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A 1.6 APPROXIMATION ALGORITHM FOR
ROUTING MULTITERMINAL NETS*

TEOFILO F. GONZALEZ} AND SING-LING LEE#

Abstract. The problem of connecting a set of n terminals belonging to m (signal) nets that lie on the
sides of a rectangle to minimize the total area is discussed. We present an O(n(m +log n)) approximation
algorithm to solve this problem. Our algorithm generates a solution with area =1.6 * OPT, where OPT is
the area of an optimal solution. The nets are routed according to the following greedy strategy: the wire
connecting all points from a net is one whose path crosses the least number of corners of the rectangle. For
some nets there are several routes that cross the least number of corners. A subset of these nets is connected
by wires whose paths blend with the paths for other nets. The remaining nets are routed using several
strategies and 2° layouts are obtained. The best of these layouts is the solution generated by our algorithm.

Key words. algorithms, wire routing, VLSI, minimize area, greedy methods

AMS(MOS) subject classification. 68

1. Introduction. Let G be a rectangle and S be a set of n points (terminals) that
lie on the sides of G. Let N;, N,, - -, N,, be any partition of set S. Each subset N,
is called a net. All the points in each net have to be made electrically common by
interconnecting them with wires. The wires follow a path consisting of a finite number
of horizontal and vertical line segments. These line segments are assigned to two
different layers. All the horizontal line segments are assigned to one layer and all the
vertical ones are assigned to the other layer. Line segments on different layers can be
connected directly at any given point z by a wire perpendicular to the layers if both
line segments cross point z in their respective layers. Every pair of distinct and parallel
line segments must be at least A > 0 units apart and every line segment must be at least
A units from each side of G, except in the region where the path joins a point in S it
connects. Also, no path is allowed inside of G on any of the layers.

Problem R1M (routing around one module) consists of specifying the paths for
all the wires in such a way that the total area is minimized, that is, placing G together
with all the wires (that must satisfy the restrictions imposed above) inside a rectangle
(with the same orientation as G) of least possible area. This problem has applications
in the layout of integrated circuits ([L] and [R]) and conforms to a set of design rules
for VLSI systems [MC].

The 2-R1M is defined similarly, except that all nets are restricted to be of size
two. Hashimoto and Stevens present an O(n log n) algorithm to solve the R1M problem
for the case when all the points in S lie on one side of G. An Q(n log n) lower bound
on the worst case time complexity for this problem was established in [GLL]. Algorithms
to solve the 2-R1M problem appear in [La] and [GL2]. The one in [GL2] is optimal
with respect to the time complexity bound. If more than two layers are allowed and
wire overlap is permitted, the problem becomes an NP-hard problem [SBR]. Other
generalizations of the 2-R1M problem have been shown to be NP-hard [La]. Gonzalez
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and Lee [GL3] present an O(n(m+log n)) approximation algorithm for the R1M
problem that generates a solution with area =1.69 * OPT. In this paper we present an
approximation algorithm with a worst case approximation bound of 1.6. This new
algorithm is more complex than the previous one and the proof for the 1.6 bound is
much more elaborate than the one for the 1.69 bound that appears in [GL3]. The
introduction and definitions in this paper are similar to the ones in [GL3].

The first few steps of our procedure follow the initial steps of the algorithms in
[La] and [GL2]. These steps reduce our problem to the one of selecting the starting
point for the path connecting each global net (a net is called a global net if at least
two of its terminals are located on opposite sides of G). The algorithm routes all nets
by a path that crosses the least number of corners of G. For some nets there are several
paths that cross the least number of corners. A subset of these nets is connected by
paths that blend with the paths connecting other nets. The paths connecting the
remaining nets are selected using several strategies and 2° layouts are obtained. The
best of these layouts is the solution generated by our algorithm.

For i=2, 3, 4, let R1M-i denote an R1M problem in which all global nets contain
terminals on exactly i sides of G. In § 2 we introduce our notation and present some
basic results. In order to simplify the exposition of our results, we begin by presenting
approximation algorithms for restricted versions of the R1M problem. In § 3 we present
an approximation algorithm for the R1IM-3 problem. An approximation algorithm for
the R1M-4 problem is presented in § 4 and in § 5 we present an approximation algorithm
for the R1M-2 problem. In § 6 we combine the results obtained in §§ 3-5 to obtain
our 1.6 approximation algorithm for the R1M problem.

The algorithm for the R1M-3 problem is identical to the one in [GL3]. The analysis
of this algorithm is a little bit more complex in this paper because one needs to prove
the 1.6 bound. The analysis in [GL3] only proves the bound of 1.66. The algorithm
for the R1IM-2 is a generalization of the one in [GL3]. The main difference is that
instead of constructing 2° layouts, one has to consider 2° layouts. In the former case
we can only claim solutions within 69% of optimal, whereas in the latter case the
approximation bound is 1.60. In both cases the analysis of the approximation bound
is tight, i.e., it cannot be improved. The analysis in this paper for the 2° layouts
algorithm is much more elaborate than the one in [GL3] for the 2> layouts algorithm.
The algorithm for the RIM-4 problem is much more complex than the one in [GL3].
For brevity we did not include the postprocessing procedure for the RIM-2 problem
in [GL3]. This procedure as well as its formal justification are included in this paper.
A significant improvement over the 1.6 approximation bound seems impossible if one
is restricted to our techniques. Perhaps a better approximation bound can be obtained
by routing all nets concurrently; however, we doubt that the analysis could be simplified.

2. Basic results. We begin by defining the R1M problem and introducing notation
similar to the one in [GL1]. Let G be a rectangular component of size h by w (height
by width). There are n terminals (Ty, T, - * -, T,)) on the sides of G. These terminals
are partitioned into m subsets denoted by N,, N,, - -, N,,. Each subset N, is called
a net and it is assumed that |N;|> 1 for all i. The problem depicted in Fig. 2.1 consists
of five nets: Ny ={T>, Ty, T;}, N,={Ty, T, Tyo, Tia}, N3={Ts, Typ}, Ny={Ts, Ts, T}
and N;={T,,, Tis, T\s}. It is assumed that every pair of terminals is at least A >0
units apart and every terminal is located at least A units from each of the corners of
G. All the terminals in each net must be made electrically common by connecting them
with wires. The path followed by these wires can be partitioned into a finite number
of straight line segments. Each of these line segments must lie on the same plane as
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G, be on the outside of G and be parallel to a side of G. Perpendicular line segments
can intersect at any point, but parallel line segments must be at least A units apart.
Also, all line segments must be at least A units away from every side of rectangle G
except in the vicinity where a line segment connects a terminal. The R1M problem
consists of specifying paths for all the interconnections subject to the rules mentioned
above in such a way that the total area is minimized, i.e., place the component together
with all the wires inside a rectangle (with the same orientation as G) of least possible
area.

Label the sides of the component (in the obvious way) left, top, right and bottom.
Starting in the bottom left-hand corner of G, traverse the sides of the rectangle clockwise.
The ith corner to be visited is labeled S;_;. Assume that the ith terminal visited is
terminal T;. The close interval [ x, y], where x and y are the corners of G or the terminals
T;, consists of all the points on the sides of G that are visited while traversing the
sides of G in the clockwise direction starting at point x and ending at point y. Note
that the interval [ x, x] consists of a single point. Parentheses are used instead of square
brackets for open intervals. We use [S,, S;]1, [S:, S.], [S2, S5] and [ S5, Sol; 0, 1, 2 and
3; L, T, R and B; and L', T', R' and B’ to represent the left, top, right and bottom
sides of G, respectively. Terminal T; is said to belong to side I, S(i) =1, if T; is located
in [Sls S(l+1) mod (4)]'

The function I(j) indicates the index of the net to which terminal T; belongs. The
function L(j) is defined in such a way that the interval [ T}, T} ;)] is the smallest interval
that includes all the terminals from net N;(;,. Set D={d,, d,,- -, d,,} is said to be
an assignment if D contains exactly one index of a terminal from each net. Any subset
of an assignment is said to be a partial assignment. An assignment D indicates the
starting point for the path connecting all the points in each net. If i € D then the path
connecting all the terninals in net Nj(;, starts at terminal T; moving perpendicular to
side S(i) and then it continues in the clockwise direction with respect to G until it
reaches Tp(;. Each terminal, T, in net Ny, is joined to this path by a line segment
perpendicular to side S(T,). The starting point for the paths connecting some nets
might not be defined in a partial assignment. The assignment for the layout given by
Fig. 2.1is {2, 3,5, 6, 11}. For any l € D, we say that the path connecting net Ny, given
by D crosses point z if ze [T, Ty,]. If i € D, we say that the path connecting net Ny,
begins at point T; and ends at point Ty ;.

For any assignment (or partial assignment) D we define the height function Hp
for x, ye{T,, T,, - -, T,}U{S,, Si, S,, S5} as follows:

Hp(x, y) = max {number of paths given by D that cross point z|z€[x, y1}.
For example, Hp(S,, S;) is 1, Hp(Ts, Ts) is 3 and Hp(S,, S;) is 3 for the assignment,
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D, whose layout appears in Fig. 2.1. We shall refer to Hp(x, y) as the height of
assignment D for the interval [x, y] of G. The height of assignment D for side X (X €
{top, right, bottom. left}) refers to the value of Hy(x, y), where [x, y] is the interval that
represents side X. The vertical (horizontal) height of assignment D is the height on the
top (left) plus the height on the bottom (right) side of G. The total height of assignment
D is equal to the vertical plus the horizontal height of assignment D.

The next two lemmas establish that the R1M problem reduces to the problem of
finding an assignment D with least

(h+(Hp(S,, S;)+ Hp(S;, o)) * A) * (w+(Hp(So, S1)+ Hp(S>, S3)) * A)

and then in O(n log n) time one can construct a layout of area hy by wg for it.
LEMMA 2.1. For every assignment D, there is a rectangle Q of size hg by wo, where

hQ = h+ (HD(SI ’ S2)+HD(S39 SO)) * A’
WQ = W+(HD(S(), S1)+ HD(SZ, Ss)) * A

with the property that rectangle G together with the interconnecting paths defined by D
can be made to fit inside Q.

Proof. The proof is a direct generalization of the proof for the 2-R1M problem
that appears in [La]. O

LeMMA 2.2. For any assignment D a layout with the area given by Lemma 2.1 can
be obtained in O(n log n) time.

Proof. The proof of this lemma is a straightforward generalization of the proof
for the 2-R1M problem that appears in [La]. The algorithm that constructs the final
layout uses as a subalgorithm the procedure given in [GLL] and [HS]. O

Net N; is said to be a global net if at least two of its terminals are located on
opposite sides of G. Net N, is said to be local otherwise, i.e., if all its terminals are
located on the same side of G or on two adjacent sides of G. Nets N, ={T, T3, Tyo, T14}
and N,={T;, Ty,} are the only global nets in the problem depicted in Fig. 2.1. For
assignment D we define the function A(D) as

(h+(Hp(S,, S>)+ Hp(Ss, Sp)) * A) * (w+ (Hp(S,, S1)+ Hp(S>, S3)) * 1),

i.e., the total area required for a layout of G and all the interconnections given by D.

DEFINITION 2.1. Let D’ be the partial assignment in which all the local nets are
connected by paths crossing the least number of corners of G.

LeEMMA 2.3. Every assignment D can be transformed to an assignment M such that
D'c M and A(M) = A(D).

Proof. The proof follows the same line as the one for the 2-R1M problem that
appears in [La]. [

Lemma 2.3 shows that for any instance of the R1M problem there exists an optimal
solution in which all local nets are connected by paths crossing at most one corner of
G. The R1M problem has been reduced to the problem of finding the starting point
(by default the direction is clockwise) for the paths connecting all the global nets in
the presence of the partial assignment D’. At this point our algorithm abandons the
procedures given in [La] and [GL2]. The main difficulty that we encounter in extending
the results for the 2-R1M problem to this problem is that the divide-and-conquer step
seems not applicable. The reason for this is that there seems to be no rule to separate
the nets with terminals located in three or four sides of G into groups that can be
optimally routed, independently of each other.

It should be clear that it is only required to specify the paths connecting all the
global nets since we know that local nets can be routed optimally by routing them as
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indicated in assignment D’. Also, once we have an assignment the proof of Lemma
2.2 (a constructive proof) can be used to find a layout of optimal area for it. In the
next three sections we present approximation algorithms for the R1M-i problem,
2=i=4.In§ 6 weindicate how to combine these results to obtain our 1.6 approximation
algorithm.

3. Approximation algorithm for the R1M-3 problem. In this section we present an
approximation algorithm for the RIM-3 problem. Let M; be the set of global nets with
terminals located on exactly three sides of G. Clearly, all global nets belong to set M;.
For the set of nets M; we construct assignment D; as follows:

D, = {all nets in M; are connected by paths that cross the least number
of corners of G}.

Let MT2(M35®) be the set of all nets in M, without terminals located on either
the left or right (top or bottom) side of G. Let m;> and m;* represent the number of
elements in M;° and M;*, respectively. In Fig. 3.1(a) we give a layout for the
assignment constructed by our algorithm for a net in M3®. Suppose that this net is
routed as in Fig. 3.1(b) in an optimal assignment D. Let M be D except for the path
connecting the net that appears in Fig. 3.1(b) which is connected as indicated in Fig.
3.1(a). It is simple to show that

Hpy(S1, S2)+ Hu(Ss, So) = Hp(Sy, S2)+ Hp(Ss, So) +1,
Hy(So, 1)+ Hy (82, S3) = Hp(S,, S1) + Hp(S:, S3).
A straightforward generalization of the above observation is given by Lemma 3.1.
LemMA 3.1. Let D be an optimal assignment such that D'< D. Let M be D except
that all nets in M7 U MR which are assigned as in our algorithm. Then
HM(Sl s S2) + HM(S3 s SO) = HD(SI s SZ) + HD(SS’ SO) + x‘IBa
Hy(So, 1)+ Hy (S, S3) = Hp(S,o, S1)+ Hp(S-, S3) +x§R

B (x3®) is the number of nets in X1° (X+®), and XJ® (X+®) is a set of all

where x]
nets in M3® (M3®) that are connected differently in D and M.
Proof. For brevity the proof is not included. 0O
Before proving our main result on this section, we establish a lower bound on the

area required by any optimal solution. Our lower bound is given in Table 3.1.

(a) (b)
FI1G. 3.1

TABLE 3.1
Lower bounds for the R1M-3 problem.

Contribution to our lower bound for Contribution to our lower bound for
Set h/(A)+ Hp(S,, S;)+ Hp(Ss, So) w/(A)+ Hp(S,, Sy)+ Hp(S,, S5)

MJB 1.5mJ%+0.5x7® 2mIB+0.5x18
MER 2miR+0.5x3R 1.5miR+0.5xER
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LEMMA 3.2. Let D be an optimal assignment such that D’ < D. Assignment D and
rectangle G satisfy the lower bounds given in Table 3.1.

Proof. We only prove the lower bounds in the first column of Table 3.1 since the
proof for the bounds in the second column is similar. The proof for these bounds can
be obtained by adding the lower bounds given in Table 3.2. Therefore, we only need
to prove the lower bounds given in Table 3.2.

Each net in M]” has at least one terminal located on the left or right side of G
and each net in M3® has at least one terminal located on the left and on the right
sides of G. Therefore, either on the left or the right side of G there are at least
0.5m3%+ m3® terminals. Since every pair of these terminals is at least A unit apart,
we know that h = (0.5m3® +mj3®)A. This lower bound is given by the first column of
Table 3.2.

TABLE 3.2
Contribution to our lower bound for Contribution to our lower bound for
Set h/(a) Hp(Sy, S5)+ Hp(S;, Sp)
MTB 0.5m® mI®+0.5xT8
MR miR miR +0.5x1R

Let us now establish a lower bound on the number of paths crossing the corners
of G. Since in D every path connecting a net in X;2U Xi® crosses at least three
corners of G and every path connecting a net in (M2 — X72)U (M+® — X3*®) crosses
at least two corners of G, we know that

3
T Hp(Si, S)22(m3"™ —x3% +m3” —x3%) +3(x3" +x37).
i=0

Since the height on the top (bottom) side of G is at least as large as the average height
of the two top (bottom) corners of G, we know that

Hp(S,, S;)+ Hp(Ss, So) =0.5 * (Hp(S,, S))+ Hp(S,, S,))
+0.5 % (Hp(S;, S3)+ Hp(So, So)).

The lower bound for the second column of Table 3.2 follows from the above inequalities.
The proof for the lower bounds for the first column of Table 3.1 is obtained by adding
the bounds given by Table 3.2. This completes the proof of the lemma. 0O
THEOREM 3.1. For the R1M-3 problem, let D be an optimal assignment such that
D'c D and let M be the assignment generated by our algorithm. Then, A(M)=
1.6 * A(D).
Proof. From Lemma 3.1 and 3.2 we know that

%g(ng)*(ﬁg)‘

where
a=x;",
b=1.5m%+0.5x]%+2m;%+0.5x5%,
c=x3%,

d=2mi%+0.5x]%+1.5m;%+0.5x LR,

! Note that a, b, ¢ and d are nonnegative. If b or d is zero, the a, b, ¢ and d will be zero and our
assignment is optimal.
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Since m3® = x;® and mi® = x3®, we only need to prove that
(Q+x/(2x+2.5y)) * (1+y/(2.5x+2y))=1.5

where x and y are positive integers. A straightforward manipulation of this inequality
results in the following inequality:

(7.5x*+15.25xy +7.59%)/(5x*+10.25xy + 5y*) = 1.5.

Since the remaining part of the proof is simple, it will be omitted. This completes the
proof for Theorem 3.1. [

4. Approximation algorithm for the RIM-4 problem. In this section we present an
approximation algorithm for the R1IM-4 problem. Let M, be the set of all global nets
with terminals located on the four sides of G and let m, represent the number of nets
in it. Clearly, all global nets belong to set M,. In what follows we partition the set of
nets M, into sets that will be routed independently of each other. There are several
reasons for taking this approach. The main reason is that there are basically two types
of nets: the ones with a large number of terminals and the ones with few terminals.
For the first set of nets it is difficult to find routings with small area, but for the second
type of nets such routing can be easily obtained. In our algorithm we do not route
tightly the first type of nets. This routing does not increase our approximation bound
significantly since these nets contribute large values to our lower bound function. The
other type of nets have to be routed tightly, since their contribution to our lower bound
function is small.

Nets N; and N; (both in set M,) are said to be agreeable if on at least one side
of G no terminal from net N; is between any two terminals from net N; and no terminal
from net N; is between any two terminals from net N;. Procedure PARTITION, defined
below, partitions the set M, into the sets MJ, MY, M], MY, M?, MY, M7, MR
and M. Since some of these sets consist of 1-tuples, 2-tuples and 4-tuples, by partition
we mean that every element in set M, is in one and only one of the tuples in these
sets. After the algorithm terminates, let m;* represent the number of tuples in M, for
Xe{A,N, T, R,B,L, T,R, B}. It is very important to keep in mind that sets M3,
M, MY, M7 and M consist of 1-tuples, set M has only 4-tuples and the remaining
sets contain only 2-tuples. When algorithm PARTITION terminates, the sets our
procedure generates satisfy the following properties. Every net in set M4 has exactly
four terminals (one on each side of G). Because of this, every pair of such nets is
agreeable on each of the four sides of G. Every net in a 4-tuple of set M} has at least
two terminals on each side of G and the four nets in each 4-tuple are totally nonagreeable
nets, i.e., every pair of these nets is not agreeable (on each of the four sides of G).
Each net in set M, X €{T’, R’, B’, L'}, has at least two terminals located on side X
and exactly one terminal located on each of the remaining sides of G. Every pair of
nets in M, X e {T', R, B', L'}, is agreeable on all sides of G, except possibly on side
X. Each 2-tuple in sets M, for X € {T, R, B}, contains a pair of nets that are agreeable
on at least one side of G. Every net in set MJ, X €{T, R, B} satisfies one of the
following conditions:

(i) it contains at least two terminals on at least two sides of G, or

(ii) it contains at least two terminals on side X and either exactly one terminal
on the opposite side of X or at least two terminals on the opposite side of X when
the two nets in the tuple are agreeable on an adjacent side of X (one net might violate
this condition, i.e., it has only one terminal on the opposite side of X).
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ProcepURE PARTITION
/ Partition all nets with exactly one terminal located on each side of G./
M2 «{N,|N;e M, and |N;|=4};
WeM,— M3,
/ Partition all nets with at least two terminals located on each side of G./
Z < {N;|N;e W has at least two terminals located on each side of G};
WeW-2,
M] «J; MR« M} « T, M} « &,
while |Z|z 4 do
let N;, N;, N and N, be any four nets in Z;
if any two of these four nets are agreeable
then delete from Z two agreeable nets (two out of the four) and add them
as a pair to M if these two nets are agreeable on the left or right side
of G, otherwise add these two nets as a pair to M5
else delete all four nets from Z
MY « MY U{(N,, N, Ni, N)}
endif;
endwhile;
/Later on we explain what to do when Z # &. Note that |Z|=3./
/ Partition all nets with at least two terminals located on some side of G and
exactly one terminal located on the remaining sides of G./

M <@, M «@, Mi « @, Mi « @,

while there is a net in W with at least two terminals located on side X and exactly
one terminal located on the remaining sides of G do.
Let y be one of such nets and let X e {T’, R’, B’, L'} be the side on which
it has more than one terminal;
WeW-{yh
M« MUy}
endwhile;
/Partition the remaining nets, i.e., all nets with at least two terminals located on
two sides of G and exactly one terminal located on another side of G./
Z < {N;|N;e W has at least two terminals located on the top side of G};
WeW-2,
while there are two nets in Z with exactly one
terminal located on the bottom side of G do
delete two of such nets from Z and add them as a pair to M ;
endwhile;
while there are two nets in Z with exactly one
terminal located on the same side of G do
delete two of such nets from Z and add them as a pair to MJ
endwhile;
/Later on we explain what to do when Z # . Note that |Z|=3./
Z < {N;|N;e W has at least two terminals located on the right side of G};
WeW-2Z,
while there are two nets in Z with exactly one
terminal located on the left side of G do
delete two of such nets from Z and add them as a pair to MZ;
endwhile;
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while |Z|= 2 do

delete any two nets from Z and add them as a pair to M{
endwhile;
/Later on we explain what to do when Z # . Note that |Z|=1/
Z <{N; | N; € W has at least two terminals located on the bottom side of G};
WeW-2,
while |Z|=2 do

remove any two nets from Z and add them to M7 as a pair;
endwhile;
/Later on we explain what to do when Z # . Note |Z|=1/
end of procedure

For some problem instances the algorithm fails to assign some nets to any of the
sets My, Xe{A,N, T",R', B, L', T, R, B}. Let us assume that this is not the case, i.e.,
Z is always empty whenever we reach each of the ““/ later on - - - /”* comments in our
procedure. In § 6 we explain what to do when this is not the case. From procedure
PARTITION it is simple to verify that no more than eight nets will be left out.

(a) Construction of the assignment D’,. In what follows we explain how the
assignment D', for all the nets in set M4 is constructed. Figure 4.1 gives a layout for
the assignment D’y constructed by our procedure for a set M4 with four nets. For any
permutation, m, of the nets in set M and an integer i (0= i =3) we define an assignment
(denoted ASG (1, i)) as follows: the first net in 7 is connected by a path that begins
on side i and ends on side (i+3) mod (4); and the path connecting the kth net
(1<k=m}) in 7 begins on side j and ends on side (j+3) mod (4), where j is the side
on which the path connecting the (k—1)st net in = ends. We claim that for every
integer i (0=i=3) there is a permutation, 7 (that depends on i) of the nets in set M5
such that there is a layout for assignment ASG(r, i) with the property that for any k
(1<k=m}) the path connecting the (k—1)st net in 7 and the path connecting the
kth net in 7 can share the same track on the side where the path connecting the
(k—1)st net ends. In this case we say that = is a valid permutation with respect to i.

FIG. 4.1. Assignment D', for the case when m4 = 4.

CLaiM. For every integer i, 0=i=3, there is a valid permutation for the set of
nets in M3

Proof. The proof of this claim is by induction on the number of nets in M &
Clearly, the claim is true when set M4 has only one net. Assume that the claim holds
when there are k=1 nets. We now show the claim holds when there are k+1 nets in
M3. Let N;e M4 be the net with the topmost terminal on the left side of G. By the
induction hypothesis we know that there is a valid permutation 7' with respect to
some i for the remaining k elements in M4 such that the path connecting the last net
in the permutation ends on the left side of G. Since N; was selected to be the net with
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the topmost terminal located on the left side of G, we know permutation 7 = (7', N;)
is a valid permutation for some value of i. To show the existence of the three other
permutations (for the other values of i) we repeat the above procedure three times.
The first time we let N; be the net with the rightmost terminal located on the top side
of G, the second time N; is the net with the bottommost terminal located on the right
side of G, and the last time N; is the net with the leftmost terminal located on the
bottom side of G. This completes the proof of the claim.

A valid permutation, =, for i=1 can be constructed by a simple recursive pro-
cedure. Once 7 is obtained, the assignment D = ASG(, i) can be easily constructed.
Figure 4.1 gives a layout for the assignment D/, constructed by our procedure for set
M with four nets. Note that the contribution to the total height of the assignment is
at most 3 * m4 +1.

(b) Construction of the assignment D'. The assignment DY is constructed by
applying the following rule to each 4-tuple in M7'. Let (N;, N;, Ny, N;) be any tuple
in set MY. Let us assume that these nets have been ordered in such a way that N; is
the net (amongst these four nets) whose bottommost terminal located on the left side
of G is closest to the top side of G; net N, is the net (amongst N;, N, and N;) whose
rightmost terminal located on the bottom side of G is closest to the left side of G;
and net N, is the net (amongst N, and N;) whose leftmost terminal located on the
top side of G is closest to the right side of G. A layout for the assignment constructed
for these nets is given in Fig. 4.2.

N

FIG. 4.2. Assignment for a tuple in MY

(c) Construction of assignment DY for X € {T', R, B, L'}. Since all the assignments
D%, Xe{T',R', B', L'}, are constructed by similar procedures, we only explain the
one for assignment D’%.. Assignment D’ for M} is constructed by applying a rule
similar to the one used in part (a). The main difference is that we are only interested
in valid permutations with respect to i =1 and in a valid permutation it is not required
for the (k—1)st net in 7 and the kth net in 7 to share the same track on the side
where the path connecting the (k—1)st net ends (for k=5, 9, 13.- - -). Once a valid
permutation is obtained the assignment D% = ASG (1, 1) can be easily constructed.
Note that the total height of the assignment is at most 3mJ +[mJ /4].

(d) Construction of assignment D% for X €{T, R, B}. Assignment D%, Xe
{T, R, B}, for the set M is constructed by applying the following rule to each 2-tuple
in M. Let (N;, N;) be any 2-tuple in set M ¥. From algorithm PARTITION we know
that both of these nets are agreeable on at least one side of G because either both of
these nets have exactly one pin located on some side of G, or both of the nets have
at least two terminals on each side of G and are agreeable on a side adjacent to X.
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The pairs that have exactly one terminal on some side of G are assigned in such a
way that there is a layout in which these nets share the same track on side Z of G
and both nets have exactly one terminal located on side Z. Side Z is selected using
the following priorities: the opposite side of X has the highest priority; and the adjacent
sides of G have the lowest priorities. Note that side Z cannot be the same as side X.
Figure 4.3 shows a layout for the assignment for a pair of nets in M; with Z being
the top side of G. The remaining pairs are assigned in such a way that they share the
same track on a side adjacent to X.

51L I IL—‘l

FIG. 4.3. Layout for a 2-tuple in M2 with Z being the top side of G.

(e) Final assignment and proof of approximation bound. Let D,=
2UDYUD% U DR U D% U D} UD%U D% U D%. The output of our approximation

algorithm is D,U D'. Before showing that our algorithm generates a solution within
60% of the optimal solution value, we need to establish upper bounds for the area of
the layouts obtained from assignment D, and prove lower bounds for the area of an
optimal solution.

In what follows we assume that mj' is a multiple of four. In § 6 we indicate what
to do when this is not the case.

LeEmMMA 4.1. Let D be an optimal assignment such that D'< D. Let M be D except
that all the nets in M} are routed as in our approximation algorithm. Then

Hy (S,, S;)+ Hy(S;, So) = Hp(S4, )+ Hp(S;, So) +0-5mf+ 1,
Hy(So, S1)+ Hu (S5, S3) = Hp(So, S1)+ Hp(S,, S5) +0.5m3.

Proof. From the construction rule for assignment D’ (a), we know that the
contribution of the nets in M7 to the total height of any assignment that includes D’
is at most 3m4 + 1. Also, for any assignment that includes D’; the maximum contribution
to the vertical height by the paths connecting the nets in M is at most 1.5m% +1 and
the maximum contribution by these nets to the horizontal height is at most 1.5m. In
an optimal assignment each path connecting a net in M4 must contribute to the vertical
and horizontal height at least one. Therefore, when transforming D to M the total
increase in vertical and horizontal height is given by the inequalities in the statement
of the lemma. This completes the proof of the lemma. 0O

In what follows we assume that m;, X e {T’, R’, B’, L'}, is a multiple of four. In
§ 6 we indicate what to do when this is not the case.

LEMMA 4.2. Let D be an optimal assignment such that D' < D. Let M be D except
for all the nets in M, X e{T', R', B', L'}, are routed as in our approximation algorithm.
Then

Hy (81, S5)+ Hy(Ss, So) = Hp(Sy, S2) + Hp(Ss, So) +x * mZ,
Hy (S0, 1)+ Hu (S, S5) = Hp(So, 1)+ Hp(S,, S3)+y * m
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where

_{0.75 ifXe{T, B}, _{O.S ifXe{T, B},
“los otherwise, 0.75 otherwise.

Proof. Since the proof of all cases is similar, we only prove the case for X = T".
From the construction rule for assignment D%- (¢), we know that the contribution from
the nets in set M to the total vertical height of an assignment that include D’ is at
most (1.75) * m] and with respect to the total horizontal height is at most (1.5) * m .
On any optimal assignment, D, the contribution to the vertical and horizontal height
by these nets is at least m; . Hence, when transforming D to our assignment, the
difference in heights is given by the inequalities in the statement of the lemma. This
completes the proof of the lemma. [

For X € {T, R, B} let pf be the faaction of pairs in M that are connected in D’
by paths that do not overlap on the top or bottom side of G, and g3 =1—pZ. Since
all pairs of nets in M2 are agreeable on the top side of G, we know from our routing
algorithm that g7 =0.

LEMMA 4.3. Let D be an optimal assignment such that D'<c D. Let M be D except
that all nets in MY, X e{T, R, B}, are routed as in our approximation algorithm. Then

Hy(Sy, S5)+ Hy (S5, So) = Hp(S,, S,)+ Hp(S;, So)'*‘Pf * mf+2qf:( *my,
Hy(S,, S5)+ Hy (8o, S1) = Hp(S,, S3)+ Hp(S,, Sn)+2Pf * mj("'qi{ * mi(-

Proof. Since the proof of all three cases is similar we only prove the case for
X =T. In assignment D each net with terminals located on the four sides of G
contributes to the vertical height and to the horizontal height at least one unit. Therefore,
the contribution to the vertical and horizontal heights of D for a pair of nets in M T
is at least two. For any assignment a pair of nets routed in such a way that they can
share the same track on the top or bottom side of G contributes to the vertical height
at most three and their contribution to the horizontal height is at most four. For the
nets routed following this sharing rule, we know that transforming D to M increases
the vertical and horizontal height as indicated by the inequalities in the statement of
the lemma. A similar result can be obtained for pairs of nets that are routed in such
a way that they share a track on the left or right side of G. This completes the proof
of the lemma. 0

LEMMA 4.4. Let D be an optimal assignment such that D'<c D. Let M be D except
that all nets in M} are routed as in our approximation algorithm. Then

Hy(Sy, S5)+ Hp (S5, So) = Hp(Sy, S5)+ Hp(Ss, So) +7x * my,
Hy(So, S1)+ Hu (S, S5) = Hp(S,, S1)+ Hp(S,, S5)+7y * my,

where x, y are nonnegative reals such that x+y = 1.

Proof. One can easily show that we only need to prove that when assigment D is
transformed to assignment M the total height increases by at most seven for each tuple
in MY. Let us now prove that this statement holds for any tuple, H, in M. There
are two cases.

Case 1. At least one of the paths connecting a net in H begins and ends on the
same side of G in D.

For this case we know that the contribution to the total height in D is at least
three for the nets connected in D by paths that begin and end on the same side of G.
The remaining connecting paths contribute at least two units to the total height.
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Therefore the contribution to the total height of D by these nets is at least nine. On

assignment, D the contribution to the total height for the same set of nets is at most

sixteen. Hence, the total height increases by at most seven after the transformation.
Case 2. In assignment D, no path connecting a net in H begins and ends on the

same side of G.

There are four subcases depending on how the nets in H are connected.

Subcase 2.1.

Subcase 2.2.

Subcase 2.3.

In assignment D, two of the paths connecting nets in H begin on
adjacent sides of G.

The paths connecting these two nets are depicted in Fig. 4.4.
It is simple to see that the contribution to the total height of assign-
ment D by these two nets is at least five. The contribution to the
total height of D by the remaining nets is at least four. The proof
now follows similar steps to the ones in Case 1.

In assignment D all the paths connecting nets in H begin on the
same side of G.

Since the paths connecting all the nets in H begin on the same
side of G, we know that only three nets from H are connected
differently in D and DY,. Each time the path connecting one of these
nets is changed, the maximum increase of the total height is at most
two. Hence, the total height increases by at most six.

In assignment D the paths connecting all the nets in H begin on
the left or the right side of G and at least one of these paths begins
on each of these two sides.

Assume that no net in H is connected identically in D} and
D, as otherwise the proof of Subcase 2.2 can be used to complete
the proof for this case. The total height increases every time a path
is interchanged by at most two, except a path that begins on the left
side of G in DY,. This is because x is always greater than y (see x
and y in Fig. 4.5). Remember that such a net was selected to be the
one whose bottommost element on the left side of G is closest to
the top side. Hence the total height increases by at most seven units.

Fi1G. 44
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Subcase 2.4. In assignment D the paths connecting all nets in H begin on the
top or bottom side of G and at least one of these paths begins on
each of these two sides.

Assume that no net in H is connected identically in D% and
D, as otherwise the proof of Subcase 2.2 can be used to complete
the proof for this case. The remaining part of the proof uses similar
arguments to the ones used in the proof for Subcase 2.3 because
either at least two of these paths begin on the bottom side of G or
at least three of these paths begin on the top side of G. Since the
connecting path that begins on the bottom side of G in our solution
is the second ‘“best” and the one that begins on the top side of G
in our solution is the third “best,” similar arguments to the ones
used in Subcase 2.3 can be used to complete the proof for this subcase.

This completes the proof for Case 2 and the lemma. a

Before proving our main result in this section we establish a lower bound on the

area required by any optimal solution. The lower bound is given in Table 4.1.

TABLE 4.1
Lower bounds for the R1M-4 problem.
Contribution to our lower bound for Contribution to our lower bound for

Set h/(A)+ Hp(S;, S;)+ Hp(Ss, So) w/(A)+ Hp(So, S1)+ Hp(S., S;)

M3 2.5m3 2.5m3

MY 14mY 14mYy
M UMY 2.5mI'+2.5mF 3mI +3m¥
MRUMY 3mE +3ml 2.5my¥ +2.5mY
MTUM? pT«ml+5m]+6m? gl *m]+6mI+6m?

MR pRxmR+6mR qR*mR+5mR

LEMMA 4.5. Let D be an optimal assignment such that D' < D. Assignment D and
rectangle G satisfy the lower bounds given in Table 4.1.

Proof. We only prove the lower bounds in the first column of Table 4.1 since the
proof for the bounds in the second column is similar. Before establishing this bound,
we prove some intermediate lower bounds. It is simple to prove the following lower
bounds:

(a) Each net in M$ has exactly one terminal on the left and right sides of G.

(b) The four nets in each tuple in M} have at least eight terminals (two per net)
on the left and right sides of G.

(c) Each net in MY, X e{T’, B'}, has exactly one terminal on the left and right
side of G. Each net in MY, X e{R’, L'} has at least two terminals on side X and
exactly one terminal on the opposite side of X.

(d) Each net in each pair of nets in M routed in D’ by sharing a track on the
bottom side of T has at least one terminal on the left and right sides of G and at least
two terminals on either the left or the right side of G. Each remaining pair in M has
at least two terminals (one per net) on the left and right sides of T. Each pair of nets
in M7} has at least two terminals on the right side (one per net) and at least four
terminals on the left side (two per net). Each pair of nets in MX routed in D% by
sharing a track on the left side of T has at least two terminals (one per net) on the
left side of G and at least four terminals (two per net) on the right side of T. The nets
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in the remaining pairs in M § have at least four terminals (two per net) on the left and
right sides of G.

Using the above observations we obtain the bounds given by the first column of
Table 4.2.

Let us now establish a lower bound on the number of paths crossing the corners
of G. Since the path connecting every net in M3 U M] UMYX UMZ U MJ crosses at
least three corners of G; the paths connecting every pair of nets MY, X €{T, B, L}
cross at least six corners (each path crosses three corners) of G and the paths connecting
each four nets in a tuple of M} cross at least twelve corners (each path crosses at
least three corners) of G, we know that

z Hy(S;, S)z3ms+12mY +3m] +3mX +3mE +3mE+6mI +6mE+6m2.

It is simple to show that
Hp(S;, S5)+ Hp(S;5, So) Z0.5* (Hp(S,, S;)+ Hp(S;, S,))
+0.5 % (Hp(S;, S5)+ Hp(So, So)).

The lower bound for the second column of Table 4.2 follows from the above inequalities.
The proof for the lower bounds for the first column of Table 4.1 can be obtained by
adding the bounds given by Table 4.2. This completes the proof of the lemma. 0O
THEOREM 4.1. For the R1M-4 problem, let D be an optimal assignment such that
D’'c D and let M be the assignment generated by our algorithm. Then, A(M)=
1.6 * A(D).
Proof. Using the Lemmas 4.1 to 4.5, we know that

A= da/fo)- (14 £ e/ a):

where a;, b;, ¢; and d; are defined in Table 4.3 and x, y are positive integers such that
x+y=1.
The proof of the theorem can be obtained by multiplying all terms after replacing
1 by m5/4 (remember that mj = 4) and obtaining an expression of the form (ax + by +
-+)/(a'x+b'y+--.), where a, b,- - -, a’,b’, - - - are constants and x, y, - - - are prod-
ucts of variables. The final step consists of showing that a/a’'=1.6, b/b'=1.6, - -
This completes the proof of the theorem. [

TABLE 4.2
Contribution to our lower bound for Contribution to our lower bound for

Set h/(X) Hp(S,, 8,)+ Hp(Ss, So)

M3 mg 1.5m3

MY sml 6my
M UMY ml' +m¥ 1.5mI +1.5m¥
MFUME 1.5my +1.5m% 1.5my +1.5mt
M,;UM4 pT«ml+2mI+3m? 3mI+3m3

MR pRxmB+3m} 3mR

2 Note that a;, b;, ¢; and d; are nonnegative. If b; or d, is zero, then a;, b;, ¢; and d; and these elements
may be deleted from the summation.
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TABLE 4.3(a)

i a; b

1 0.5m5+1 2.5m3

2 Tx * m";l 14my

3 0.75m] +0.75m¥ 2.5mI+2.5m¥

4 0.5my¥ +0.5mL 3mR +3my

5 a7 *mj+ml+m? pTxml+5ml+6m?

6 i * m+mg P x mS+6m
TABLE 4.3(b)

i ¢ d;

1 0.5m3 2.5m3

2 Ty * mY 14m}

3 0.5mI +0.5m% 3mI +3my

4 0.75mR +0.75m% 2.5mR +2.5m¥

5 prxml+mI+2m? | ql*m]+6m]+6m2

6 Py * mi+mg i * m&+5mg

5. Approximation algorithm for the R1M-2 problem. In this section we present an
approximation algorithm for the R1M-2 problem. Clearly, all global nets contain
terminals located on only two opposite sides of G. Let M;2(M3;*) represent the set
of global nets with terminals located only on the top and bottom (left and right) sides
of G. Let m]® and m3® represent the number of nets in M;° and M5®, respectively.
Assume that m® and m3® are multiples of 6. In § 6 we indicate the modifications that
need to be made to the algorithm when this is not the case. First, let us explain
(informally) how the nets in these sets are routed. We will explain only the procedure
for M]®, since the one for M;* is similar. The set M, " is partitioned into six equally
sized groups. Later on we explain precisely how this partition is obtained. A group is
said to be routed by a path type L(R) if all the nets in this group are routed by a path
that does not cross the right (left) side of G. We will construct 2° assignments. Each
of these assignments corresponds to a string of six elements from the alphabet {L, R}.
The ith element in a string specifies the type of path used to connect all nets in the
ith group. Let us now define formally this construction process. For each net N; in
M7® (M73®), et p(j) be the index of the leftmost (bottommost) terminal of N; located
on the top (left) side of G. Let P™ ={p(j)|N;e M;®}, and P*® ={p(j)| N;e M3%}.
Each of these sets is partitioned into the sets N/° and N® for 1=i=6 as follows

NI

NITB NZTB N;‘B NIB NsTB
e atnrit mledre —~ =

1223456678913969210111212101112
Lin P™ (nets)
| notin P™

Fi1G. 5.0
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(see Fig. 5.0). (Recall that function I(j) was defined as the index of the net to which
terminal T; belongs.)

N[®={I(j)|j is the kth smallest value in the set P™® and
((i—1)/6) x|P™|<k=(i/6) * |P™|} and

NiR={I(j)|j is the kth smallest value in the set P® and
((i-1)/6 * |[P*R|<k=(i/6) * |[P*F|}.

We define the following sets for 0=i=63:

D[® ={if in the binary representation of i the Ith least significant bit is one then
the path connecting each net in set N/® does not cross corner S,,
otherwise the path connecting such nets does not cross corner
S,[1=1=6}, and

DF® ={if in the binary representation of i the Ith least significant bit is one then
the path connecting each net in set N/® does not cross corner S;,
otherwise the path connecting such nets does not cross corner
S,|[1=1=6}.

For 0=, j =63, define assignment D, ; as follows:
Di,j = D,U D;TBU D‘,'LR,

and let P be one of the D, ;’s of least area.

For simplicity, let us assume that in all optimal assignments the nets in MJ° U MR
are routed by paths that cross exactly two corners of G. In general this is not true;
however our results also apply to these problem instances. Just before Lemma 5.4 we
will indicate how to handle these problem instances.

Before proving our last upper bound we need to introduce additional notation.
First of all let us concentrate on the set of nets in M ;2. Remember that in our algorithm
we partitioned this set of nets into six groups and 2° assignments were obtained by
routing all nets in each of these sets by paths that either do not cross the left or right
side of G. Let us refer to each of these groups by G;, for 1 =i =6 (these sets correspond
to the sets N2, for 1=i=6, defined above). Let D be an optimal assignment such
that D'c D. Assignment D will be transformed into a nonemtpy set of assignments
by an i-string. An i-string consists of a sequence of six elements from the alphabet
{re, <1, <, “*”, «.”}. If the number of “*” symbols in the i-string is j, 2’ assignments
are generated. The kth element in an i-string indicates how the paths connecting the
nets Gy in D are changed. Let us now explain how these changes are performed. When
the kth element in an i-string is ““‘I”’, the paths connecting all the nets in G, that cross
the left side of G in assignment D are changed. These nets will be connected by paths
that do not cross the left side of G. If the kth element is ““r”, the paths connecting all
the nets in Gy that cross the right side of G in assignment D are changed. These nets
will be connected by paths that do not cross the right side of G. When the kth symbol
is “|”, it means “I” if the number of paths connecting the nets in G that cross the
left side of G in D is less than or equal to (1/2) * |G,|; and it means “r” otherwise.
When the element is a period ““.” it means that none of the paths connecting the nets
in G, are changed. The interpretation of “*” is more complex. An i-string with one
or more “*” symbols denotes the set of all i-strings obtainable from it by replacing
each of the “*” symbols with an “I” or an “r.”” When we apply an i-string with no
“*” symbols to an optimal assignment, D, we obtain an assignment identical to D
except for the paths connecting some of the nets in the groups G;. The specific paths
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to be changed are indicated by the i-string. Applying an i-string with ‘“*” symbols, I,
to an assignment, D, generates a (nonempty) set of assignments. This set of assignments
consists of all assignments obtained from D by applying an i-string obtainable from I

In Lemma 5.1 and the lemmas appearing in the appendices, we assume that when
interchanging the paths connecting two nets in M3” that cross on the top side of G
will increase by at most two the vertical height of the assignment. The assumption is
not always true. In Fig. 5.1 we show the only counterexample. We call this interchange
a type I interchange. The two nets involved in this interchange form a type I pair.
Interchanging the path connecting a net in M3 ® to one that does not cross the left or
right sides of G increases the vertical height of an assignment by at most two. This
statement always holds.

Sometimes Lemma 5.1 holds even when type I interchanges occur when transform-
ing an optimal assignment to the ones generated in our algorithm. Since there are cases
when this will not be true we need to apply some postprocessing improvement to
eliminate the effects of the type I interchanges. We will explain how to do this after
Lemma 5.1. We should point out that after this postprocessing procedure the 1.6
approximation bound will hold for all problem instances.

LEMMA 5.1. Let D be an optimal assignment such that D' < D. There is an assignment
D, ; (constructed by our algorithm) such that if M is defined as D except for all the nets
in M7%U M3® which are routed as in the assignment D, ;, then

(a) Hpm(Sy, S2)+ Hp (S5, So) = Hp(S,, S;) + Hp(Ss, Sp) +(0.6) * m;B,

(b) Hwm(So, S1)+ Hu(S2, S3) = Hp(So, $1)+ Hp(S,, S3) +(0.6) * m3™.

(It is assumed that when D is transformed to any of the assignments D; and two paths
that cross on the top side of G are interchanged, such an interchange is not a type 1
interchange.)

Proof. The proof is given in Appendix A. 0O

Let L be an optimal solution that includes D’. The existence of at least one of
these assignments is guaranteed by Lemma 2.3. Let S be any of the D, ; assignments.
The difference between S and L is the way in which some nets in M;2U M;® are
routed. Lemma 5.1 shows that at least one of our assignments differs in vertical height
from L by at most 0.6 * m,° and in honrizontal height by at most 0.6 * m;®. As noted
in the text appearing immediately before Lemma 5.1, we cannot yet claim that the 0.6
bound holds when type I interchanges occur.

When there is a type I interchange, the height on the top side of G could increase
by at most one and the height of the bottom side of G could increase by at most two.
If instead of increasing the total vertical height by at most three it would have been
by at most two, then the previous lemma would be correct even with interchanges of
type I. This is true sometimes, but in general we cannot guarantee that it will always
happen. In order for our 0.6 bound to hold we transform each assignment S (each of
the D,;’s) to another assignment R such that if the total increase in vertical height
when transforming L to S by interchanging some of the nets in M3X was =w+3a,

—t [ IN= H
[1TTT 1

aa babb aa aa babb aa
b b a a b b a a
LT 1 L1 | 1 1

| |
(a)
¢ )

F1G. 5.1. Type I interchange. (a) Before the interchange; (b) After the interchange.
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where « is the number of type I interchanges made and w is the contribution from
all other interchanges, then the actual difference in vertical height between L and R
is at most w+ 2a. Before presenting our transformation algorithm we make a couple
of definitions.

DEFINITION 5.1. A pair of nets, (a, b), in M3? is said to form a crossing pair in
an assignment if the following conditions are satisfied (see Fig. 5.2);

(i) Net “a” is connected by a path that crosses the left side of G.

(ii) Net “b” is connected by a path that crosses the right side of G.

(iii) On the bottom side of G all the terminals from net ““b” appear to the left
of all the terminals from net “a”.

(iv) On the top side of G there is at least one terminal from net “a” located to
the right of the rightmost terminal from net “b” and at least one terminal from net
“a” is located to the left of the leftmost terminal from net “b”.

—
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FI1G. 5.2. Crossing pair (a, b).

One can easily prove that any two nets involved in a type I interchange will, after
the interchange, form a crossing pair. However, the converse is not true. Later on we
show that such a pair has harming effects only when it is a conflicting pair.

DEFINITION 5.2. A crossing pair (a, b) includes point x if either of the two
following conditions is satisfied:

(i) If x is located on the top side of G, then all terminals from net “b” located
on the top side of G appear to the left of x and the rightmost terminal from net “a”
is located to the right of x (interval (6, 8) in Fig. 5.2). Or

(ii) If x is located on the bottom side of G, then all terminals from net “b” located
on the bottom side of G appear to the left of x and all the terminals from net “a”
are located to the right of x (interval (10, 11) in Fig. 5.2).

DEFINITION 5.3. A crossing pair (a, b) partially includes point x if x is located
on the bottom side of G and there is a terminal from net b at point x or to the left
of x, and there is a terminal from net a at point x or to the right of x (interval [9, 12]
in Fig. 5.2).

Note that if point x located on the bottom side of G is included in a crossing
pair then it is also partially included in it, but the converse is not always true.

DEFINITION 5.4. A conflicting pair, (a, b), is a crossing pair that includes the
leftmost point with maximum height located on the top side of G, partially includes
all the points with maximum height located on the bottom side of G and includes
either the leftmost or the rightmost point with maximum height located on the bottom
side of G.

Our postprocessing procedure will find conflicting pairs and interchange their
connecting paths. In Fig. 5.3 we show a conflicting pair and in Fig. 5.4 we indicate
how these paths are interchanged.

This transformation reverses the effects of type I interchanges.
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F1G. 5.3. (a, b) forms a conflicting pair.
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F1G. 5.4 Interchange of the conflicting pair given in Fig. 5.3.

ALGORITHM MODIFY
R« S;
/ The statement in this comment is not executed by the algorithm; its presence
is to simplify the proof of Lemma 5.2.
Mark all nets involved in type I interchanges when L was transformed into S. /
while there is a conflicting pair in R do
interchange a conflicting pair in R
/The statement in this comment is not executed by the algorithm; its presence
is to simplify the proof of Lemma 5.2.
Unmark all marked nets involved in the interchange just performed as well
as all nets involved in a type I interchange with the nets in the conflicting
pair just interchanged./
endwhile
end of algorithm

During each iteration of the algorithm the maximum height on the top side of G
is not increased; however the maximum height on the bottom side of G is decreased
by at least one. Note that the maximum height on the top side of G is not increased
because a conflicting pair includes the leftmost point with maximum height on the top
side of G.

Let a be the number of type I interchanges made when transforming L to S and
let w+3a be the total increase in vertical height because of such transformation. Let
Ry=S and ap=a. For i=1 let R; be assignment R at the end of the ith iteration of
algorithm MODIFY and let «; be the number of type I pairs that remain marked at
the end of the ith iteration of algorithm MODIFY (using the “‘imaginary” computations
described inside the comments).

LEMMA 5.2. The vertical height of assignment R; minus the vertical height of
assignment L is at most w+2a + a;.

Proof. We prove this lemma by induction on i. By definition, the statement of the
lemma is true for i =0. Assume it is true for i—1=0 and let us now show it is true
for i. There are three cases depending on the number of nets unmarked during the ith
iteration of the algorithm.

Case 1. No nets are unmarked during the ith iteration.
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Since at each iteration of the algorithm we decrease the vertical height by at least
one and since no terminal is unmarked at this step,

(Hg,(S1, S2)+ Hg, (S5, So)) = (HL(S1, S2) + H.(S3, So))
<(Hg,_,(81, 8>) + Hg,_(S3, So)) — (HL(S1, S) + H.(S3, So))
=swt+2a+a;_,
=w+22a+a;

and the induction hypothesis holds for i.

Case 2. A type I pair is unmarked during the ith iteration.

Since at each iteration of the algorithm we decrease the vertical height by at least
one and since a; = a;_;—1,

(Hg,(S:, S2)+ Hg,(S3, So)) — (HL(S,, S2)+ H. (S5, So))
=(Hg, (8, S;)+ Hg,_ (S5, So)) —(HL(S:, S2)+ H.(S5, So)) — 1
=wt+22ata;_,~-1
=w+22a+a;,

and the induction hypothesis holds for i.

Case 3. Two type I pairs are unmarked during the ith iteration.

Each of the nets in the two pairs contributed two to the 2« term in (Hg,_(S,, S,)+
Hg, (83, So)) —(H.(S,, S;)+ H.(S;,S,)) and one to the a;_; term in the same
expression. Now, we know that two of these nets will be routed as in assignment L,
so the total increase of the vertical height by each of the two remaining nets is at most
two. Hence the total contribution of the interchange is at most four.

(Hg,(S1, S2) + Hg, (S5, So)) = (HL(Sy, S2) + HL (S5, So))

= contribution of the nets not involved in this interchange
(which is the same as in the previous iteration) +
contribution of the two pairs involved in the interchange

=W+2a+a,~_1—2.

Since a; = a;_, —2, the induction hypothesis holds for i and the proof of the lemma
follows by induction. 0O

DEFINITION 5.5. When algorithm MODIFY terminates, let x be the leftmost point
located on the top side of G whose height in assignment R is maximum.

LEMMA 5.3. The vertical height of assignment R minus the vertical height of assign-
ment L is at most w+2a.

Proof. 1t is simple to see that

(Hg(S,, S;)+ Hg(S5, So)) — (HL(S,, S;)+ H (S5, Sp)) =w+2a+a’

where a' is the value of a; at the end of the last iteration of the algorithm. If o' is
zero, there is nothing to prove. So let us assume it is not the case. Let k be the number
of type I pairs that do not include point x. Each of these k pairs will only contribute
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two to
(Hg(x, x)+ Hr(S5, So)) — (H.(S;, S;) + H.(S;, So))
= (Hg(S,, S;)+ Hg(S3, S)) — (H.(S,, S>)+ H.(S;, So)).

Hence, if k= o', there is nothing to prove. So, assume that k <ea' and let a"=a'—k.
That is a” is the number of type I pairs that include point x. Hence,

(Hg(S1, S;)+ Hr(S5, So)) — (HL(S1, S;) + HL(S5, Sp)) =w+2a+a".

Let y; (»,) be the leftmost (rightmost) point on the bottom side of G whose height
in assignment R is maximum. Since the algorithm terminates when there remains no
conflicting pairs, there can be no type I pair that includes x, y, and partially includes
(or includes) y,; or includes x, y, and partially includes (or includes) y;. Let z (z,) be
the number of type I pairs that include x and y; (y,). There are two cases depending
on the values of z and z,.

Case (i): z;=z,. It is simple to verify that each type I pair is counted (included)
in either z,, z, or in @ —z, — z,. Every type I pair counted in z, contributes to

(Hg(x, x)+ Hg(y1, 1)) — (HL(S,, S2)+ HL(S3, So))

exactly three, each of the type I pairs counted in z, contributes one, and each of the
remaining type I pairs (those not counted in z, and z;) that include x contributes at
most two. Hence,

(Hg(x, x)+ Hg(y1, y)) = (HL(Sy, S3) + HL(S;, So)) =w+2(a—z,—2)+3* 7+ z,.
Since z;=z,, z+z,=a" and
(Hg(x, x)+ Hg(y1, y1)) = (HL(S1, S;) + HL(S3, So))
= (Hg (81, S2) + Hr(S3, o)) — (HL(S1, S2) + HL(S5, So)).

Hence, (Hg(S,, S,)+ Hr(Ss, So)) — (H.(S,, S,) + H (S5, Sy)) = w+2a. This completes
the proof for case (i).

Case (ii): z > z,. The proof for this case is similar to case (i), so it will be omitted.
This completes the proof of the lemma. 0O

An algorithm similar to MODIFY has to be applied to the D, ; in order to be able
to claim the bound 0.6 * m3®. Let us refer to this new procedure MODIFY-LR. Our
algorithm works as follows:

Obtain assignments D, ;;

Use MODIFY and MODIFY-LR to transform each D;; into a new assignment,
Mi, i

Output the assignment M, ; of least area;

We have also been assuming that in all optimal assignments the nets in M, U M;®
are connected by paths that cross exactly two corners of G. In general this is not true.
Let D be an optimal assignment and let m2® (m3~) be the number of nets in MJ®
(MER) that are connected in D by paths that cross two corners of G. Let m;” =
m3®—mlI® and mi® = mi® —m3®. When transforming an optimal assignment D to
one of the assignments generated by our algorithm, we will first modify the assignment
to one in which all nets in M;2U M3* are connected by paths that cross exactly two
of the corners of G. This new assignment is obtained by connecting all nets in M;"®
(M2®) that are connected by paths that cross the four corners of G, by paths that do

not cross the right (top) side of G. The new assignment satisfies the restrictions imposed
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before. The cost of this modification must be accounted for (see Lemma 5.4). Note
that each time an interchange is performed we will increase by at most one the height
of one side of G, but we will decrease the height of another side (adjacent to the
previous one) of G by one. From the above discussion and lemmas, we obtain the
following lemma which we state without a proof.

LEMMA 5.4. Let D be an optimal assignment such that D' = D. There is an assignment
M, ; (constructed by our algorithm) such that if M is defined as D except for all the nets
in M7%U M3®R which are routed as in the assignment M, ;, then

(a) Hp(S1, S2)+ Hy(Ss, So) = Hp(Sy, S,) ) .
+ Hp (S5, So)+(0.6) * m3B+m]® —my®

(b) Hp(So, S1)+ Hu(S,, S3)= Hp(So, S1) . )
+ Hp(S,, S;)+(0.6) * miR+mi®' —m7®.

b

Before proving our main result in this section we establish a lower bound on the
area required by any optimal solution. The lower bound is given in Table 5.1.

LEMMA 5.5. Let D be an optimal assignment such that D'< D. Assignment D
and rectangle G satisfy the lower bounds given in Table 5.1.

Proof. We only prove the lower bounds in the first column of Table 5.1 since the
proof for the bounds in the second column is similar. Clearly, each net in M3® has
at least one terminal on the left and right side of G.

Using the above observation, we obtain the bounds given by the first column of
Table 5.2.

Let us now establish a lower bound on the number of paths crossing the corners
of G. Since every path for a net in M2 U M3® crosses two corners of G, and every

path for a net in MJ2" U M2®" crosses four corners of G, we know that

3
Hp(S;, S)=2(mI% + miR)Y+4(mI® + miR).
i=0
It is simple to show that
Hp(S,, S,)+ Hp(S;, So) Z0.5* (Hp(S,, S;)+ Hp(S,, S,))

+0.5 % (Hp(S;, S5)+ Hp(So, So)).

TABLE 5.1
Lower bounds for the RIM-2 problem .
Contribution to our lower bound for Contribution to our lower bound for
Set h/(A)+ Hp(S,, S;)+ Hp(Ss, So) w/(A)+ Hp(S,y, $,)+ Hp(S,, S;)
M mI® +2m]® 2mI%+3mI”
MER 2mEiR +3mIR” miR' +2mIR
TABLE 5.2
Contribution to our lower bound for Contribution to our lower bound for
Set h/(x) Hp(S;, S;)+ Hp(Ss, So)
MI® — mI® +2mI®
MIR miR + miR miR +2miR
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The lower bound for the second column of Table 5.2 follows from the above inequalities.
The proof for the lower bounds for the first column of Table 5.1 can be obtained by
adding the bounds given by Table 5.2. This completes the proof of the lemma. 0O

THEOREM 5.1. Let D be an optimal assignment such that D' < D and let P be the
assignment produced by our algorithm. Then, A(P)=1.6 * A(D).

Proof. Let M be any of the assignments constructed by the algorithm such that
M=M,; and M,; is an assignment that satisfies Lemma 5.4. We now prove that
A(M)=1.6 * A(D). Since A(P)= A(M) our bound holds. Using Lemmas 5.4 and 5.5
we know that:

A(M)/A(D)=(1+ay/b) * (1+¢/d),}
where
a,=0.6m®+1.6mI* - mi®,

by=mI% +2mI% +2mLR +3mLr’

’
c=-m3%+0.6m:® +1.6mi%,
d,=2mI% +3mI% + miR +2miR’,

The proof of the theorem can be obtained by multiplying all terms and obtaining
an expression of the form (ax+by+--)/(a'x+b'y+---), where a, b, -+, a’, b’,- - -
are constants and x, y, - - - are products of variables. The final step consists of showing
that a/a’=1.6, b/b'=1.6, - -.

This completes the proof of the theorem. [

6. Approximation algorithm for the R1IM problem. In this section we show that
our algorithm takes O(n(m+logn)) time and generates a solution with area
=1.6 * OPT, where OPT is the area of an optimal solution.

ALGORITHM FOR THE R1M PROBLEM
Construct assignments D', D, and D,;
D,;«D'UD;UD,UD™UD/® for 0=i, j=63;
Apply algorithm MODIFY and MODIFY-LR to each D,; to obtain M, ;;
Let P be one of the M, ;’s of least area;
Construct and output a layout with area A(P) for P,
end of algorithm

THEOREM 6.1. The time complexity of our algorithm is O(n(m+log n)).

Proof. 1t is simple to verify that all the steps in our algorithm take O(n) time
except for the initial sorting of the terminals (if not initially sorted), the construction
of assignment DY, D% (X €{T', R’, B, L'}), and procedure MODIFY and MODIFY-
LR. Clearly, sorting can be performed in O(n log n) time. Assignment D/, (as well as
assignments D%, X € {T', R', B', L'}) can be obtained in O(n log n) time by a simple
recursive procedure that manipulates four priority queues and uses a simple marking
scheme. The priority queues can be implemented by heap trees [AHU] and the marking
scheme can be implemented using a one-dimensional array. A slightly complex marking
scheme can be used to reduce the time complexity of this part of the algorithm to
O(n). For brevity such a scheme will be omitted. The total number of iterations
performed by procedure MODIFY and MODIFY-LR is at most O(m) since at each

3 See footnote in Theorem 4.1.
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iteration the height of assignment R on the bottom side of G is decreased by one and
the height can be at most O(m). The statements inside the “while loop” of both
procedures can be easily implemented ,to take O(n) time. Hence, the total time
complexity for both these procedures is O(n(m+1logn)). O

Before proving our main result we establish a lower bound on the area required
by any optimal solution. The lower bound is given in Table 6.1.

TABLE 6.1
Lower bounds for the RIM problem.
Contribution to our lower bound for Contribution to our lower bound for

Set h/(A)+ Hp(Sy, S;)+ Hp(Ss, S;) w/(A)+Hp(S,, S))+ Hp(S;, S3)

M]B mI® +2m]® 2m2” +3mJ®

MER 2miR +3miR" +2m§"‘

M7 1.5mI®+0.5xT% 2m3"+0 5xT8

MER 2miR+0.5xiR 1.5miR +0. 5x"R

M3 2.5m3 2.5m3

MYy 14mY 14mYy
MT'UMP 2.5m] +2.5m% 3mI'+3mZ
MEUMY 3m3§’+3m§' 2.5mR +2.5mY
MIUME pl *m4+5m4 +6m? q7 *m]+6mI+6m?

Mz P& m&+6mg g5 * m+5mg

LEMMA 6.1. Let D be an optimal assignment such that D' < D. Then assignment D
and rectangle G satisfy the lower bounds given in Table 6.1.

Proof. The proof for this bound follows from Lemmas 3.2, 4.5 and 5.5. 0O

THEOREM 6.2. Let D be an optimal assignment such that D'< D and let P be the
assignment generated by our algorithm. Then, A(P)=1.6.* A(D).

Proof. Let M be any of the assignments constructed by the algorithm such that
M=M,; and M,; is an assignment that satisfies Lemma 5.4. We now prove that
A(M)=1.6* A(D). Since A(P)=A(M) our bound holds. Using arguments similar
to those used in the proofs of Lemmas 3.1, 4.1, 4.2, 4.3, 44, and 5.4, and the lower
bound given in Lemma 6.1, we know that:

Ap=(fa/ L) (e F0/E 0):

where a;, b;, ¢; and d; are defined in Table 6.2 and x, y are positive integers such that
x+y=1.
Substituting m;®=x7?, myR=zxi® and a=m$/4 (remember that m; =4) and
multiplying all terms, we obtain the expression of the form (ax+by+---)/(a’x+b'y+
-+), where a, b,- -+, a’, b’,- - - are constants and x, y, - - - are products of variables.
The final step consists of showing that a/a’=1.6, b/b'=1.6, - - - . This completes the
proof of the theorem. 0O
Our algorithm generates 2' assignments and it outputs one that requires the least
layout area. An algorithm that only generates 2° assignments can be easily obtained
by only taking the best of the modified D'U D;U D,U D/ together with the best of
the modified D'U D,U D,U Df®. Note that a transformation applied to the first
assignment does not modify the horizontal height on the second assignment, and a

“ The footnote in Theorem 4.1 applies for i =1, 8.
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TABLE 6.2(a)

i a; b
1 0.6mI% +1.6mI% — mi®’ mI% +2mI% + 2mEiR +3mIR”
2 xTB 1.5mTB+0.5x T2+ 2mLR +0.5x LR
3 0.5ma+1 2.5mg
4 Tx * my 14m}
5 0.75mI +0.75m¥ 2.5mI'+2.5m%
6 0.5mE +0.5mf 3Im{ +3my
7 a7 *mI+m]+mP pT*ml+5m]+6m?
8 mg+qg xmg P * mg+6my
TABLE 6.2(b)
i ¢ d;
1 -mI%'+0.6mi% +1.6m:R’ 2mIF +3mI% + miR +2miR’
2 xiR 2mIP+0.5xTP+1.5mER +0.5x5R
3 0.5m2 2.5ma
4 Ty *ml 14my
5 0.5mI'+0.5m%2 3mI+3m¥
6 0.75myX +0.75m%’ 2.5mR +2.5mf
7 prxml+m]+2m? qF «*mI+6m]+6m?
8 paxmi+ms i * mi+smg

transformation applied to the second assignment does not modify the vertical height
on the first assignment. For brevity we will not prove that this solution also satisfies
our approximation bounds. In §§ 4 and 5 we assumed that the number of nets in some
sets was a multiple of some fixed constant. More specifically, we.might have to delete
at most five nets from sets M2> and M+%; at most three nets from sets M5, MJ, M¥
MY and M} and procedure PARTITION deletes at most eight nets (those never
added to MY, MJ, MY and M2). All of these nets with a “‘small”” number of terminals
can be routed optimally by trying all possible routing paths and then selecting the
best of the solutions generated. If some of these nets do not have a “small” number
of terminals then select any routing paths for them. Note that it will not make too
much difference which routing path is selected since their contribution to the lower
bound in an optimal solution is large (contribution from the number of terminals).
There are better ways of dealing with the remaining 33 nets; however, for brevity these
other methods will not be discussed in this paper.

7. Discussion We have shown that there is an efficient approximation algorithm
that generates a solution within 60% of optimal for the R1M problem. The algorithm
takes O(n(m+log n)) time and the constant associated with this bound is small. Our
algorithm generates 2° assignments (see comment at the end of § 6) and it outputs one
with least layout area. We conjecture that the solutions generated by our algorithm
are usually closer to optimal than the bound of 60%. The reason for this is that our
bounds are rough and are based on analyzing groups of nets separately. We took this
approach in order to simplify the analysis, which in spite of this became very complex.
One of the interesting aspects of our algorithms is that the proof of Lemma 5.1 can
be obtained by solving a set of Linear Programming problems. Before we proved this
lemma we programmed a personal computer (IBM with INTEL 8088 and 8087
processors) to prove the lemma for us. The computer solved several hundred linear



ROUTING MULTITERMINAL NETS 695

programming problems using the simplex method. In each of these problems there
were around eighty equations and about one hundred variables. The simplex method
that we programmed took about 30 iterations to generate the optimal solution to each
of the LP problems. The total execution time was about 50 CPU hours.

A better solution (not a better approximation bound) can be obtained by selecting
more groups for the nets in set M;° and M3%, as well as some postprocessing
improvements similar to those performed by procedure MODIFY. For brevity we will
not discuss such extensions. If less than six groups are selected for M2 or M2, one
cannot prove the approximation bound 1.6. When three groups are selected (as in
[GL3]), the approximation bound is exactly 1.69.

Appendix A.

LEMMA A.l1. Let D be an optimal assignment such that D' < D. There is an assign-
ment D, ; (constructed by our algorithm) such that if M is defined as D except for all the
nets in M3%U M3® which are routed as in the assignment D, ;, then

(a) Hum(Sy, 82)+Hy(Ss, So) = Hp(Sy, S5)+ Hp(Ss, So)+(0.6) * m3 >,

(b) Hp(So, 1)+ Hu(S2, S5) = Hp(S,, S1) + Hp(S,, S3)+(0.6) * m3*.

It is assumed that when D is transformed to any of the assignments D; and two paths
that cross on the top side of G are interchanged, such an interchange is not a type I
interchange.

Proof. Since the proof for part (b) is similar to the proof of part (a), we only
prove part (a). Before proving the lemma we make the following observations (note
that we are assuming that there are no type I interchanges):

(i) The interchange of a path connecting a net in M,? in assignment D to one
that crosses the least number of corners in G will increase by at most two the vertical
height of D.

(ii) The interchange of two paths that cross on the top side of G in assignment
D will increase by at most two the vertical height of D.

Let G;, for 1 =i=6, be the partition of the nets generated by our algorithm (these
sets were called N/, for 1=i=6, in our algorithm). For assignment D, let I; be the
number of nets in G; that are connected by a path that crosses the left side of G and
let r; be the number of nets in G; that are connected by a path that crosses the right
side of G.

In what follows we apply several i-strings to assignment D. When an i-string
contains three ‘“*”” symbols and three “.” symbols, for example *.*..%*”, eight assign-
ments are obtained. In Appendix B we prove that at least one of these assignments,
M, has the property that

Hy (84, 82)+ Hy (S5, So) = Hp (S, S;)+ Hp(Ss, Sp) +(1/3) * m;na'

When the i-string contains five “*” symbols and a ““.” symbol, for example “## xxx"
32 assignments are generated. In Appendix B we show that at least one of these
assignments, M, has the property that

Hy (81, 85)+ Hy (S5, So) = Hp(Sy, ;) + Hp(Ss, So) +(8/15) * m3®.

In what follows we will use i-strings that contain three “*” symbols and three letters,
for example “r#rlx*.” Using the lemma in Appendix B we know that the i-string
“x.#%” when applied to D produces an assignment with some given property. If such
assignment is modified by the i-string “r.rl..” we obtain an assignment whose vertical
height differs from the one in D by at most 2 max {r,+rs, I,}+(1/3)*m7>. A similar
interpretation is given to i-strings with five “*” symbols and one “|” symbol. In this
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case the bound on the increase of the vertical height is given by the lemma in
Appendix C.

We prove part (a) of the lemma by contradiction. Suppose that all assignments
M obtained from D by applying the i-string “s***%%> do not satisfy the lemma. There
are three cases that need to be considered.

Case 1: max {l,, r;}=(2/15) * m]®, for some 1=i=6. Let j be such that
max {};, r;} = (2/15) * m3®. Since r;+1],=m]®/6, we know that min{};, r,}=m;>/30.
Applying the i-string that consists of all “*” symbols except for a “|” symbol in the
jth position to D generates an assignment whose vertical height differs from the one
in D by at most

2 min {};, r;} +(8/15) * m3®,

which we know must be greater than (0.6) x m;®. Substituting the upper bound for

“min”’ obtained above we know that (9/15) > 0.6, a contradiction. Hence, the conditions
of Case 1 do not hold.

Case 2.
(A.2.0) max {l;, r;} <(2/15) * m]® for 1=i=6, and
(A2.1) rtra=hL+1s.

First of all we prove a pair of inequalities (A.2.2 and A.2.3) hold. These inequalities
will be useful later on. Applying the i-string “rrl**+” to D generates an assignment
whose vertical height differs from the one in D by at most 2 max {r,+r,, l;} + m;°/3,
which we know must be greater than (0.6) * mJ°. This is equivalent to

max {r, +r,, s} > (2/15) * mJ®.

If L=r,+r, then from the above inequality we know that I;>(2/15)* m;”. This
contradicts (A.2.0). So it must be that

(A.2.2) r1+r2> l3.
Applying the i-string “*#*rll” to D and using similar arguments, we know that
(A23) I+ 1g>r,.

Hence, it must be that inequalities (A.2.2) and (A.2.3) hold as otherwise there is a
contradiction.
We now show that for this case there is a contradiction. There are two subcases.

Subcase 2.1.
(A2.1.1) L+ lL+lgz=r+r,+rs.
Cra1M. If one of the following inequalities does not hold then there is a contradiction:
(A.2.1.2) L+l+Ilgzri+rtrs,
(A.2.1.3) L+L+Ik=r+r+rs,
(A.2.1.4) rs<lg,
(A.2.1.5) re<ls,
(A.2.1.6) rn<l,,
(A.2.1.7) r> 1.

Proof of Claim. In what follows we show that (A.2.1.2)-(A.2.1.7) hold as otherwise
there is a contradiction.
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Proof of (A.2.1.2)-(A.2.1.3). If any of these inequalities does not hold then replace
in it r; by m;%/6—1, and I, by m;®/6—r, for appropriate values of k and j, and we
obtain a contradiction to inequality (A.2.1.1).

Proof for (A.2.1.4). Since inequality (A.2.1.1) holds we know that applying the
i-string “rrrlll” to D produces an assignment with a vertical height that differs from
the one in D by at most

2(ly+ 15+ 1),

which we know must be greater than (0.6) * m1°. If rs= I, then replacing Is by rs and
replacing rs+Is by m12/6 in the above inequality we know that I,> (2/15) * m;°. This
contradicts inequality (A.2.0). Hence, it must be that r; < ;. This completes the proof
for (A.2.1.4).

Proof for (A.2.1.5). Since the proof for this part is similar to one for the previous
one, it will be omitted.

Proof for (A.2.1.6). Same as the proof for (A.2.1.4) but applying the i-string “rrllrl”
and using inequalities (A.2.1.4) and (A.2.1.2).

Proof for (A.2.1.7). The proof follows from (A.2.1.5) and (A.2.1).

End of Claim. 0O

We now show that when inequalities (A.2.1.2)-(A.2.1.7) and (A.2.0) hold then
there is a contradiction. Applying the i-string “rirlrl” to D and using inequalities
(A.2.1.4), (A.2.1.6) and (A.2.1.3), we know that

12+ l4+ l6> (0.3) * m;B.

Similarly, applying the i-string ““|rlrlr”” and using inequalities (A.2.1.7) and (A.2.1), we
know that

min {r,, L} +r,+r,+rs>(0.3) * m7®.
Adding these two inequalities and replcing r;+1; by (1/6) * m3®2, we know that

min {r;, ,} > (0.1) * mJ®,

a contradiction (since r;+1;=(1/6) * mJ?). This completes the proof for Subcase 2.1.
Subcase 2.2.

(A.2.2.1) L+ls+ilg=r+ry+rs.
CLAIM. If one of the following inequalities does not hold then there is a contradiction.

(A2.22) ntntrzh+ii+ig,

(A.2.2.3) ntrtrzh+is+l,

(A.2.24) n+r+rs=h+L,+i,

(A.2.2.5) rntrntrs=h+,+lg,

(A.2.2.6) n>1n,

(A2.2.7) >,

(A.2.2.8) rn>1,

(A.2.29) >,

(A.2.2.10) r>1,

(A.2.2.11) L+L+Ii=zr+r,,

(A2.2.12) L+1s<(2/15) * m]®.
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Proof of Claim. In what follows we show that (A.2.2.2)-(A.2.2.12) hold as otherwise
there is a contradiction.

Proof of (A.2.2.2)-(A.2.2.5). If any of these inequalities does not hold then replace
in it r; by m3%/6—1, and I, by m;®/6—r, for appropriate values of j and k, and we
obtain a contradiction to inequality (A.2.2.1).

Proof of (A.2.2.6). The proof for this part uses arguments similar to the ones in
the proof of (A.2.1.4) in Subcase 2.1. The i-string applied in this case is “rrirll” and
inequalities (A.2.2) and (A.2.2.2) are used to establish the bound on the difference in
vertical heights.

Proof of (A.2.2.7). Similar to the proof for (A.2.2.6).

Proof of (A.2.2.8). Same as above but applying the i-string “rrrlll” and using
inequality (A.2.2.1).

Proof of (A.2.2.9). Similar to the proof for (A.2.2.8).

Proof of (A.2.2.10). Same as above but applying the i-string “rirrll” and using
inequalities (A.2.2.6) and (A.2.2.3).

Proof of (A.2.2.11). If L+ s+ ls<r,+r,, then since (A.2.2.9) holds we know that
applying the i-string “|rlrll” to D produces an assignment with a vertical height that
differs from the one in D by at most

2min{l,, r)}+2r,+2r,,

which we know must be greater than (0.6) * mJ®. Since min {r,, ,}=m3%/12 and
r;+1;=mJ]?/6 for all j, the above inequality becomes

L+1,<(7/60) * m3®.

Also, applying the i-string “rl*I**” to D generates an assignment whose vertical height
differs from the one in D by at most

2max {r,, L+1}+ml®/3,

which must be greater than (0.6) * m; °. Substituting I, + I, < (7/60) * m;® and inequality

(A.2.0) in the above expression results in the inequality 0.6> 0.6, a contradiction. So
it must be that

L+Is+Ig=ry+r,.

Proof of (A.2.2.12). Applying the i-string “rrllrl” and using inequalities (A.2.2.8),
(A.2.2.7) and (A.2.2.5), we know that

(eq.A.1) 2(r+ 1yt rs)>(0.6) * mJ®.
Similarly, using “rirlrl,’ (A.2.2.6), (A.2.2.10) and (A.2.2.4), we know that
(eq.A.2) 2(ry+ r3+rs) > (0.6) * mXB.

Substituting r; by 1/6 —; in the inequality obtained by adding (eq.A.1), (eq.A.2) and
four times (I, +Is=(2/15) * mJ®), we know that

L+1,<2/15*m]®.

Now, applying the i-string ““ril**%” to D generates an assignment whose vertical height
differs from the one in D by at most

2max {r,, L+L}+mJi%/3,
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which must be greater than (0.6) * m;®. Since max {r,, L+ L} =(2/15) * m;®, we know
that 0.6> 0.6. A contradiction. So it must be that
L+15<(2/15) * mT®.

End of Claim. 0O
We will now show that at least one of the above inequalities does not hold. There
are two subcases:

Subcase A.22.1: ri+ri=hL+1,+1;. Applying the i-string “rirllr” and using
inequalities (A.2.2.6) and r,+r; =L+ 1,+ s, we know that

2(ry+ 3+ 1) > (0.6) * mI®8.
Similarly, using “Irirll”, (A.2.3) and (A.2.2.11), we know that
2L, +2(L+ 15+ 1) > (0.6) * m, 2.
Adding these last two inequalities, we know that
Is> mJ%/10.
Since r, is less than (2/15) * m7®, it must be that
1,>m3?/30.

Adding these two inequalities, we know that I, + Is>(2/15) * m;°, which contradicts
(A.2.2.12).

Subcase A.2.2.2: ri+r;<l+1,+1s. Applying the i-string “rirllr”, and using
inequalities (A.2.2.6) and r;+r; <l +1,+ 15, we know that

(eq.A3) 2(L+ L+ 15)+2rg> (0.6) * m;°.
Similarly, using “Irirll,” (A.2.3) and (A.2.2.11), we know that
(eq.A.4) 20L,+2(L+ 15+ 1) > (0.6) * m7®.
Using “Irlrlr,” (A.2.2.9) and (A.2.1), we know that

(eq.A.5) 2L+ 2(ry+ ry+ 1) > (0.6) * my .

Replacing ;+r; by m32/6 in 2 * (eq.A.4)+2 * (eq.A.2) + (eq.A.3) + (eq.A.5), we know
that

L+1s>(2/15) * m2®,

which contradicts (A.2.2.12). This completes the proof of this subcase and Case 2.
Case 3: max {l, r}<(2/15)* mI®, and r,+r,=L+I;.
The proof for this case is symmetric to the one for Case 2.
This completes the proof of the lemma. 0O

Appendix B.

LEMMA B.1. Let D be an optimal assignment such that D'< D and let I be an
i-string with three “*” symbols and three *“.” symbols. Applying the i-string I to D
generates an assignment M with

Hu(Sy, S,)+ Hy(Ss, So) = Hp(S1, ;) + Hp(Ss, So)+(1/3) * m3®.

It is assumed that when D is transformed to any of the assignments obtainable from D
and I, all the interchanges of pairs of paths that cross on the top side of G are not type
I interchanges.
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Proof. It is simple to show that the observations (i) and (ii) given in the proof of
Lemma 5.1 hold for this case.

Let G;, for 1=i=3, represent the ith group of nets (from left to right) for which
there is a “*” symbol in I For assignment D, let /; be the number of nets in G; that
are connected by a path that crosses the left side of G and let r; be the number of
nets in G; that are connected by a path that crosses the right side of G. In what follows
we will use i-strings of size three. Their meaning is obvious.

We prove our lemma by contradiction. Suppose that all assignments M obtained
from D by using the i-string “*#*” do not satisfy the lemma.

Applying the i-string “rll”’ to D generates an assignment whose vertical height
differs from the one in D by at most

2max {r,, L+1},
which we know must be greater than (1/3) * m;®. If r,=L,+I; then it must be that

ri>(1/6) * mJ®, a contradiction. Therefore, I, + I;> (1/6) * mJ®, which is equivalent to
(B.1) L>r,.

Applying the i-string “Irl” to D generates an assignment whose vertical height
differs from the one in D by at most
2% I, +2*max {r,, L},
which we know must be >(1/3) * m2®
we know that

(B.2) L+15>(1/6) * mJ®.

. Substituting inequality (B.1) in this inequality,

Using similar arguments with the i-strings “rrl” and “rlr,”” we know that
r+r>(1/6)* mI®.

Adding this inequality to inequality (B.2) gives that the number of elements in G, and
G, is greater than (1/3) * m]®. This is a contradiction. Hence, at least one of the
assignments obtained from the above i-strings satisfies the lemma. This completes the
proof of the lemma. [

Appendix C.

LemMMA C.1. Let D be an optimal assignment such that D'< D and let I be an
i-string with five “*” symbols and one *“.” symbol. Applying the i-string I to D generates
an assignment such that

Hy (81, S2) + Ha(Ss, So) = Hp(Sy, S2) + Hp(Ss, So) +(8/15) * m3°.

It is assumed that when D is transformed to any of the assignments obtainable from D
and I, all the interchanges of pairs of paths that cross on the top side of G are not type
I interchanges.

Proof. 1t is simple to show that the observations (i) and (ii) given in the proof of
Lemma 5.1 hold for this case.

Let G;, for 1=i=35, represent the ith group of nets (from left to right) for which
there is a “*” symbol in I. For assignment D, let /; be the number of nets in G; that
are connected by a path that crosses the left side of G and let r; be the number of
nets in G; that are connected by a path that crosses the right side of G. In what follows
we will use i-strings of size five. Their meaning is obvious.
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We prove our lemma by contradiction. Suppose that all assignments M obtained
from D by applying the i-string “s***’* do not satisfy the lemma. There are two cases:
Case 1.

(C.0) n+rn>L+1,.
CLAIM.

(C.1) n+r>L+1,

(C2) n>1h.

Proof of Claim. We now show that the above inequalities hold as otherwise there
is a contradiction. We prove each part separately.

Proof of (C.1). The proof can be easily obtained by replacing r; by (1/6) * m;” — 1,
and I by (1/6) * m3® —r,, for appropriate values of j and k, in inequality (C.0).

Proof of (C.2). Applying the i-string “rrll|” to D and using inequality (C.1) gives
that the increase of the vertical height is at most

2(r,+ 1) +2 min {L, rs},

which we know must be greater than (8/15) * m®. Since min {Is, rs} =(1/12) * m;®,
we know that

r+r>(11/60) * mJB.
If r, =1, then substituting in the above inequality, we know that
L+r,>(11/60) * m]°.

But I,+r,=(1/6) * mJ®, a contradiction. Hence, r, must be greater than ,.

End of Claim. 0O

We now show that when (C.1) and (C.2) hold there is a contradiction. There are
two subcases.

Subcase 1.1.
(C.1.0) ntr<bL+ls.
CLAIm.
(C.1.1) rtr<l+ls,
(C.1.2) ra<ls.

Proof of Claim. We now prove if any of the above inequalities does not hold there
is a contradiction. We prove each part separately.

Proof of (C.1.1). Same as the proof for (C.1) but uses inequality (C.1.0).

Proof of (C.1.2). Same as the proof for (C.2) but uses the i-string “|rrll” and
inequality (C.1.1).

End of Claim. O

We now show that when the above inequalities hold there is a contradiction.
Applying the i-string “rlrlr” to D and using inequalities (C.2) and (C.0) we know that
the increase in vertical height is

2(r,+r3) +2r5

which we know must be greater than (8/15) * m;°.
Using similar arguments with i-string “Irlrl , and inequalities (C.1.2) and (C.1.0),
we know that

21, +2(L+15)> (8/15) * m3®.
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Adding these last two inequalities and replacing r;+; by 1/6, we know that

1>16/15,
a contradiction. This completes the proof of this subcase.
Subcase 1.2.
(C.2.0) nh+rzhL+is.
CrLaiM.
(C.2.1) ntr=lL+ls,
(C.2.2) rn>1,
(C.2.3) n+rn<bL+lL+Is,
(C.2.4) ntrn<b+i+ls,
(C.2.5) ry+r;>(4/15) * mJ°.

Proof of Claim. We now show that if any of the above inequalities does not hold
then there is a contradiction. We prove each part separately.

Proof of (C.2.1). The proof for this part is similar to the proof for (C.1). The
main difference is that we use inequality (C.2.0).

Proof of (C.2.2). The proof for this case follows the same arguments as the ones
in the proof for (C.2) but uses the i-string ““|rrill” and inequality (C.2.1).

Proof of (C.2.3). If ri+r,=l;+1,+1s then applying the i-string “rrlll” to D
generates an assignment whose vertical height differs from the one in D by at most

2(r1+r2),

which we know must be greater than (8/15) * m3®. Replacing r; by (1/6) * m3° —1;
we know that

L+1L,<(1/15) * mJ®.
Applying the i-string “ll***” to D, we know that
2(L,+15L)+(1/3) * mI®>(8/15) * mT®.
Substituting the first of these inequalities into the second, we know that
7/15>8/15,

a contradiction.

Proof of (C.2.4). The proof for this case is by replacing r, by (1/6) * m;®—1, and
I; by (1/6) * m7®—r; in (C.2.3).

Proof of (C.2.5). Applying the i-string “rlrlr” to D and using inequalities (C.2)
and (C.0), we know that

(eq.C1) 2(r+ 1) +2rs>(8/15) * m3®.

Applying the i-string “Irlrl” to D and using inequalities (C.2.2) and (C.2.0), we know
that

(eq.C2) 20, +2(ry+ 1) > (8/15) * m3°.
Applying the i-string “rrlll” to D and using inequality (C.2.3), we know that
(eq.C3) 2(L+1,+15)> (8/15) * m]°.
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Applying the i-string “rlrll” to D and using inequalities (C.2) and (C.2.4), we know that
(eq.C4) 2(L+1,+15)> (8/15) * mJE.
Replacing r,+1; by (1/6) * m;° in the expression
2(eq.C1)+2(eq.C2) +(eq.C3) +(eq.C4),
we know that
ra+ry>(4/15) * mJy2.

End of Claim. [0

We now show that if the above inequalities hold then there is a contradiction.

Applying the i-string “*ll**” to D generates an assignment D whose vertical
height differs from the one in D by at most

2(L+15)+(1/3) * m3®,

which we know must be greater than (8/15) * m;°

we know that

. Replacing ; by (1/6) * m;” —r;,

ra+r;<(7/30) * mJ®.

But this contradicts (C.2.5). This completes the proof of this subcase and Case 1.
Case 2.

Subcase 2.1. ry+r,<bL+1s.

The proof of this case is symmetric to the one for Subcase 1.2 in Case 1.
Subcase 2.2.

(C4) ntrzh+ls.
CLAIM.

(C4.1) n+rn=L+1,

(C4.2) rtrnzl+is,

(C4.3) r3<ly,

(C4.4) > 1.

Proof of Claim. We now show that if any of the above inequalities does not hold
then there is a contradiction. We prove each part separately.

Proof of (C.4.1). The proof for this part is similar to the proof for (C.1). The
main difference is that we use inequality (C.3).

Proof of (C.4.2). The proof for this part is similar to the proof for (C.1). The
main difference is that we use inequality (C.4).

Proof of (C.4.3). The proof for this case follows the same arguments as the ones
in the proof for (C.2) but uses inequality (C.4.1).

Proof of (C.4.4). The proof for this case follows the same arguments as the ones
in the proof for (C.2) but uses the i-string “|rrll”” and inequality (C.4.2).

End of Claim. 0
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We now show that when the above inequalities hold there is a contradiction.
Applying the i-string “rlrl|” to D and using inequalities (C.4.3) and (C.3) we know
that the increase in vertical height is at most

2(L+1,)+2 min {l;, rs}

which we know must be greater than (8/15) * m; .
Using similar arguments with i-string ““|rlrl”” and inequalities (C.4.4) and (C.4),
we know that

2r,+2r,+2min {l,, r,} > (8/15) * m7®.

Adding these last two inequalities and replacing r;+[ by 1/6 and min {k, r} =
(1/12) * m]® results in the inequality

1>16/15,

a contradiction. This completes the proof of this subcase and Case 2.
This completes the proof of the lemma. [

REFERENCES

[AHU] A. AHO, J. HOPCROFT AND J. ULLMAN, The Design and Analysis of Computer Algorithms,
Addison-Wesley, Reading, MA, 1975.

[GL1] T. GONzALEZ AND S. LEE, An optimal algorithm for optimal routing around a rectangle, Proc.
20th Annual Allerton Conference on Comm. Control and Computing, Univ. of Illinois, Urbana,
IL, October, 1982, pp. 636-645.

[GL2] , An O(n log n) algorithm for optimal routing around a rectangle, Technical Report #116,
Programs in Computer Science, The University of Texas at Dallas, Dallas, TX, November 1982.
(Revised May 1985.)

[GL3] , Routing multiterminal nets around a rectangle, IEEE Trans. Comput., C-35 (1986), pp. 543-

549.
[GLL] U. I GuPTA, D. T. LEE AND J. LEUNG, An optimal solution for the channel-assignment problem,
IEEE Trans. Comput., C-28 (1979), pp. 807-810.

[HS] A. HASHIMOTO AND J. E. STEVENS, Wire routing by optimizing channel assignment without large
apertures, Proc. 8th IEEE Design Automation Conference, 1971, pp. 155-169.
[L] A. S. LAPAUGH, A polynomial time algorithm for optimal routing around a rectangle, Proc. 21st

IEEE Foundations of Computer Science, 1980, pp. 282-293.

, Algorithms for integrated circuit layout, an analytic approach, Ph.D. dissertation,
Massachusetts Institute of Technology, Cambridge, MA, 1980

[MC] C. MEAD AND L. CONWAY, Introduction to VLSI Systems, Addison-Wesley, Reading, MA, 1980.

[R] R.L. RIVEST, The PI (Placement and Interconnect) System, Proc. 19th IEEE Design Automation
Conference, pp. 475-481.

[SBR] S. SAHNI, A. BHATT and R. RAGHAVAN, The complexity of design automation problems, Proc.
17th Design Automation Conference, June 1980, pp. 402-411.

[La]



