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(57) Abstract

" An integrated circuit layout is sequentially sliced
(406), defining a series of rectangular channels, each of
which divides a region of the circuit layout containing two
or more circuit components into two circuit regions each
having at least one circuit component. Whenever a chan-
nel has one or more neighboring indented routing regions,
a special channel is defined for each such indentation
(408). After the layout is divided into channels and spe-
cial channels, interconnections are routed through those
channels and speocial channels (412). In particular, before
routing interconnections through each channel, intercon-
nections are routed through the corresponding special
channels, if any. A data structure is defined for denoting
the sequence in which the channels are defined, the region
of the layout occupied by each channel, and for each
channel, the region of said layout occupied by each corre-
sponding special channel, if any. The order in which
channels are routed corresponds to the sequence in which
channels were defined, as denoted in the data structure.

4
90| PROVIDE SLIGEABLE GIRGUIT LAYOUT, AND
NETLIST OF CONNECTIONS BETWEEN. TERMINALS
402 | g11CE CIRGUIT LAYOUT INTO TWO CIRCUIT REGIONS.
DEFINE RECTANGULAR CHANNEL
40%_| DEFINE SPECIAL CHANNELS, IF ANY, ADJACENT TO
REGULAR CHANNEL
406 | SLICE ANY CIRCUIT REGION HAVING AT LEAST TWO
CIRCUIT COMPONENTS INTO TWO CIRCUIT REGIONS, [*®
DEFINE RECTANGULAR CHANNEL
408 | DEFINE SPECIAL CHANNELS, IF ANY, ADJACENT TO
- REGULAR CHANNEL :
410
ANY UNSLICED
CIRCUIT REGIONS HAVING
TWO OR MORE CIRCUIT
COMPONENTS?
#12_| ROUTE INTERCONNECTIONS, ONE CHANNEL AT A

TIME, IN ORDER CORRESPONDING TO ORDER IN
WHICH CHANNELS WERE DEFINED,
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IMPROVED ROUTING SYSTEM AND METHOD
FOR INTEGRATED CIRCUITS

The present invention relates generally to computer
automated design systems for designing integrated circuits
and particularly to computer aided design methods and
systems for routing connections between the components of

an integrated circuit.
BACKGROUND OF THE INVENTION -

The design and manufacture of application specific
integrated circuits (ASICs) has become a significant
segment of the semiconductor industry. The two primary
methods of designing ASICs employ gate arrays and cell
libraries. Gate array based circuits are integrated
circuits with a predefined set of components at predefined
positions on a semiconductor die. Specific applications
are implemented by interconnecting the predefined
components so as to perform a specified set of functions.
Cell based circuits are integrated circuits that are formed
using cells selected from one or more cell libraries. A
cell library is a set of predefined components that can be
placed at any specified position on a semiconductor die and
then interconnected so as to perform a specified set of
functions. While there are other technologies used for
designing ASICs, the present invention is primarily
concerned with automatically routing the interconnections
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between components in cell based or gate array based
circuits.

To quickly and efficiently design cell based and array
based circuits, it is important to be able to quickly and
accurately form or route the connections between the
components of a specified circuit. To this end, there are
number of automatic routing schemes which are used in prior
art products, and which have been disclosed in prior art
publications.

The present invention solves one particular problem
associated with the prior art routing schenmes. More
specifically, the problem addressed by the present
invention concerns routing interconnections through
non-rectangular routing regions. Looking at the circuit
layout 180 shown in Figure 5, it is standard procedure to
divide the routing regions 190, 192 and 194 into two
channels: one channel comprising regions 190 and 192, and a
second channel comprising region 194. Due to standard
limitations placed by prior art CAD systems on the
positions that interconnections can cross the boundaries
between channels, the connection between terminals 184 and
186 will typically have the shape of connection line 182.
Clearly, connection 1line 182 is much longer than the

shortest possible interconnection 1line between terminals
184 and 18s6.

The present invention provides a method of creating and
routing ‘"special channels" which results in shorter
interconnection lines and improves the quality of the
layout of integrated circuits.

SUMMARY OF THE INVENTION

In summary, the present invention is a method, suitable for
use in computer aided design systems, of routing
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interconnection lines between specified terminals in an
integrated circuit. It is assumed that the circuit is
"gsliceable". The circuit is successively sliced into
smaller circuit regions. For each slice, a rectangular
routing region, called a channel, is formed. If the
circuit regions on either side of the channel include an
indentation, a special rectangular channel is formed which
occupies each such indentation. This process of forming
channels and special channels continues until all the
routing regions between the circuit components have been
processed. The resulting set of channels and special
channels are represented by a data structure that is used
to define the order in which interconnections are to be
routed through those channels. In general, when routing
interconnections so as to connect specified terminals of
the circuit components, the channels are processed in an
order corresponding to the order in which the circuit was
sliced. Furthermore, in accordance with the present
invention, before routing the interconnections through each
regular rectangular channel, interconnections are first
routed through the special channels, if any, corresponding
to indentations adjacent to that regular channel.

BRIEF DESCRIPTION OF THE DRAWINGS

Additional objects and features of the invention will be
more readily apparent from the following detailed
description and appended claims when taken in conjunction
with the drawings, in which:

Figure 1 schematically depicts the layout of an integrated

circuit.

Figure 2 depicts the layout of an integrated circuit and
the routing regions between the circuit's components.
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Figure 3 depicts an integrated circuit layout having
routing regions which include three channels and a switch
box.

Figure 4 depicts another integrated circuit and some
segments of the interconnection 1lines connecting the
terminals of the circuit's components.

Figure 5 depicts an integrated circuit layout including a
connection 1line between the terminals of two circuit
components.

Figure 6 depicts a data structure or a routing tree
representing the routing regions between circuit components
in an integrated circuit layout.

Figure 7 schematically depicts a circuit layout
corresponding to the routing tree shown in Figure 6.

Figure 8 shows a simple circuit layout for a channel having
two corresponding special channels.

Figure 9 shows a somewhat more complicated circuit having
four regular channels each of which has at least one
corresponding special channel.

Figure 10 depicts the data structure of one node in the
tree shown in Figure 6.

Figure 11 is a flow chart of the method of the present
invention.

Figure 12 is a block diagram of a systen incorporating the
present invention.
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DESCRIPTION OF THE PREFERRED EMBODIMENT

To fully understand the present invention, it is first
necessary to understand the meaning of the terms
"gsliceability", "slice", "channel", and "switch box" as
those terms are used by the designers of computer aided
design systems which perform automated routing of the
interconnections between the components in an integrated

circuit layout.

The state of the art prior to the present invention is
represented by the following articles. David Hsu et al.,
"The ChipCompiler, An Automated Standard Cell/Macrocell
Physical Design Tool", Proc. Custom Integrated Circuits
Conference 1987, pp.488-491. Sieji Kimura, Noboru Kubo,
Toru Chiba and Ikuo Nishioka, "An Automatic Routing Scheme

for General Cell LSI," IEEE Transactions on CAD,
pp.285-292, October 1983. Wei-Ming Dai, Tetsuo Asano and
Ernest S. Kuh, "Routing Region Definition and Ordering

Scheme for Building-Block Layout," IEEE Transactions on
CAD, vol CAD-4, no. 3, pp.1l89-197, July 1985. Charles H.
Ng, "A Gridless Variable-Width Channel Router for Macro
Cell Design, Proc. 24th Design Automation Conference, 1987.
These articles are hereby incorporated by reference.

DEFINITIONS.

For the purposes of this discussion, a "circuit component"
is defined to be a rectangular area incorporating the
layout of an integrated circuit which has a number of
connection terminals at predefined locations along the
outside of the rectangular area. Thus, even if the layout
of the circuit is not rectangular, for the purposes of
automatic routing, a rectangular region which completely
covers the circuit is formed and terminals along the
outside of that rectangle are specified.
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A '"circuit region" is defined herein to mean a circuit
layout or a portion of a circuit layout, which includes one

or many circuit components as well as zero or more routing
regions.

A "netlist" is a set of information, typically in the form
a data structure stored in a computer, which denotes all
the connections between the terminals of the circuit
components in a specified circuit. For instance, a netlist
may take the following form:

c1,Tl1 cC2,T4
c1,T2 ¢€2,T3 C7,T1
c1,T3 cC4,T5
Cc1,T4 C2,T2 C3,T4

where Ci,Tj denotes terminal j of circuit component i and
each line or record in the netlist denotes the set of
terminals coupled to each node in the circuit and therefore
denotes the a set of terminals that are to be connected.

"Slicing the layout of a circuit region" means dividing a
circuit region into two portions with a single straight
line. In most embodiments, each line used to "slice" a
circuit must be either horizontal or vertical.

"Routing" a channel means forming a set of interconnections
coupled to each of the fixed terminals along the edges of
the channel. Given a specified circuit layout with
specified terminals that are to be interconnected, there
are well known techniques for routing the interconnections
through any given channel in that circuit layout. Since
these routing techniques are well known to those skilled
in the art, those techniques are not described herein. The
present invention concerns only a system and method for
properly defining the channels through which
interconnections will be routed, and the order in which
those channels should be routed. After the channels in the
circuit are defined in accordance with the present
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invention, standard prior art routing technigues are used
to form the actual interconnections between the terminals

in the specified circuit layout.

SLICEABILITY.
Referring to Figure 1, there is shown the Ilayout of a

relatively simple, sliceable circuit 100. The circuit 100
has a number of circuit components 102, 104, 106, 108 and
110. The spaces between the circuit components are routing
regions, which are herein called channels for reasons that
will be explained below. The circuit (i.e., circuit
layout) 100 has an important characteristic which is known

as "sliceability". A sliceable circuit is one which can be
sliced (i.e., divided) into two portions by a straight
horizontal or vertical line, and for which every circuit
region having more than one component that was created by a
previous slice, can be again sliced by a straight
horizontal or vertical 1line, until the circuit has been
completely divided into rectangular circuit regions each
containing a single circuit component. In Figure 1, the
sequence of slices is 120, 122, 124, 126.

In accordance with the prior art, a channel is defined for
each slice by forming the largest rectangular routing
region incorporating the slice, and then appending certain
neighboring rectangular regions, as will be explain in more
detail below. Channels 130, 132, 134 and 136 correspond to
slices 120, 122, 124, and 126, respectively. Note that
channel 130 includes the area of region 138. As
exemplified by channel 130, channels in general have a
rectilinear shape, and are not limited to rectangular
shapes. In the present invention, however, channels are
limited to rectangular shapes and region 138 will be
treated as a separate "additional routing region", also
herein called a "special channel", as will be explained

below.
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Each channel is usually bounded on two parallel sides,
which are parallel to a slice, by circuit components. The
channel is bounded on its other two sides by either the
boundaries of the circuit or previously defined channels
(i.e., the channels associated with earlier formed slices).
If there are any remaining routing regions not enclosed by
the channels formed using this method, such as region 138
in Figure 2, those regions are herein called additional
routing regions. Additional &routing regions, i.e.,
special channels, are usually bounded on only one side by
circuit components, and are bounded on the other three
sides by other channels or the boundaries of the circuit.

Certain routing regions, such as region 138 in Figure 1
are a considered to be problem for automatic routing
systemns. To understand why this is so, we must first
discuss how interconnections are routed.

The circuit components in Figure 1 have a number of
labelled terminals (also herein called connection points)
150 found along the borders of the circuit components. The
location of each such terminal is defined by the
definition of the circuit component. When generating the
interconnection between two terminals, such as terminals
150-1 and 150-2, the connection is routed in a sequence of
steps. Generally, when an interconnection line is routed
through a rectangular routing region, a route is generated
which is a sequence of one to three linear interconnection
segments. Each interconnection segment must be either
vertical or horizontal, and must be connected at each end
to either a terminal or to another interconnection
segment. Furthermore, no two line segments can overlap
each other, although the interconnection segments of
distinct interconnections can cross over or under one
another because the vertical and horizontal interconnection
segments are formed on different layers of the
semiconductor circuit. Thus the "no overlap" restriction
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means that two parallel interconnection segments cannot
overlap. See for example interconnections 160 and 162 in

Figure 2.

A channel is usually defined as a rectilinear routing
region which has fixed terminals or connection points on
only two opposite sides. A switch box is a routing region
which has fixed terminals on either all four sides, or on
at least two non-opposing sides. Referring to Figure 3,
regions 170, 172 and 174 are channels and region 176 is a
switch box, if these routing regions there are routed in
the following order: 170, 172, 174, and then 176. As each
of the channel regions 170, 172 and 174 is routed,
terminals are defined on only two sides before
interconnections are routed through these regions. As
shown in Figure 4, after regions 170, 172 and 174 have
been, region 176, will have terminals on all four sides.

It should be understood that when the interconnections for
a circuit are routed, routing is performed on one routing
region at a time, with all the interconnection routes
through one routing region being generated before
proceeding to the next routing region. As will Dbe
explained below, for sliceable circuits, the best order in
which the routing regions are to be routed is well
defined. The determination as to whether a particular
selected routing region is a channel or a switch box
depends on which regions have been routed before the
selected region is routed. If the selected routing region
is bounded on only one side or on two opposing sides by
circuit components and previously routed regions, and does
not touch any previously routed regions on its other sides,
then the selected routing region is a channel. Otherwise
it is a switch box.

In general, it is well known to those skilled in the art
that channel routing (i.e., routing interconnections
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through channels) is much easier than switch box routing.
The method of routing interconnections through channels is
much simpler than the known methods for routing
interconnections through switch boxes. Also, for channel
routing, the best order in which to route interconnections
through a sequence of channels is well defined. For switch
box routing, there is no well defined best order for
routing, and it is often necessary to delete previously
selected routing interconnections and to then reroute those
interconnections. For this reason, switch box routing is
avoided whenever channel routing is possible. Since all
sliceable circuits can be completely routed using channel
routing, requiring that all circuit layouts be sliceable
eliminates the need for switch box routing.

Referring to circuit layout 180 in Figure 5, consider
connection line 182 which is the connection generated by
most prior art systems for interconnecting terminals 184
and 186. The problem with connection line 182 is that it
is much longer than necessary. To understand this problen,
we first need to explain how connection line 182 is formed
by a prior art routing system. In the prior art, routing
region 190 is typically considered to be part of region
192, with the combined region 190-192 being considered to
be a channel with fixed terminals only on the horizontal
boundaries of this region 190-192. 1In this example, first
region 194 will be routed, creating terminal 188 on the
border of region 194. Then region 190-192 will be routed.
The region 190-192 is a channel because it has fixed
terminals 186, 188, 195, 196, 197 and 198 only on two
opposing sides of the region. The resulting inter-
connection between terminals 184 and 186 is connection
line 182.

Clearly, connection line 182 is much longer than necessary.
If connection segment 199 were used, the connection line
would be about half as long. The reason that connection

7Y
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segment 199 can't be used when using the prior art routing
techniques is as follows. In order to retain the benefits
of channel routing, when region 190-192 is routed, it can
have predefined terminals only on two opposing sides.
This means that region 190 cannot have a terminal on any of
its vertical boundaries. Since region 194 must be routed
before region 190-192, when region 194 is routed the
connection terminal from terminal 184 must join region
190-192 on a horizontal boundary of region 190-192. This
results in the generation of line 182.

Generally, the way that channel regions are defined in the
prior art is as follows. After making a slice, the
channel is initially defined as the 1largest possible
rectangular routing region which incorporates the slice.
Then the routing system appends to the channel any
neighboring rectangular routing regions which have fixed
terminals only on the same sides (i.e., either the
horizontal sides or the vertical sides) as the channel. 1In
Figure 5, this means that when the circuit 180 is first
sliced, the corresponding channel is initially defined as
region 192. Then, since region 190 has fixed terminals
only on one horizontal side, it is added to the channel,
forming a single channel 190-192.

The present invention is based on the discovery by the
inventors of a better way of defining channels than the
above described prior art method.

DEFINING ROUTING REGIONS AND ORDER OF ROUTING.

When routing the interconnections in a sliceable circuit

the order of routing is determined by the following

sequence of steps.

STEP 0 Initially, the circuit has only one unsliced
region, comprising the entire circuit.

STEP 1 Make a first slice through the circuit, dividing
the circuit into two circuit regions. Define a
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routing region for that slice, and define that
routing region as the root node of a routing
tree (see Figure 6 and the discussion of routing
trees below).

STEP 2 Slice any unsliced circuit region of the circuit
into two circuit regions.

STEP 3 Define a channel (routing region) for the slice
made in step 2 and add it to the routing tree.
Add this channel to the tree so that the parent
element in the tree corresponds to the slice
which formed the circuit region sliced in step 2.

STEP 4 Repeat steps 2 and 3 until there are no
remaining unsliced circuit regions of the circuit
containing more than one circuit component.

STEP 5 Then, route one channel at a time in any
sequence, so long as each channel is routed only
after all other channels denoted by nodes in the
routing tree which branch from that channel's
node have been routed (i.e., channels are routed
starting at the outer branches of the tree).

It should be noted that instead of using a routing tree,
one can simply maintain a ordered list of the channels,
ordered in the same order that the channel regions are
defined by the above sequence of steps. Then,
interconnections are routed through the channels in the
reverse order from that in the list.

As will be described below, the present invention alters

the above sequence of steps somewhat, and also alters the
structure of the routing tree.

ROUTING TREE.

Referring to Figure 6, there is shown a routing tree 200
which uses a conventional tree data structure having a set
of nodes coupled to one another by branches. Each node
represents one channel in a circuit layout and also
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indirectly represents the slice which generated that
channel. Each node (except the root node) has a "parent"
node which is one step closer to the root node 202 of the
tree 200. For example, the parent of node 208 is node 204.

More importantly, the parent of a node corresponds to the
slice which created the circuit region in which the channel
represented by the node is located. Thus, each branch
couples a node, corresponding to a first channel, to a
second node corresponding to a channel in one of the two
circuit regions divided from one another by the first

channel.

In terms of the prior art method of defining the routing
channels in a sliceable circuit, the root node 202
corresponds to first slice made through the circuit layout.
More specifically, root node 202 is used to define the area
occupied by the channel. For instance, the root node 202
may contain data denoting all of the corners of the
channel, traversing the outside of the channel in a
clockwise direction.

After making the first slice and forming the first channel,
the circuit being worked on will contain two circuit
regions, one on either side of the slice, that are
candidates for slicing. Assuming that we are working on a
large circuit with many components, each of these circuit
regions will probably contain a plurality of circuit
components. Nodes 204 and 218 represent the two channels
formed when each of these two circuit regions are sliced.
Each of these two slices will generate further circuit
regions that will be candidates for slicing. Eventually
all the routing regions between circuit components will be
represented by nodes in the routing tree 200.

Figure 7 schematically depicts a circuit laydut 240 with
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channels 204-C through 224-C corresponding to the nodes in
tree 200.

SPECIAL CHANNELS.

Referring to Figure 5, in the prior art, region 190 is
added to region 192 to form a channel 190~192 because this
combined routing region still qualifies as a channel in
that the combined region has fixed terminals only two
opposing sides. Region 190 cannot be added to region 194
because the resulting combined region would have fixed
terminals on two sides that are not opposing - which means
that the resulting combined region would have to be
treated as a switch box. As mentioned above, routing
interconnections through switch boxes is to be avoided
whenever it is possible to use channels.

The present invention rejects the prior art treatment of
routing regions such as region 190 because it results in
interconnections which are too long. Instead, in
accordance with the present invention, region 190 will be
treated as a "special channel" that is routed before region
194. The resulting order of routing is therefore 190, 194
and then 192. Using this order of routing, each region
qualifies as a channel. Furthermore, the connection
between terminals 184 and 186 will follow line segment 199,

resulting in the shortest possible interconnection between
these two terminals.

The method for identifying special channels and for
determining the order of routing is as follows. After each
slice, a corresponding channel is defined as the largest
(or widest) possible rectangle which surrounds the slice.
Referring to Figures 1 and 2, region 130 is the largest
possible rectangle which surrounds slice 120. Similarly,
region 132 is the channel corresponding to slice 122.
Note, that in the preferred embcdiment, all channels are

1
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rectangular in shape, unlike the prior art which allows

rectilinear channel shapes.

Next, we determine if there any "indentations" on either
side of the channel. An indentation is herein defined to
mean a rectangular routing region neighboring the channel
which (1) is at one of the two ends of the slice being
processed, and (2) extends the full length of its circuit
region in the direction perpendicular to the slice. In
Figure 2, region 138 is an indentation corresponding to
channel 132 and slice 122 because it (1) is at one end of
the circuit region on the circuit region 108-130 on the
right side of channel 132, and (2) because it extends the

full length of that circuit region. Each indentation is
herein called a special channel, which will be routed
before its corresponding regular channel. Thus special

channel 138 will be routed before channel 132.

Referring to Figure 8, there is shown a simple circuit
layout 260 that will be used to explain the step by step
method for identifying special channels. 1In Figures 8 and
9, circuit components are represented by boxes with two
diagonal lines crisscrossing from corner to corner. After
making each slice and forming the corresponding channel,
there will be a circuit region on either side of the
channel. Each of these circuit regions is then analyzed to
determine if it contains an indentation. For example,
assume that the slice was parallel to the x-axis, and that
the corresponding channel 262 is defined by the coordinates
of its lower left and upper right corners: (X1,Yl) and
(X2,Y2). The two circuit regions 264 and 266 on either
side of the channel occupy rectangles, circuit region 264
being defined by (X1,Y2), (X2,Y3) and circuit region 266
being defined by (X1,Y0), (X2,Yl1).

The ends of the slice are identified by its minimum and
maximum ¥ coordinates of the slice, denoted here as X1 and
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X2. The routing system then determines the minimum and
maximum X coordinates of the circuit components in each of
the circuit regions, such as X3 and X4 for circuit region
266. If X3 is not equal to X1, then there is an
indentation on the left side of circuit region 266, and if
X4 is not equal to X2 then there is an indentation on the
right side of the circuit region 266. The upper and lower
X and y boundaries of the first indentation are X1, X3, Yo,
¥l, and for the second indentation are X4, X2, YO, Y1.
These sets of coordinates define the boundaries of two
special channels 268 and 270.

As shown, the upper circuit region 264 in Figure 8 does not
have any indentations. In general, each slice will
generate one regular rectangular channel and as many as
two special channels.

Figure 9 shows a somewhat more complicated circuit layout
300. This sliceable circuit layout 300 has five circuit
components 302 - 310 and thus it will take four slices to
define the channels and special channels. The first slice
will generate channel 320 and two special channels 322 and
324. The second, third and fourth slices could proceed in
any order. Assuming that the second slice generates
channel 330, that slice will also generate two special
channels 334 and 336. The third slice generates channel
340 and two special channels 342 and 344. Finally, the

fourth slice generates channel 350 and special channels 352
and 354.

As will be understood by those skilled in the art, when
routing a circuit having output pads, the set of output
pads on each edge of the circuit is treated as a single
circuit component with a set of specifed connection
terminals. There is generally a rectangular routing region

between the output pads and the circuit internal which is
treated as a regular channel.
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ROUTING WITH SPECIAL CHANNELS.

In accordance with the present invention, before routing
interconnections through a regular channel, the CAD systenm
will first route interconnections through the corresponding
special channel, if any. Regular channels are routed in
the same order as in the prior art: either in the opposite
order from which the channels were defined during the
circuit slicing process, or, when representing the channels
by a routing tree, by always processing the channels at the
bottom of each tree branch before processing the parent

channels.

In the present invention, the data structure of the nodes
in the routing tree (such as the tree shown in Figure 6)
for a circuit layout is different than the one used for the
prior art. In the prior art, each nodes represents the
nodes of one rectilinear channel. In the present
invention, each node represents one regular rectangular
channel and its corresponding special channels.

Figure 10 shows the data structure 370 for one node in the
routing tree, as those nodes are used in the present
invention. As shown in Figure 10, each node has a first
entry 372 for denoting the x and y boundaries the regular
channel corresponding to that node, and also entries 374
and 376 for denoting the x and y boundaries of up to two
special channels adjacent to the regular channel.

Referring to the flow chart in Figure 11, when using the

present invention the steps of the method of routing

interconnections between specified terminals in a specified

circuit layout are as follows:

STEP 0 Initially, the «circuit layout has only one
unsliced region, comprising the entire circuit.
The CAD system is provided with a representation
of the circuit layout and a netlist which
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specifies the terminals in the circuit layout
that are to be connected together (box 400).

Make a first slice through the circuit, dividing
the circuit into two circuit regions. Define a
rectangular channel for that slice, and define
that channel as the root node of a routing tree
(see Figure 6) (box 402 in Figure 11).

Check to see if there are any indentations
adjacent to the channel. If so, define a special
channel for each such indentation, and add the
special channels to the data stored in the root
node of the routing tree (box 404).

Slice any unsliced circuit region of the circuit
into two circuit regions (box 406).

Define a rectangular channel for the slice made
in step 2 (box 406). Add a node denoting this
channel to the routing tree, with the node being
positioned in the routing tree so that its parent
corresponds to the slice which formed the region
sliced in step 2.

Check to see 1if there are any indentations
adjacent to the channel. If so, define a
special channel for each such indentation, and
add the special channels to the data stored in
the node generated by step 3 (box 408).

Repeat steps 2, 3 and 3A until there are no
remaining unsliced regions of the circuit
containing more than one circuit component (box
410).

Then, route interconnections through the circuit
layout, one channel at a time, in any sequence,
so long as each channel is routed only after all
other channels denoted by nodes in the routing
tree which branch from that channel's node have
been routed (box 412). Before routing each
channel, route the special channels corresponding

A-51188/GSW
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to the channel (i.e., special channel denoted by
the same node in the routing tree), if any.

As before, it is noted that instead of using a routing
tree, one can simply maintain a ordered 1list of the
channels, ordered in the same order that the channel
regions are defined by the above sequence of steps, and
then route the channels in the opposite order from which
they were added to the list. As when using the routing
tree method, the special channels for each regular channel
are routed before the corresponding regular channel 1is

routed.

More generally, the results of the channel definition
process must be denoted in a data structure denoting the
sequence in which the channels are defined, the region of
the layout occupied by each channel, and for each channel,
the region of the layout occupied by each corresponding

special channel, if any.

Figure 12 1is a block diagram of a CAD system 450
incorporating the present invention. As shown, the system
comprises a computer or CPU 452 which accepts inputs
comprising a circuit layout specification 454, which
defines the layout of the circuit to be routed and the
locations of the terminals in the circuit, and a netlist
456, which specifies the terminals in the circuit that are
to be interconnected. A routing program 460 controls the
process by which the computer 452 analyzes the circuit
layout 454 and netlist 456, and generates first a routing
tree 462 representing all the channels and special channels
in the circuit layout, and then a description of the layout
of the interconnects between terminals 464 as specified in
the netlist.
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ALTERNATE EMBODIMENTS

The present invention could be used in a number of types of
computer aided design systems having components requiring
electrical interconnection, not just in cell based and gate
array design systems. For instance, the present invention
could be used to facilitate the automatic generation of
interconnects for a totally or partially customized
integrated circuit. It could also be used for designing
the interconnections on a printed circuit board.

The present invention can also be used with circuits that
are not sliceable, in that the methodology of the present
invention can be used to define special channels adjacent
to each regular, rectangular channel. The use of special
channels in such a circuit will facilitate the generation
of short interconnections, but will not help to overcome
any of the problems associated with switch box routing.

While the present invention has been described with
reference to a few specific embodiments, the description is
illustrative of the invention and is not to be construed as
limiting the invention. Various modifications may occur to
those skilled in the art without departing from the true

spirit and scope of the invention as defined by the
appended claims.

o
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WHAT IS CLAIMED IS:

1. A method of routing interconnections through the
layout of a circuit, the steps of the method comprising:

(a) providing a «circuit layout specification
including a specification of the regions of the layout
occupied by circuit components, a specification of the
locations of terminals in said layout, and a netlist
specifying for each said terminal the set of other ones of
said terminals that are to be connected to said terminal;
the regions of said circuit layout not occupied by circuit
components comprising routing regions;

(b) sequentially defining a series of rectangular
channels, each of which divides a region of said circuit
layout containing two or more circuit components into two
circuit regions each having at least one circuit component;

(c) for each said channel, defining a special channel
for each indentation neighboring said channel, if any: and

(d) then routing interconnections through said
channels and special channels; said routing step for each
said channel including the step of routing interconnections
through said special channels, if any, corresponding to
said channel before routing interconnections through said

channel.

2. The method of routing interconnections set forth in
Claim 1, including the steps of

defining a data structure denoting the sequence in
which said channels are defined, the region of said layout
occupied by each said channel, and for each said channel,
the region of said layout occupied by each corresponding
special channel, if any:

said routing step including the step of routing
interconnections through said channels, in an order
corresponding to the sequence in which said channels were

defined.
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3. The method of routing interconnections set forth in
Claim 2, wherein said data structure comprises a routing
tree having a multiplicity of nodes coupled to one another
by branches, each node of said routing tree denoting the
regions of said layout occupied by one said channel and its
corresponding special channels, if any; each said branch
coupling a first node corresponding to a first one of said
channels to a second node corresponding to a channel in one
of said two circuit regions divided by said first one of
said channels; said routing tree including a root node
denoting the first channel defined in step (b) and its
corresponding special channels defined in step (c):

said routing step including the step of routing
interconnections through said channels in an order such
that each channel is routed after all other channels

denoted by nodes in said routing tree which branch from
said channel have been routed.

4, The method of routing interconnections set forth in
Claim 1, wherein each said indentation comprises a
rectangular routing region neighboring a rectangular
channel which is at one of the two ends of said channel
and which extends the full length of a circuit region
adjacent to said channel.



WO 91/06061 PCT/US90/05536

10

15

20

25

30

35

- 23 =

5. A method of routing interconnections through the
layout of an integrated circuit, the steps of the method
comprising:

(a) providing a sliceable circuit layout specification
including a specification of the regions of the layout
occupied by circuit components, a specification of the
locations of terminals in said layout, and a netlist
specifying for each said terminal the set of other ones of
said terminals that are to be connected to said terminal;
the regions of said circuit layout not occupied by circuit
components comprising routing regions;

(b) selecting a first slice through said circuit
layout and thereby dividing said circuit layout into two
circuit regions;

(¢) defining a first channel corresponding to said

first slice;
(d) defining a special channel for each indentation

neighboring said first channel, if any:;

(e) for each said circuit region containing at least
two circuit components, performing the steps of:

(el) selecting a slice through said circuit
region and thereby dividing said circuit region into two
smaller circuit regions;

(e2) defining a channel corresponding to said
slice; and

(e3) defining a special channel for each
indentation neighboring said channel, if any;

(f) repeating said steps el, e2 and e3 until all the
circuit regions have been divided into circuit regions
contain only one circuit component; and

(g) then routing interconnections through said
channels, in an order corresponding to the order in which
said channels were defined by said channel defining steps;
said routing step for each said channel including the step
of routing interconnections through said special channels,
if any, corresponding to said channel before routing
interconnections through said channel.
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6. The method of routing interconnections set forth in
Claim 5, including the steps of

defining a routing tree having a root node denoting
said first channel and said corresponding special channels,
if any;

defining a new node on said routing tree for each
slice selected by step el, said node denoting said channel
defined by step e2 and said corresponding special channels
defined by step e3, if any; the parent node of each said
new node being a previously defined node of said routing
tree corresponding to the slice which created the circuit
region in which said channel for said new node is located.



WO 91/06061 PCT/US90/05536

10

15

20

25

30

35

- 25 =

7. A computer aided design system for designing
interconnections between components in the layout of a
circuit, comprising:

means for providing a circuit layout specification
including a specification of the regions of the layout
occupied by circuit components, a specification of the
locations of terminals in said 1layout, and a netlist
specifying for each said terminal the set of other ones of
said terminals that are to be connected to said terminal;
the regions of said circuit layout not occupied by circuit
components comprising routing regions;

channel defining means for sequentially defining a
series of rectangular channels, each of which divides a
region of said circuit 1layout containing two or more
circuit components into two circuit regions each having at
least one circuit component;

said channel defining means including special channel
defining means for defining, for each said channel, a
special channel for each indentation neighboring said
channel, if any; and

routing means for routing interconnections through
said channels and special channels; said routing means
including means for routing interconnections through said
special channels, if any, corresponding to a channel
before routing interconnections through said channel.

8. The computer aided design system set forth in Claim 7,
said channel routing means including means for defining a
data structure denoting the sedquence in which said channels
are defined, the region of said layout occupied by each
said channel, and for each said channel, the region of said
layout occupied by each corresponding special channel, if
any;

said routing means including means for routing

.interconnections through said channels, in an order

corresponding to the sequence in which said channels were
defined as denoted in said data structure.
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9. The computer aided design system set forth in Claim 8,
wherein said data structure comprises a routing tree
having a multiplicity of nodes coupled to one another by
branches, each node of said routing tree denoting the
regions of said layout occupied by one said channel and its
corresponding special channels, if any; each said branch
coupling a first node corresponding to a first one of said
channels to a second node corresponding to a channel in one
of said two circuit regions divided by said first one of
said channels; said routing tree including a root node
denoting the first channel defined by said channel means
and its corresponding special channels defined by said
special channel means;

said routing means including means for routing
interconnections through said channels in an order such
that each channel is routed after all other channels
denoted by nodes in said routing tree which branch from
said channel have been routed.

10. The computer aided design system set forth in Claim 7,
wherein each said indentation comprises a rectangular
routing region neighboring a rectangular channel which is
at one of the two ends of said channel and which extends

the full length of a circuit region adjacent to said
channel.

5
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AMENDED CLAIMS

[received by the International Bureau on 26 March 1991 (26.03.91);
original claims 4 and 10 cancelled; claims 1-3 amended;
remaining claims amended and renumbered as claims 4-8 (6 pages)]

1. A method of routing interconnections through the layout of a circuit, the
steps of the method comprising:

(a) providing a circuit layout specification including a specification of the
regions of the layout occupied by circuit components, a specification of the
locations of terminals in said layout, and a netlist specifying for each said
terminal the set of other ones of said terminals that are to be connected to said
terminal; the regions of said circuit layout not occupied by circuit components
comprising routing regions;

(b) sequentially defining a series of rectangular channels, each of which
divides a region of said circuit layout containing two or more circuit components
into two smaller circuit regions adjacent said rectangular channel, each of said
two smaller circuit regions having at least one circuit component;

(c) for each said channel, determining for each of its two adjacent circuit
regions whether there is a rectangular indentation adjacent said channel which
is adjacent one side and one corner of said channel and which extends the full
length of said adjacent circuit region in a direction perpendicular to said one
side of said channel, and then defining a rectangular special channel for each
indentation adjacent said channel, if any; and

(d) then routing interconnections through said channels and special
channels; said routing step for each said channel inciuding the step of routing
interconnections through said special channels, if any, corresponding to said
channel before routing interconnections through said channel.

2. The method of routing interconnections set forth in Claim 1, including the
steps of ,

defining a data structure denoting the sequence in which said channels
are defined, the region of said layout occupied by each said channel, and for
each said channel, the region of said layout occupied by each corresponding
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special channel, if any;
said routing step including the step of routing interconnections through

said channels, in an order corresponding to the sequence in which said
channels were defined.

3. The method of routing interconnections set forth in Claim 2, wherein said
data structure comprises a routing tree having a multiplicity of nodes coupled
to one another by branches, each node of said routing tree denoting the
regions of said layout occupied by one said channel and its corresponding
special channels, if any; each said branch coupling a first node corresponding
to a first one of said channels to a second node corresponding to a channel in
one of said two circuit regions divided by said first one of said channels; said
routing tree including a root node denoting the first channel defined in step (b)
and its corresponding special channels defined in step (c);

said routing step including the step of routing interconnections through
said channels in an order such that each channel is routed after all other
channels denoted by nodes in said routing tree which branch from said channel
have been routed.

4. A method of routing interconnections through the layout of an integrated
circuit, the steps of the method comprising:

(@) providing a sliceable circuit layout specification including a
specification of the regions of the layout occupied by circuit components, a
specification of the locations of terminals in said layout, and a netlist specifying
for each said terminal the set of other ones of said terminals that are to be
connected to said terminal; the regions of said circuit layout not occupied by
circuit components comprising routing regions;

(b) selecting a first slice through said circuit layout and thereby dividing
said circuit layout into two circuit regions;

(c) defining a first rectangular channel corresponding to said first slice;
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(d) determining for each of said two circuit regions whether there is a
rectangular indentation adjacent said first channel which is adjacent one side
and one corner of said channel and which extends the full length of said circuit
region in a direction perpendicular to said one side of said first channel, and
then defining a rectangular special channel for each indentation adjacent said
first channel, if any;

(e) for each said circuit region containing at least two circuit components,
performing the steps of:

(e1) selecting a slice through said circuit region and thereby
dividing said circuit region into two smaller circuit regions;

(e2) defining a rectangular channel corresf:onding to said slice;
and

(e3) determining for each of said two smaller circuit regions
whether there is a rectangular indentation adjacent said channel which is
adjacent one side and one corner of said channel and which extends the full
length of said smaller circuit region in a direction perpendicular to said one side
of said channel, and then defining a rectangular special channel for each
indentation adjacent said channel, if any;

(f) repeating said steps e1, e2 and e3 until all the circuit regions have
been divided into circuit regions contain only one circuit component; and

(g) then routing interconnections through said channels, in an order
corresponding to the order in which said channels were defined by said channel
defining steps; said routing step for each said channel including the step of
routing interconnections through said special channels, if any, corresponding
to said channel before routing interconnections through said channel.

5. The method of routing interconnections set forth in Claim 4, including the
steps of
defining a routing tree having a root node denoting said first channel and

said corresponding special channels, if any;
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defining a new node on said routing tree for each slice selected by step

e1, said node denoting said channel defined by step €2 and said corresponding

special channels defined by step €3, if any; the parent node of each said new

node being a préviously defined node of said routing tree corresponding to the

S  slice which created the circuit region in which said channel for said new node
is located.
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6. A computer aided design system for designing interconnections between
components in the layout of a circuit, comprising:

means for providing a circuit layout specification including a specification
of the regions of the layout occupied by circuit components, a specification of
the locations of terminals in said layout, and a netlist specifying for each said
terminal the set of other ones of said terminals that are to be connected to said
terminal; the regions of said circuit layout not occupied by circuit components
comprising routing regions;

channel defining means for sequentially defining a series of rectangular
channels, each of which divides a region of said circuit layout containing two
or more circuit components into two smaller circuit regions each having at least
one circuit component;

said channel defining means including special channel defining means
for determining for each of said two smaller circuit regions whether there is a
rectangular indentation adjacent said channel which is adjacent one side and
one corner of said channel and which extends the full length of said smaller
circuit region in a direction perpendicular to said one side of said channel, and
then defining, for each said channel, a rectangular special channel for each
indentation adjacent said channel, if any; and

routing means for routing interconnections through said channels and
special channels; said routing means including means for routing
interconnections through said special channels, if any, corresponding to a
channel before routing interconnections through said channel.

7. The computer aided design system set forth in Claim 6, said channel
routing means including means for defining a data structure denoting the
sequence in which said channels are defined, the region of said layout
occupied by each said channel, and for each said channel, the region of said
layout occupied by each corresponding special channel, if any;

said routing means including means for routing interconnections through




WO 91/06061 -32 - PCT/US90/05536

10

15

said channels, in an order corresponding to the sequence in which said
channels were defined as denoted in said data structure.

8. The computer aided design system set forth in Claim 7, wherein said
data structure comprises a routing tree having a multiplicity of nodes coupled
to one another by branches, each node of said routing tree denoting the
regions of said layout occupied by one said channel and its corresponding
special channels, if any; each said branch coupling a first node corresponding
to a first one of said channels to a second node corresponding to a channel in
one of said two circuit regions divided by said first one of said channels; said
routing tree including a root node denoting the first channel defined by said
channel means and its corresponding special channels defined by said special
channel means;

said routing means including means for routing interconnections through
said channels in an order such that each channel is routed after all other

channels denoted by nodes in said routing tree which branch from said channel
have been routed.



WO 91/06061 PCT/US90/05536

1/6

100 \/\
102 104
[ 124 g
~— 126
v v

120~ } Y,
122
PR {‘5"\
\‘110 \‘108
FIGURE 1
100
N\ CHANNEL
[ 102 [134 104
CIRCUIT CIRCUIT 136
150-1 CHANNEL _/106
CIRCUIT |
162' T I 7 130
160 E)___ | 150-2
CHANNEL
' e 138
—t
- Y
P CHANNEL CIRCUIT
CIRCUIT
K 110 \132 \108
FIGURE 2

SUBSTITUTE SHEET




WO 91/06061 PCT/US90/05536
2/6
IRCUIT, IRCUIT
, 170
. | v
172 176 174
2 a8 a )
CIRCUIT
FIGURE 3
CIRCUIT
1
SO FIGURE 4
194\
CIRCUIT CIRCUIT
184
- -~—-C---~k186
199 195 L
190
'\
196 188 182 ~~
' 192
CIRCUIT

FIGURE 5

QI IRSTITUTE SHEEN




WO 91/06061 PCT/US90/05536

3/6

FIGURE 6
240
214-C 210-C
208.G 204-C 206-C
216-C 212:0
202-C

222.C 218C 220-C

224-C

FIGURE 7

cnasTITUTE 8“\‘“




WO 91/06061

Y3

Y2

Y1

Yo

PCT/US90/05536

4/6
Y 260
-~ 264
262
268 270 % 266
—t ! } X
X1 X3 X4 X2
FIGURE 8
300
354 352
304 322
350 ©
(a0
306 320
302
330
344308 342
340
334
310
324
FIGURE 9

SUBSTITUTE SHEET




WO 91/06061

PCT/US90/05536

5/6
372 | REGULAR CHANNEL: 370
N X1,Y1, X2,¥2 /\/
374 | SPECIAL CHANNEL:
< X3,Y3, X4,Y4
376 | SPECIAL CHANNEL:
| X5,Y5, X6,Y6
FIGURE 10

400

PROVIDE SLICEABLE CIRCUIT LAYOUT, AND
NETLIST OF CONNECTIONS BETWEEN TERMINALS

Y

402

SLICE CIRCUIT LAYOUT INTO TWO CIRCUIT REGIONS.
DEFINE RECTANGULAR CHANNEL

Y

404

DEFINE SPECIAL CHANNELS, IF ANY, ADJACENT TO

REGULAR CHANNEL

406
P

SLICE ANY CIRCUIT REGION HAVING AT LEAST TWO
CIRCUIT COMPONENTS INTO TWO CIRCUIT REGIONS.
DEFINE RECTANGULAR CHANNEL

|

408

DEFINE SPECIAL CHANNELS, IF ANY, ADJACENT TO
REGULAR CHANNEL

410

ANY UNSLICED
CIRCUIT REGIONS HAVING
TWO OR MORE CIRCUIT
COMPONENTS?

412

ROUTE INTERCONNECTIONS, ONE CHANNEL AT A
TIME, IN ORDER CORRESPONDING TO ORDER IN
WHICH CHANNELS WERE DEFINED.

FIGURE 11
SUBSTITUTE SHEETR




WO 91/06061

PCT/US90/05536

6/6

450

[\/

462
454 42 L
4 CIRCUIT ROUTING
LAYOUT [ —> TREE
CPU
456 f464
 NETLIST [ — ('—)’,\:YOUT
T INTERCONNECTIONS
4
°| ROUTING
PROGRAM
FIGURE 12

SUBSTITUTE SHEET




s

INTERNATIONAL SEARCH REPORT A
International Application No. PCT/U590/05536

I. CLASSIFICATION OF SUBJECT MATTER (if several classification symbols apply, indicate all) ©

i_\[cﬁo(r}dm tso Bnt:ernzaoonaé f‘ateilél?sgi&c?uo&(gg%pr ti goyi\létional Classification and IPC
U.S. CLASS. 364/491 ; 364/489

Il. FIELDS SEARCHED

Minimum Documentation Searched 7

Classification System Classification Symbols

U.S. 364/491 ; 364/490; 364/489

Documentation Searched other than Minimum Documentation
to the Extent that such Documents are Included in the Fields Searched 8

ill, DOCUMENTS CONSIDERED TO BE RELEVANT ¢
Category * Citation of Document, 1t with indication, where appropriate, of the relevant passages 12 Relevant to Claim No. 3
X,P |US, A, 4,910,680 (HIWATASHI) 20 MARCH 1990. 1-10
See Figs. 4A and 4B.

A US, A 4, 636,965 (SMITH ET AL.)
13 JANUARY 1987. See the entire document. 1-10

Y UsS, A, 4,613,941 (SMITH ET AL.) . 1-10
23 SEPTEMBER 1986. (See figs 5,7, 11A and
11 B).

Y UsS, A, 4,577,276 (DUNLOP ET AL.) =~ 1-10

18 MARCH 1986. (See the entire document).

Y WEI-MING DAI &T AL., " A New routing region
definition and ordering scheme using L-Shaped
channels, " IEEE 1985 Proceedings of ISCAS
(See pages 29-30)

* Special categories of cited documents: 10 “T" later document published ufterﬂthe mternﬁhonaliﬁh?g dgt?
A f which i or priority date and not in conflict with the application bu
A ggﬁ:{g:péddf:'Q':%flgeargnm?:'r:::;ea:éethe art which is not cited to understand the principle or theory underlying the
invention
g , . ; ;
E" fqllai:{:erdg;:tecument but published on or after the international X" document of particular relevance; the claimed invention
9 cannot be considered novel or cannot be considered to
“L docuhment which may tllhrow doubts on priority cl?im(s)hor involve an inventive step
which is cited to establish the publication date of another “y" document of
AV p . particular relevance; the claimed invention
citation or other special reason (as specified) cannot be considered to involve an inventive step when the
“0" document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu-
other means ments, such combination being obvious to a person skilled
“p* document published prior to the international filing date but in the art. )
later than the priority date claimed “&" document member of the same patent family

IV. CERTIFICATION '
Date of the Actual Completion of the International Search | Date of Mailing of this International Search Report

12 DECEMBER 1990 , 1 2 FEB 1991
International Searching Authority WLWW g,&z % !?

’ INTERNATIONALD
ISA/US

VINCENT N. TRANS
Form PCT/SA/210 (sacond sheet) (Rev.11-87) .




	Abstract
	Bibliographic
	Description
	Claims
	Amendment
	Drawings
	Search_Report

