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ABSTRACT

This paper presents new algorithms for routing two rows of
interchangeable terminals across a two-layer channel. In this case, the
number of horizontal tracks required for routing is reduced significantly
by simply interchanging the terminals in each cell. It has been found
that on the average approximately 40% channel area or often more is
saved just by interchanging the terminals. In practice, actually, on the
design table of forming the final net list from a net list just given in the
form of rows of terminals necessary for routing, or partially constructed
channel instances are given for rearranging their terminals so that area
required for routing is minimized. The number of horizontal tracks per
net is assumed to be one, i.e., no-dogleg routing is performed, and
subsequently with the help of each of the algorithms developed in this
paper at least one feasible solution is always computed without
doglegging. A generalized study is also encountered considering
existence of more than two cells on a side of the given channel where
cells are fixed at their relative positions though the terminals within a
cell are interchangeable; intercell interchanges of terminals are not
allowed.

Key words: VLSI design, Channel routing problem, Net list, Two-layer routing, No-doglegging,
Interchangeable terminals, Area minimization, Algorithm.

1. Introduction
In the process of VLSI physical design, channel routing is an important area, and

actually, it is difficult also in computing a routing solution of minimum area. Various
algorithms have been developed in computing a feasible channel routing solution [1, 2, 6-
9, 12]. However, almost all the routing algorithms assume that the terminals are fixed at
their pin locations along the length of the channel in each cell. For which researchers had
no scope to change the terminal positions, and they were compelled to work with the
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given net list. With this initial consideration they tried to follow different techniques such
that the number of horizontal tracks is minimized, as much as possible. But it was
impossible to minimize the number of horizontal tracks below the maximum density of
the channel. Moreover, the interval graph (or the horizontal constraint graph (HCG)) and
the vertical constraint graph (VCG) were considered simultaneously for the whole net
list. For a given net list the minimum number of horizontal tracks required is greater than
or equal to the maximum of the clique number of the interval graph (i.e., the HCG) and
the longest path length of the VCG. Furthermore, for the presence of cyclic constraints in
the VCG, the vertical constraint violation (VCV) is occurred, and to resolve it doglegging
is introduced, for which the number of horizontal tracks required is increased.

In short, all of these complex situations make the channel routing problem to be a
very hard problem; in general, beyond polynomial time computable [5, 6, 10, 11]. So, on
the design table of forming a final net list from the net list just given in the form of
terminals necessary for routing, or partially constructed channel instances whose
terminals are need to be rearranged in such a way that the area required for routing from
the final net list is significantly reduced. Of course, in the case of interchangeable
terminals the number of vertical columns remains same, and the channel area is reduced
by minimizing the number of horizontal tracks only (for a modified final net list). Again,
programmable logic cells (e.g., ROMs and PLAs) are widely used in VLSI design by
reason of their structural regularity and design flexibility [4]. Since their geometries are
programmable, the terminals of these cells are interchangeable.

This paper describes efficient algorithms for determining the reference side, and
aligning the terminals to get optimal results following merging of nets [12]. These
algorithms are integrated into a channel router for interchangeable terminals (see Section
5). We have implemented our algorithms using the example channel instances considered
in [3,4,9, 12]. In all these cases our algorithms yield better results.

The paper is organized as follows. In Section 2, we define and explain some
relevant terms. The reference side of a channel is determined in Section 3, and in Section
4, we develop the algorithm for aligning the terminals along the length of the channel. All
the algorithms developed in this paper are included in Section 5. We illustrate the newly
developed algorithms with the help of some example channel instances, in Section 6. The
paper is concluded in Section 7, with some remarks relevant to the work and probable
open problems.

2. Some Definitions
In this section, we define some important terms and explain, whenever necessary

that are associated to the problem under consideration and the algorithms developed in
this paper.
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(i) Net list: This is a list of net numbers that explicitly gives two sets of terminals
of different nets that are belonging to two opposite sides of a channel. A net list contains
a set of top terminals and a set of bottom terminals of a channel that are aligned
vertically. A given net list is the net list that is considered as input to the algorithms
developed in this paper for the alignment of net terminals, and a final net list is the net list
that is generated from the given net list for computing a routing solution of reduced
channel area.

(ii) Channel area: This is a rectangular routing region that contains two sets
of terminals located on the top and at the bottom sides of it and that is used for routing the
nets available in the given net list. One of the main objectives of channel routing problem
is to minimize its area required for routing. If the number of rows (or tracks) required and
the number of columns present in a routing solution are p and ¢, respectively, then the
channel area required for routing is pxgq.

(iii) Channel density: The local density, d of column j is the number of nets
crossing that column. The channel density, k of a given channel is defined as the
maximum of d, i.e., kK = max(d), where 1 <j < g, where ¢ is the number of columns
belonging to the channel.

(iv) Interval graph: In an interval graph there are n nodes for » nets in a channel,
and two nodes i and j are connected by an edge, if and only if the two horizontal spans
(or intervals) of these two nets overlap in a column, where 1 <, j < n. For these two nets
two different tracks are required for their assignment in the reserved two-layer channel
[6, 12]. This interval graph is also known as the Horizontal Constraint Graph (HCG) of
the channel.

(v) Vertical Constraint Graph (VCG): Vertical constraints specify the ordering
of nets for their assignments to tracks from top to bottom along the height of the channel.
Initially, in the VCG, n isolated nodes are introduced. A directed edge (i, ) is introduced
into the VCG, only if there is a column in the given channel with a terminal of net i on
the top and a terminal of net j at the bottom, where j # 7, and 1 <7, j < n. It implies that
the horizontal span of net i must be placed above to that of net j in any feasible two-layer
channel routing solution [6, 12].

(vi) Doglegging: 1If the horizontal span (or interval) of a net is split into two or
more parts for their assignment to different tracks in a feasible routing solution, then it is
called a dogleg routing solution, or doglegging. A no-dogleg routing solution does not
contain any net of that sort, and the horizontal span of each of the nets belonging to a
feasible routing solution is assigned to a track only. In general, doglegging introduces
more via holes, though sometimes doglegging helps in computing a feasible solution that
is not possible in no-dogleg routing or often doglegging helps in computing a routing
solution of reduced channel area [6].
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(vii) Vertical Constraint Violation (VCV): In the case of a cyclic vertical
constraint graph (or cyclic VCG) for some channel instance, the vertical constraint
violation occurs. It implies that as if the horizontal span (or interval) of a net
corresponding to the node present in the cyclic loop have to be placed above or below to
that of itself. In the case of a channel with cyclic vertical constraint in the VCG (i.e., with
vertical constraint violation), often doglegging helps in computing a feasible routing
solution; without doglegging no solution is feasible in the reserved two-layer channel
routing.

(viii) Active column: An active column is defined as a column that contains the
terminals of two different nets, or a terminal and a non-terminal on both the sides of the
channel. If either the terminals present along a column are of the same net or both are
non-terminals, then the column is known as a non-active column.

3. Determination of Reference Side
The reference side of a channel is that side, which remains unaltered, that means

the relative positions of the terminals are kept unchanged during the algorithm is
processed. With respect to the reference side the terminals present on the other side of the
channel, called the opposite side, the interchanging of terminal positions are made. For
the determination of the reference side a terminal list is generated. It contains the number
of terminals present separately on either side of the channel for each of the nets present in
the given net list. If for a particular net all of the terminals are present on one side only,
initially that net is not to be considered in order to determine the reference side. Then all
the terminals of the remaining nets on each side of the channel are added separately. If
the summations of number of terminals for both the sides of the channel are equal, the top
one is assumed to be the reference side with respect to the other; else the side consisting
of lesser number of terminals is considered as the reference side.

For example, consider a net list given below whose terminal list is computed after
the net list.

0o 1 4 5 1
2 3 5 3 5

Nets 1 2
Total number of
top terminals

0 4 9 10 10
8§ 9 8 7 9

7
6
4 5 6 7 8 9 | 10
2

O W N

Total number of
bottom terminals

Now, for the determination of the reference side, the total number of top terminals is
equal to four, and the total number of bottom terminals is equal to six (for nets 5, 6, 7,
and 9 only). Therefore, according to this algorithm the top side is determined as the
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reference side.

4. Alignment of Terminals
In order to generate a new net list whose area requirement is less from a given net

list that usually requires more area, it is necessary to have as many straight nets (nets that
are having a terminal on the top and a terminal at the bottom along a column of the
channel) as possible, since they result the problem simpler by making more non-active
columns. In addition, if a net contains equal number of top and bottom terminals and if it
is equal to one, then after processing this algorithm no horizontal span for that particular
net is required.

By interchanging terminals in each cell, the number of straight nets can be
increased, and by this means the number of horizontal spans can be reduced a lot. Figure
1.(a) shows a bit more general case of routing a channel, where Cells A, B, C, and D are
the cells with interchangeable terminals. Here in the figure, CA4 is the critical area, which
is defined in [3]. Cell A in the upper row shares a common routing region with Cell D in
the lower row. The common region below the right side of Cell A and above the left side
of Cell D is defined as a critical area (CA). Assuming that A, B, C, and D are the sets of
terminals in Cells A, B, C, and D, respectively. The set of terminals that should be
aligned in CA4 is then given by the expression

F=A4x(D-C)
or
F=Dx(4-B),
where, "x" and "-" represent intersection and subtraction set operators, respectively.

According to the Figure 1.(b), terminals of nets 4 and 6 are aligned in CA4, since F is
equal to the set of net numbers {4, 6}.

Cell A CellB Cell A CellB
7 6 4 465 8 7152 3 3 8 76 7 45 6 4 5233
1 1 1 1
| | | |
| ¢4 | | |
876787 |65 4322 876787|64 5232
Cell C Cell D Cell C Cell D
(a) (b)

Figure 1. Two rows of interchangeable terminals. (a) Before alignment of nets, and (b)
After alignment of nets.

As mentioned earlier, for alignment of terminals, net terminals on the opposite
side of the channel are only interchanged. One terminal on the reference side is pointed
to, and if it is on an active column and there is any terminal of the pointed net on the
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opposite side, then the referenced column is made non-active with the help of an active
column only. Subsequently, the obvious lemmas are as follows.

Lemma 1: The algorithm behind the Alignment of Terminals helps in obtaining an HCG
computed from the final net list, which is smaller in terms of constraints present among
the nets in comparison to the HCG from the given net list of the channel. In the worst
case, these two HCGs might be the same but never worse in terms of amount of
horizontal constraints among the nets.

Lemma 2: The algorithm behind the Alignment of Terminals helps in obtaining a VCG
computed from the final net list, which is smaller in terms of the length of the longest
path among the nets in comparison to the VCG from the given net list of the channel. In
the worst case, these two VCGs may have the same structure but never a final VCG
contains a longest path length, which is longer than the longest path length in the VCG of
the given channel.

Lemma 3: The algorithm behind the Alignment of Terminals helps in obtaining a
channel, which is free from any vertical constraint violation (VCV), even if the given net
list may result a cyclic vertical constraint graph (VCG).

5. The Algorithm
5.1. Basic Ideas
Since the channel routing problem is known to be NP-complete [5, 6, 10, 11],

heuristic algorithms are necessary to develop for computing a routing solution. As it has
been stated in the previous sections that the main goal of a channel router is area
minimization, it is achieved by minimizing the number of rows (or tracks) required for
the layout.

Here we present a new heuristic method that always uses not more than k£ rows in
computing a routing solution, where £ is the channel density, without adding any extra
column beyond the length of the channel.

Note that a router based on the ideas mentioned above has the following
properties.

i) The channel length remains unaltered.

ii) The channel density of the resulting net list is less than (or at most equal to)
the channel density of a given net list.

iii) A solution without any VCV is always possible, even if a cyclic vertical
constraint exists in the VCG of a given net list.

iv) The reference side of a given channel remains unchanged during the
algorithm being processed.

v) All changes of terminal positions are performed on the opposite side of a given
channel only.

vi) The operation behind the algorithm of Alignment of Terminals is performed
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for the presence of respective active columns only.
vii) The algorithm usually follows [eft-to-right (LR) approach, unless and
otherwise, it is mentioned.

5.2. The Net Alignment Algorithm (NAA)
Input: Net list of the given channel.

Output: Modified net list of the given channel after interchanging terminals.

Phase 1: Algorithm for Determining the Reference Side (ADRS)
Step 1: Generate the terminal list.

Step 2: Primarily consider the nets having terminals on both the sides of the given
channel.

Step 3: Add all the terminals in the terminal list for both the sides separately, obeying
Step 2.

Step 4: Compare the added numbers. Identify the side having smaller number of terminals
as the reference side, or assume the top one as the reference side if the summations are
equal.

Phase 2: Algorithm for Aligning the Terminals (AAT)
Step 5: Procedure AAT();

var it integer;
Jj: integer;
begin
Sfori:=1tomdo {m is the number of columns of the given channel}
begin
if (the reference side has a terminal of some net at column 7)
and
(the top and the bottom terminals at column i are not the same) then
begin
forj:=1tomdo
begin
if (the terminal at column j on the opposite side is same as the terminal at
column
i on the reference side)
and
(the top and the bottom terminals at column j are not the same) then
interchange terminals at column i and at column ;j on the opposite side;
end,
end,
end,
end,
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6. A Few Examples
Different example channel instances are taken from literature [3, 4, 9, 12] as

standard problems to show the results of the algorithms developed in this paper.

Example 1. This is an example for which 100% reduction of the channel area is
achieved, as each of the nets present in the net list given below is a two-terminal net and
for each of them one terminal is in the top net list and the other in the bottom net list. The
net list is as follows where 0 is a non-terminal, not to be connected.

125304060789 ABC
9428610705B3CAD
In this case the top one is the reference side, and the possible interchanges of terminals

are made on the bottom side (i.e., on the opposite side) only that are shown below.
1 2 5 3 0 4 0 6 0 7 8 9 A B C

9 4 8-
1 2 3

el 9
A C

2- 4+ 0 F 0 B- A
4 9 6 8 -
5 4 B

chwbhe +
g bt
\oqzckq.a 4

Example 2. Consider the following net list where a net may contain more than one top
terminals and more than one bottom terminals; zeros are non-terminals, not to be
connected.

0 53 979 98 0D O0CECETF G
4 0 5 6 8 A B 97 ECDVFEGHH

AN W

The channel (with one feasible solution) and its VCG are shown in Figures 2.(a) and
2.(b), respectively. The left-to-right (LR) approach and the right-to-left (RL) approach of
alignment of terminals are presented in the following two subsections. In this case the
total number of top terminals is 18, whereas the total number of bottom terminals is 15
only, identifying the bottom side of the channel as the reference one.

201 405 3397998 0D 0 CFECEF G

A [ [ R e

—

! =

312340566 8ABY97T7ECDTFTEG HH
(@
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(b) @

Figure 2. A many-to-many-net routing example. (a) The channel with a feasible routing
solution of eight tracks, and (b) The VCG of the channel.

6.1. The Left-to-Right (LR) Approach

2 D
o o
1 <
| |
1 1

IS
+ #ho

31 7 E C E 0 C
2 0 - -b- -0 € + G
L1 L1 1 ] L1
— I — 1 —

3123 4056 68 AB 97 ECDYFEGHH

The HCG and the VCG of the modified channel are shown in Figures 3.(a) and
3.(b), respectively. Figure 4 shows an optimal routing solution with 50% reduction in
channel area, after alignment of terminals scanning from left to right along the length of

the channel.

6.2. The Right-to-Left (RL) Approach
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The HCG and the VCG of the modified channel are shown in Figures 5.(a) and
5.(b), respectively. Figure 6 shows an optimal routing solution with 50% reduction in
channel area, after alignment of terminals scanning from right to left along the length of
the channel. Note that in both the cases, the number of comparisons and interchanges is
30 for this channel of length 22.

N O 0 o
, @@@)@
o o)oXojo

B 9
) ONOXORO
(a) (b)
Figure 3. (a) The HCG and (b) the VCG of the modified net list obtained using LR
approach.
3123405490038 99 97 ETCDTFESGDO0C
s l ! ' "
* —a

I

31234056 6 8AB 97 ECDFEGHH

Figure 4. An optimal routing solution of the modified net list obtained using LR
approach.

(@ (b)
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Figure 5. (a) The HCG and (b) the VCG of the modified net list obtained using RL
approach.

312340550989 097 ECDTFESGTC CDO

4 li ——=

2 |
1113

31234056 6 8AB 97 ECDYVFEGHH

Figure 6. An optimal routing solution of the modified net list obtained using RL
approach.

Examples 3. This example consists of a net list that is actually obtained from a number of
cells placed side-by-side for a channel routing problem, and in this case, the terminals are
interchangeable only within the span of terminals of a cell. That means, intracell
interchanges of terminals are allowed but intercell interchanges of terminals are not

allowed.

(b)

Figure 7. (a) The HCG and (b) the VCG of the finally obtained net list (using LR
approach), where only intracell interchanges of terminals are allowed.
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Primarily, the above problem is no longer different so far the channel routing
problem is concerned with respect to the given net list considered in the second example.
The Figures 7.(a) and 7.(b) show the HCG and the VCG, respectively, for the finally
computed net list. Figure 8 shows a routing solution of this modified net list that requires
37.5% less channel area in comparison to the channel area required for the given net list,
as shown in Figure 2.(a). Note that Lemma 3 is applicable for a general case like this as
well, though removal of VCV in a general case is still a problem to be investigated
further.

COD|C F G

012045|339799|80E E
[ 11 B
3

123|450668|9

!

|

 |—=

!
A 7 EC|HDHEFG

Figure 8. An optimal routing solution of a generalized case of net list where intercell
interchanges of terminals are not allowed.

7. Conclusion
This paper presents new algorithms for routing two rows of interchangeable

terminals across a reserved two-layer channel. In this case, the number of horizontal
tracks required for routing is significantly reduced by simply interchanging the terminals
belonging to either on the top or at the bottom net list of the given channel. Through
experimentation, it has been found that approximately 40% channel area or more is often
saved just by interchanging the terminals.

Programmable logic cells like ROMs, PLAs, etc. are widely used in VLSI design
by reason of their structural regularity and design flexibility. As their geometries are
programmable, the terminals of these cells are interchangeable. On the other hand,
actually in practice, on the design table of forming the final net list from a net list just
given in the form of rows of terminals necessary for routing, or partially constructed
channel instances are given for rearranging their terminals so that area required for
routing is minimized. A generalized study is also encountered considering existence of
more than two cells on a side of the given channel where cells are fixed at their relative
positions though the terminals within a cell are interchangeable; intercell interchanges of
terminals are not allowed. We strongly feel that the generalized study still demands an in-
depth research, as vertical constraint violations are not completely removed in this case.
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