the move operation.
(2) Adjacent crosses generated in the form of T (I;.) adjacent
pair one of which is amove element.



(3) Adjacent crosses generated in the form of I, (IL) adjacent
pair one of whichis amove element.

(1) is a case where one of the elements consisting of an ad-
jacent cross is a move element and by moving it, the adjacent
cross disappears. When one of the T (I}.) adjacent pair in an
adjacent crossis amove element and a substitute for the move
element exists, we don’t count such an adjacent cross as “de-
crease.”

(2) is carried out by the following algorithm where the input
isal> (I}) normalized SSP. The move destination is between
£ and r, and p shows a move element. Then the increase of
adjacent crossesis calculated.

for (¢c=0, p=max({,7); p<n—2; p++){

if(the move destination is between p and p+1.)

++c
record the value of ¢ as the increase of move element p+2

for (¢=0, p=min(¢{,7); p>2; p——){
if(the move destination is between p and p—1.)
++c
record the value of ¢ as the increase of move element p—2

}

Since (3) istoo complicated, we don’t explain here.

As for the calculation of the fluctuation of the number of
adjacent crossesin three cases, refer to [17] which has detailed
explanation with some examples.

V. EXPERIMENTS AND RESULTS
V.1. The Number of SSP Representations

We compared the number of SSP representations with that of
Q-seq representations. In SSP, by the exhaustive search of al'-
normalized seg-pair of n rectangles, we obtain the number of
al> normalized SSP and get the multiplied value of it by the
combinational number of n rectangle names (n!).

For example, if n=>5, the number of T normalized seg-pair
is 5! =120. Since K(5) =5— [v/4-5—1] =1, the number of
adjacent crossesin SSP of size 5 isat most one. Among 120 T
normalized seg-pairs, four have adjacent crosses of more than
one (these are not SSP). Therefore the number of representa-
tion of SSP of size 5 is (5! —4) x 5!=13920.

As for Q-seq, we obtain the combinational number for the
total of n rooms and given KC(n) empty rooms from the recur-
renceformula[9] and get the multiplied valueof it by ,, x(n)Pn
which isthe variety of labeling n room names.

If n =5, the combinational number of Q-seq of size 6 in-
cluding K£(5) = 1 empty room is 422. This is multiplied by
6Ps = 6!/(6 —5)! = 720 which is the variety of labeling five
rooms among siX, and the resultant 303840 is the number of
representation of Q-seq with the number of modules 5.

The results are shown in Fig.6. It shows that the number of
SSP representation is smaller and more suitable for the optimal
solution search.

V.2. Experimental Comparison between the Proposed
Method and the Conventional method

As mentioned above, it was theoretically proved that the bot-

tom left corner packing based on an SSP (size n) can be

obtained in O(n) time by the proposed method. Since this

method is carried out via SSP of size n+k (k is the number of

adjacent crosses), the lower bound of time complexity is also
O(n). Here, we confirm by experiment that the time necessary
to carry out the proposed method is linear to n. The program
was implemented in C language and the experiment was made
on Pentium IV 1.6GHz.

We prepare an SSP which has adjacent crosses of K(n)—
n/100 or more as an initial SSP and, by increasing its size
from 22 to 21°, generate SSP of the number of 10° to 107 by
the move operation mentioned in Section |V. Then we measure
thetimetaken for decoding and obtain an averagetimefor each
SSP size.

To compare the difference of the time complexity, the re-
sults obtained by the conventional origina decoding method
of seg-pair [1] and by Fast-SP method [5] in addition to the ex-
perimental results obtained by the proposed method are shown
in Fig.7. Thetime complexity of the original decoding method
is O(n?) and that of Fast-SP method is O(n loglogn). Since
the results of Fast-SP method were obtained on Sun Ultra En-
terprise 3000 (200MHz) [5], we cannot compare simply with
the results of the proposed method. However, we can read
the difference of performance from the slope of the linein the
graph and see that the proposed method, the original method
and Fast-SP method each isin proportion to 72998, n169 and
n'13 which are cal cul ated using the least square method. From
the results, we can confirm the proposed method is carried out
in linear time. The proposed method needs more time than the
conventional methods for decoding when n is small but needs
less time when n gets bigger.

We also implemented a packing method using the SSP based
on Simulated Annealing in C language. This experiment was
made on Pentium 1V 1.6GHz without rotating rectangles using
ami33 and it took 106 sec. The experimental result isshownin
Fig.8.

VI. CONCLUSIONS

We proposed a“ sel ected sequence pair” (SSP), a sequence-pair
where the number of sub-sequence called “adjacent cross’ is
K(n)=n—|v4n—1] or less.

The outstanding merits of SSP are shown below. (1) The
bottom left corner packing based on an SSP can be obtained

1e+30 | A

le+25

'SSP’ e 1
'Q-sequence’ -+--- /

le+20

le+15

1le+10

Number of representations

le+5

10 12 14

0 2 4 6 8
Number of rectangles n

Fig. 6.: Comparison of the number of representations
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Fig. 7.: Comparison of experimental results

- L

Fig. 8.: The resultant packing of ami33 (the resultant area: 1.235633mn?,
the total area of ami33 modules: 1.156449mn?)

in O(n) time. (2) An arbitrary packing can be represented by
SSP . (3) The total representation number of SSP of size n is
not more than that of rectangular dissection of the same size
with /C(n) empty rooms

Also on SSP, in order to use asearch method like Simulated
Annealing, we have proposed a move operation to obtain an
adjacent solution efficiently.

To realize these merits, we proposed the algorithm which
can enumerate all adjacent crosses on a sequence-pair in linear
time of the sum of the number of rectangles and the number
of adjacent crosses. Also we applied a theorem that an arbi-
trary packing of n rectangular modules can be represented by
a rectangular dissection with K(n) empty rooms or less and
a conventional method to convert a seg-pair without adjacent
crosses to an equivalent Q-sequence, representation of rectan-
gular dissectionin O(n + k) time. A move operation to obtain
an adjacent solution efficiently was proposed to perturb SSP
for Simulated Annealing.

From experimental results, we confirmed the proposed
method was carried out in linear time and was more efficient
than the conventional method when SSP size got bigger.

ACKNOWLEDGMENTS

The authors are grateful to Associate Professor Atsushi Takahashi of
Tokyo Institute of Technology, Research Associate Keishi Sakanushi
of Osaka University and Dr. Kengo R. Azegami of Fujitsu Labs. for
their advice. This study isa part of the CAD21 project.

REFERENCES

[1] H. Murata, K. Fujiyoshi, S. Nakatake, and Y. Kajitani: “Rectangle-
packing-based module placement,” in IEEE ICCAD, pp.472—479, 1995.

[2] H. Murata, K. Fujiyoshi, and M. Kaneko: “VLSI/PCB placement with
obstacles based on sequence pair,” |IEEE Trans. CAD, vol.17, no.l,
pp.60-68, 1998.

[3] K. Fujiyoshi, and H. Murata: “Arbitrary convex and concave rectilin-
ear block packing using sequence-pair,” |EEE Trans. CAD, vol.19, no.2,
pp.224-233, 2000.

[4] T. Takahashi: “An agorithm for finding a maximum weight decreasing
sequence in a permutation, motivated by rectangle packing problem,”
Technical Report |EICE, VLD96-30, pp.31-35, 1996 (in Japanese).

[5] X. Tang, R. Tian and D.F. Wong: “Fast evaluation of sequence pair in
block placement by longest common subsequence computation,” |EEE
Trans. CAD, vol.20, no.12, pp.1406-1413, 2001.

[6] J.Lai, M.-S. Lin, T.-C. Wang, and Li-C. Wang: “Module placement with
boundary constraints using the sequence-pair representation,” in IEEE
ASP-DAC, pp.515-520, 2001.

[7] H.Murata, K. Fujiyoshi, T. Watanabe, and Y. Kgjitani: “A mapping from
sequence-pair to rectangular dissection,” in IEEE ASP-DAC, pp.625—
633, 1997.

[8] K. Kiyota, K. Fujiyoshi: “Simulated annealing search though general
structure floorplans using sequence-pair,” in |[EEE ISCAS, pp.I11-77-11-
80, 2000.

[9] K. Sakanushi, and Y. Kgjitani, “Counting of the topological dissections
by reduct-seq representation,” Technical Report |EICE, COMP2000-17,
pp.25-32, 2000.

[10] K. Sakanushi and Y. Kgjitani, “ The quarter-state sequence (Q-sequence)
to represent the floorplan and applications to layout optimization,” in
|IEEE APCCAS, pp.829-832, 2000.

[11] C. Kodama and K. Fujiyoshi: “Selected sequence-pair,” Technical Re-
port IEICE, VLD2001-17, pp.65-72, May, 2001 (in Japanese).

[12] M. Tsuboi, C. Kodama, K. Sakanushi, K. Fujiyoshi and A. Takahashi
“Linear time decodabl e rectangul ar dissection to represent arbitrary pack-
ing using Q-sequence,” in SASIMI, pp.272-278, Oct., 2001.

[13] Y. Takashimaand H. Murata: “ Thetight upper bound of the empty rooms
infloorplan,” in SASIMI, pp.264-271, Oct., 2001.

[14] C. Zhuang, K. Sakanushi, L. Jin and Y. Kgitani: “An enhanced Q-
sequence augmented with essential empty room insertions and parenthe-
sistrees,” in DATE, pp.61-68, Mar., 2002.

[15] C. Kodama and K. Fujiyoshi: “An efficient decoding method of
sequence-pair,” in IEEE APCCAS, vol.2, pp.131-136, Oct., 2002.

[16] C. Kodama and K. Fujiyoshi: “An efficient decoding method of
sequence-pair with reduced redundancy,” 1EICE Trans. Fundamentals,
vol.E85-A, n0.12, pp.2785-2794, Dec., 2002.

[17] K. Fujiyoshi, C. Kodama and K. Kiyota: “An effective MOVE opera-
tion for selected sequence-pair,” Technical Report IEICE, VLD2002-6,
pp.31-36, May, 2002 (in Japanese).

[18] L. Stockmeyer: “Optimal orientations of cells in slicing floorplan de-
signs,” Info.and Control, vol.57, pp.91-101, 1983.

[19] T. Ohtsuki, N. Suzigama and H. Hawanishi: “An optimization technique
for integrated circuit layout design,” Proc. of ICCST, pp.67-68, 1970.



	Main
	ASP-DAC03
	Front Matter
	Table of Contents
	Author Index




