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Abstract:

Channel routing is a valuable VLSI routing methodology that reguires the routing
region be divided into rectangular regions or channels. An algorithm is proposed that
rapidly constructs the channels and determines the adjacencies between the channels in
O(nlogn +m) time, where n is the number of segments to represent the circuit’s modules
and m is the number of channels created. The algorithm determines the number of
channels through a parameter k. With k& set to some value between O and 2n, the
algorithm constructs a channel graph with O(n +% n) channels. No- previous algorithm has -
allowed users such control over the size of the channel graph. - Traditional algorithms can
be considered to have %k preset to either O or 2n. With & set to 0O, our algorithm
constructs its O(n) channels as fast as previous algorithms. And with k& set to 2n, our
algorithm constructs its O(n?) channels fasier than previous algorithms by a factor O(n).
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1. INTRODUCTION

Channel Routing is an important technique for routing interconnections in VLSI layouts. Its
importance stems from its principal operating characteristics: _

100-percent completion when given acyclic constraints and adjustable heights;

low order polynomial run-time. ‘
First proposed by Hashimoto and Stevens [HASH71] for realizing the interconnections on the
ILLIAC-IV computer, the channel routing method requires that the rout{ng region be
decomposed initially into a collection of rectangles or channels. From the channels, a
channel graph (V.E) is constructed, where vertex set V is the set 'oflall channels and edge
set E is the set of all unordered pairs of channels (uz,v) such that u and v are contiguous
channels. Subsequent phases of the method perform a coarse routing that specifies the
channel sequence for each net and a fine routing that specifies physical paths within the
channels for each net. While there are numerous algorithms to determine the coarse- and
fine routings (e.g. [BURS84, RIVES3, YOSHS2]), there are only a few informal algorithms to
construct the channels and the channel graph. These informal algorithms are limited o
constructing channel graphs.with either O(n) or O(n?) channels, where n is the number of
rectangular modules (e.g. [CHIB81, SOUK80, ULLM84]).  They require Of(nlogn) and

O(n®logn) time to construct channel graphs with respectively O(n) and O(n?) channels.

Interest in channel graphs with more or less channels stems from characteristics of- the
.particular channel router ﬁsed to determine the coarse and fine routings. For example, the
Magic router [OUST84a] performs better on channels that are square-like rather than simply
rectangular [OUST84b]. A heuristic for improving the Magic router’'s performance initially
constructs O(n?) channels and then applies a merging algorithm to selectively collapse some
of the channels together so the resulting se;n of channels is more square—li.ke.‘ A similar
strategy for Rivest's PI circuit layout system [RIVE82] was suggested by Ullman [ULLM84].
Here we propose here an algorithm, CCG, for the construction of the channels and the
channel graph. CCG directly considers modules that are rectilinear polygons rather than
first constructing bounding rectangles for the modules. The run-time of CCG is
O(nlogn +m), where m is the number of channels that are created and n is now the
number of segments used to represent the modules’ perimeters. CCG is therefore faster for
channel graphs with O(n?) channels and as fast for graphs with O(n) channels. Also,
CCG through an input k allows the user to control the number of channels that are
created. Thus, by combining CCG with a heuristic that selectively combines channels, a

user can create channel graphs that are better tailored for their individual router.
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Throughout our discussion, we assume that the rectangular circuit pei‘imeter and
rectilinear modules are represented by their horizontal and vertical boundary segments. As
abutting modules can be combined into a single unit, we assume without loss of generality
that modules do not abut. However, modules are permitted to abut the cfrcuit perimeter.
Furthermore, we assume that all boundary segments have nonzero length and that they are
appropriately labeled upper, lower, right, or left. For example, if a vertical module
segment is labeled left, then the routing region lies to left of the segment and the module's
interior lies to the right of the segment. An additional label is associated with each
endpoint a of each boundary segment 5. The label indicates the relative position 1o s of
the other boundary segment which terminates at a (i.e. whether its above, below, right, or

left of s).

2. CHANNEL GRAPH CONSTRUCTION

To decompose the routing region into a collection of channels, the boundary segments are
extended into the routing region until they intersect another line segment. These new line

segments are called extension segments. An extension segment is always ended when it
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Figure 1 - Decomposing Routing Region into Channels with k=0
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intersects another module segment or perimeter segment. However, depending_ on the
number of desired channels, an extension segment can also be ended when it intersects
another extension segment or more generally when it intersects k extension segments. To
achieve O(n) channels, either all horizontal or all vertical boundary segmentis are extended
into the routing region until they intersect a boundary segment. To achieve the maximum
number of channels, all horizontal and vertical boundary segments are extended into the
routing fegion until they intersect a boundary segment. To achieve O(kn) channels, all
horizontal (vertical) boundary segments are extended into the routing region until they
intersect a boundary segment and then all vertical (horizontal) boundary segments are
extended until they intersect k extension segments or a boundary segment, whichever occurs
first. Figures 1-3 show a simple circuit with 4 modules and with respectively k=0, k=1,
and k=n. As a result Figure 1 has 11 channels, Figure 2 has 23 channels, and Figure 3

has 40 channels.

QOur algorithm for constructing the channels and channel graph has two phases. The
first phase constructs horizontal extension segments: the second phase constructs channels and
the channel graph. Without loss of generality, our description of the phases assumes that

k controls the number of horizontal extension segments a vertical exlension segment can

intersect.

2.1. Horizontal Extension Segment Construction

An algorithm HESC is given in Figure 4 to construct the horizontal extensions segments.
HESC determines the set of horizontal extensions segments H by performing a left-to-right
line sweep [BENT79] of the vertical boundary.segments V. The sweep is accomplished by
accessing the set of vertical boundary segments V after they have been arrahged in non-
decreasing order with x-coordinate as the primary key and lower y-coordinate as the
secondary key. Each vertical boundary segment is considered in turn as the termination
point for horizontal extension segments extending left and as the iniliation point of
horizontal extension segments extending right. The time to arrange V in line sweep order

is O(nlogn), since 1V1 is O(n).
The following notation is used in the algorithm.

The upper endpoint of a vertical segment v is (vy.v,). The lower endpoint of a

vertical segment v is (v,.v,).
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A vertical boundary segment v covers point (ab) iff v is the vertical boundary



segment with the minimal x-coordinate greater than a such that v; £b Sy,
The interior of a vertical segment consists of all its points but its endpoints.
A segment is trivial if it consists of a single point.

A horizontal extension segment is leftward if its right endpoint is a boundary segment
endpoint. A horizontal extension segment is rightward if its left endpoint is a boundary

segment endpoint and its right endpoint is not one.

The type of tree used by the algorithm is a B*—tree [COME79]. Such a tree allows
insertions and deletions in O(logp) time, where p is lhe number of elements in the tiree.
In addition, a B*—iree allows the successor or predecessor of an element 10 -be found in
constant tlime. The tree maintains a set of boundary segments currently involved in
determining horizontal extension segments. The interior points of a boundary segment in
the tree are possible endpoints of leftward extending horizontal extension segments. And

the endpoints of a boundary segment in the tree can possibly originate rightward extending

1. H «~ @
2. for .each vertical segment v €V (in line sweep order) do

b

3. if v is a right module segment or a left perimeter segment then

4. Insert v into tree

5. else

6. if (v,v,) is black then '

7. a < segment in tree covered by (vye V)

8. H « H U {((ayv,).(v.v, )}

9. end if

10. if (v,v;) is black then v !

i1 . b « segment in tree covered by (vi.v)

12. H ~ H U {((bx 'vl)-(vx 'vl))}

13. end if

14. - S « segments covered by v's interior

15. - (Q « boundary endpoints of the segments in S

16. for each boundary endpoint (x.y)€S covered by v's interior do

17. H «~ H U{((x.y).0vy )}

18. end for -

19. Delete from the tree and S those segments in S completely covered by v
20. Truncate in the tree the remaining S segments to their uncovered v portion
21. end if
22. end for

Figure 4 - Algorithm HESC for Horizontal Extension Segments Construction -




horizontal extension segments whose right endpoints li€é on unswept boundary segments. If
the endpoint of a boundary segment can possibly originate an extension segment, it is

labeled black otherwise it is labeled white.

When a vertical boundary segment v is swept, the action taken ‘depends on v's
boundary type. If v is a right module or left perimeter segment then it is<inserted in the
tree since there may be horizontal extension segments abutting its right-hand side (step 4).
An endpoint of v is marked white if the horizontal boundary segment adjacent to the
endpoint is to the endpoint’s right, otherwise the endpoint is marked black. For example in
Figure 5. the upper endpoints of a and b and the lower endpoints of & and ¢ are white.
"The other endpoints of a b, ¢, and d are black. If v is instead a left module segment or
a right perimeler segment then the horizonial extension segments that abut v's left-hand
side are determined. If the boundary endpoint is black then a leftward extendihg
horizontal extension segment is computed for the point (sieps 6-13). For example in Figuré
5, a leftward horizontal extension is considered for the upper endpoints of e and j and
the lower endpoints of f and g. The other endpoints of e, f. g, and i are white and do
not originate leftward extending horizontal extension segments. The remaining horizontal
extension segments computed from v are those horizontal extension segments, denoted' T,
that extend Tightward into v's interior (steps 14-18). T is determined by computing the
segments S in the tree that are ai least partialiy covered by v. The left endpoints of the

segments in T are exactly those black boundary endpoints of segments in S which are
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Figure 5 - Segments Whose Marked Endpoints Are White




tlﬂemselves covered by v's interior. -After determining 7, the segments in § that are
entirely covered by v are deleted from the tree (step 19). These segments are deleled since
their associated rightward horizontal extension segments have been determined aﬁd their
" interiors cannot serve as the termination of any other Ileftward horiéontal_ extension
segments (v would lie in the way). After deleting these segments, up 10 Two segments
may remain in S. As only the portions of these remaining segments uncovered by v can
.possibly be used to determine other endpoints of horizontal extension segments, these
remaining segments are truncated to their uncovered portions (step 20). This truncation
may split a segment into two parts. If this is the case then the subsegments are both
inserted into the tree. Nole that in tlruncating a segment in S, the endpoini 'of an altered
segment may not be a boundary endpoint. Such an endpoint does not originate a rightward

extending horizontal extension segment and is therefore labeled white.

In O(logn) time.-v can be inserted in the tree and the segments a and b covered by
v's endpoints can be determined. The segments in S can be found in O(IS!) time by
following predecessor pointers from a. As there are at most two boundafy endpoints for a
segment in S, the total time to update H for a given v in step 13 is also O(IS1). As the
segments in S are cortiguous values in the Bf—tree, they can all be deleted in 0(16gn)
time [AHO74]. The truncation can be performed in either constant time or O(logn) time
depending whether a segment is split in two. Thus an iteration of step 2 can be performed
in (logn +1S1) time. As there are O(n) iterations and as the sum of the individual

0(1S1)s is O(n), the run-time of HESC is O(n logn).

2.2. Channel Determination

An algorithm, CD, that constructs the channels and channel graph, is given formally in
Figure- 6. This version of the algorithm assumes that no modules abut the circuit
perimeter. A version without this restriction ‘is subsequently discussed. Informally, CD
operates in the fdllowing manner. A line sweep of the vertical boundary segments V is
perforfned. During the line sweep, the vertical boundary segments V are grouped by
identical x-coordinates. The groups are considered left-to-right with the current group being
denoted T. (This grouping of segments in V is for pedagogic purposes).. The segments
within T are ordered from botiom-to-top. As V is arranged in line sweep order from
algorithm ZHESC. each successive 7 is readily determined in O(IT!) time. The right

boundaries of channels are determined from the segments in 7 and the left boundaries of



1.C « @

2. S « {Segments in H that abut left vertical perimeter boundary segment, w}
U {upper and lower circuit perimeter segments} '

3. Initialize tree with S

4.V « V—{w}

5. repeat

. 6. x <« minimal x-coordinate of segments in T
7. T + segments in V with x-coordinate x
8. r « y-coordinate of lower perimeter segment
9. for v€T (in line sweep order) do
10. case
11. v is left module segment:

Create channels below and above v and lerminate channels 1o v's left
12. v is right module segment:

Create channels below and above v
13. v is right perimeter segment:

Terminate channels to v's left
14. end case _ '
15. end for
16. S « segments in A with left x-coordinate x

17. Update tree with S
18. V.« V-T
19. until V=@

- Figure 6 - Algorithm CD 1o Construct Channels and Channel Graph

the channels are determined from the horizontal extension segments.

Before sweeping the current group of vertical segments T with x-coordinate x, the
algorithm processes those horizonial extension segments S.with x as their left endpoint’s x-
coordinate (steps 2-3 and 17-18). By arranging H in line sweep order, S can be
determined in O(IS!) time. The processing of S requires that the left endpoint of the
segments in S be inserted into a B*—tree if it is not already there. Thé points in the tree
are ordered by y-coordinate. The predecessor and successor of a point in a 1ree are
determinedb respectively by functions pred and succ. In addition, each point in the tree has
two labels. One label is either passing or blocking. A passing (blocking) label indicates
that a vertical extension segment can (cannot) extend beyond the y-coordinate of the point.
Except for the two endpoints introduced by the lower and upper circuil perimeter segments,
all inserted points are initially labeled passing. The other label of a point is either red or
green. A red label indicates that the point is the lower left corner of a channel whose

'right boundary has not yet been swept. A green label indicates that the point is not a



lower left corner of a channel. As the red points serve to idemiify the channels, associated

with each red point will be an edge list of its channel's adjacencies.

The actions taken with the current vertical segment v depends on v's type (steps 10-
14). If v is a left module segment then there are three possible actions: extend v
downward to form the right boundary of channels; extend v upward to form the right
boundary of channels; and recognize the channels whose right boundary is a subsegment of
v (step 11). If instead v is a right module segment then only the first two actions must
be attempled as there are no channels abutting its left-hand side (step 12). Finally. if v is
a right perimeler segment then it is not possible to vertically extend its endpoints.

Therefore, it suffices 10 determine which channels abut it (step 14).

After considering the current vertical boundary segments 7 and - processing the
horizontal extension segments S, the repeat loop of siep 5 is iterated so that the line sweep
of the next group of "vertical boundary segments can proceed. Processing ceases after all

vertical boundary segments have been considered (step 19).

A procedure, PLMS, 10 perform the step 11 processing of a left module éegment is
given in 7. Procedures to process the other segment types are analogous and are left to. the
reéd‘er. PLMS begins by searching the B¥—tree for the points « and B whose y-coordinates
are respectivély v, and v; (steps 1-2). The points o and B are used to initialize the loop
variables. The searches to find @ and B can be done in O(logn) time. (One search of the
tree suffices with rearrangement of the step 15 while loop after step 28 and by using the

successor links).

After determining o and B. the principle actions of PLMS occur. First, the step 5
while loop attempts to construct a downward vertical extension. This may Ee done as
long as the segment is in the routing region (p is passing), the number of intersected
horizontal extensions segment i is less than %, there is another exiension segment 10
intersect (pred (p) ‘exists), and the newly formed channel would not be a duplicate (p,#r).
Then, the step 15 while loop attempits to construct an upward vertical extension segment.
Its iteration criteria is analogous to step 5's criteria. Finally, the step 24 while loop

processes those channels that abut v's left-hand side.

Each point ¢ considered in the while loops of sieps 5 and 24 and each point p
considered in the while loop of step 15 is a red point. Once the channel associated with

the red point has been determined in the while loops of steps 5 and 15, the red point is



« < point in tree with y-coordinate v,
. B +« point in tree with y-coordinate v,
.p < B ‘
i <0 :
while p is passing and i <k and pred(p) exists and p, #r do
g « pred(p) '
C « C U {rectangle defined by g and (x.p;)}
Update g in tree
P —9q
10. i~ i +1
11. end while
12. p +~ «
13. s « min(co, lower y-coordinate of next T segment (if one exists))
14. 1 «~ 0
15. while p is passing and i <k and succ(p) exists and p, #s do
16. g « succ(p)
17. C « C U {rectangle defined by p and (x.g,)}
18. Update p in tree
19. P <~ q
20. i - i+1
21. end while
22.r < p
23. p «~ o
24. while p = do
25. g « pred(p)
26. C +« C U {rectangle defined by g and (x.p;))
27. P < g
28. end while
29. Delete points between « and B from tree:
30. Update « and B in tree

Figure 7 - Procedure PLMS to Process a Left Module Segment

N

updated (steps 8 and 18). The update of the red point changes its x-coordinate to x. As
each newly shifted point (except « and B) lies on the same segment as its .pre-shifted
¢ounterpart, its labels are not changed. As the updated « and B would not lie on the
same segment as before, these points are separately handled (step 30). The updating of o
and B is discussed below. FEach point g considered in the step 24 while loop is deleted
(step 29), since the channel identified with it has been determined and since the right

boundary of the channel abuts a module.

After constru'éiing the channels that abut the right-hand side of v and v's extension
‘segments, o and B can be updated (step 30). Let A be the horizontal boundary segment

attached to v's upper endpoint v,. If & is to the right of v, then the point « is shifted

- 10 -



over to v, and is labeled red and blocking (Figure 8.a). If instead h is to the left of v,
then the update of « is in fact a deletion. "« is deleted since its updated location at v,
would have the interior of a module to its above left and below left (F?gure 8.5). As
such, the new « would not introduce channels and further it would noi be needed for

blocking since both its predecessor and successor in the tree must also be bloéking.

s SN\
< :

A\

(a) (b)
Figure 8 - Updating « and B

Z

7

Similarly, if the horizontal boundary segment attached to v's lower endpoint v; is to the
righi of v, then B is shifted over to v, and is labeled green and blocking, otherwise B is

deleted.

Variable r keeps track of the y—coordinéte of the highest point that has been reached
while extending one of the current 7's segments. As the segments in 7 are considered
from botiom-to-top, r's use in the step 5 while loop ensures that no duplicate channels are
issued when extending the next vertical 4boundary segment downward. r is re-initialized 10
the minimum y-coordinate value each time a new T is constructed (step 8 of CD) and is
updated in PLMS after v has been extended upward (step 22). Variable s has a similar
role (steps 13 and 15). It ensures that the current vertical segment is not extended above
the next vértical éegment in T. The channels to the left of that segment are processed

when the segment is swept.

PLMS can process v in O(logn +s) time, where 5 is the number of right channel
boundaries that are determined with v. This run-time follows from previous discussion
and the following remarks: for each vertical segment there are two searches made in the
. B*—tree each of which can be performed in O(logn) time; each iteration of the while loops

of steps 5, 15, and 24 determines the right boundary of a new channel; and the points

~11-



between « and B can be deleted in O(logn) time [AHO74). Procedures to process a right
module segment or a left perimeter segment can be performed in comparable time. Thus,
V is processed in O(nlogn +m) time. An individual horizontal segment & in S is
processed by CD in 0 (logn) time. This follows as a search is performed' to see if h is
already in the tree. And if A is not in the tree, it is then inserted. Thus, the time .spent
processing H is O(nlogn). As the vertical segments are processed in O(nlogn +m) time,
and as the horizontal segments H are processed in O(nlogn) time, algorithm CD constructs

the channels in O(nlogn +m) time.

2.3. Channel Adjacencies

Construction of the edge set can proceed simultaneously with construction of the channels
by expanding the actions that are performed when updaling C and when inserting or
updating points in the B*—tree to include recording the channel adjacencies. We Show
below that expanding these actions does not alter algorithm CD’'s O(nlogn +m) time
complexity.

As 'all insertions introduce points into the tree that lie either on a right module
- segment or -on the left circuit perimeter segment, the region to the left of a ne'wly inserted
point is not-part of the routing region and is thus not part of a channel. Similarl‘y,. when
a point is deleted, ihe right-hand side of the channel associatedb with the point abuts a
boundary segment. ‘Thus," horizontal adjacenéies can be determined strictly. during updates.
During an update operation, ihe point in question has its x-coordinéte reset to x. The
updated point now represents the lower left corner of a new channel and so a horizontal
adjacency occurs between the channel fepresented by the point's previous location and the
channel represented by its current location. This adjacency can be recorded in the two lisis
in constant time. The above discussion is shown graphically in Figure 9. In the figure,
vertical boundary segment v is being extended downward. Point g is the predecessor of p
in the tree with é-’—B. The channel ¢ defined by ¢ and (x,p,) is adjacent 10 the channel

c' that has s (updated value of g) as its lower left corner.

-12-



P=B ¢-------- -
| ¢ § ¢’ :
| S ¥ SR
q )

Figure 9 - Determining HorizZontal Adjacencies

Vertical adjacencies are determined during insertions into the tree and during updates
1o C. Below we consider the case when a newly inseried endpoint p ‘has both a
predecessor s and a successor I in the tree. The points p and s are readily confirmed to
be red points. As such, they are both the lower left cornmer of a channel. Lel ¢ be tﬁe
channel associated with p. lLet ¢' be the channel associated with s. Channels ¢ and ¢’
are adjacent. The adjacency is recorded in the linked-lists of both p and s in constant
time. This is shown graphically in Figure 10. In Figure 10 p, s, and ¢ have the same

x-coordinate, however this is not always the case.

s

c .
p&-mm- ) Adjacent channels
C '

S -

Figure 10 - Determining Vertical Adjacencies During an Insertion

As the left endpoints of the segments in S are inserted in line sweep order, the left
endpoint g " of the nexi extension segment in S (if one exists) may be inserted between
and p depending on its y-coordinate. If a point ¢ is inserted between ¢ and p then it is
necessarily a red point and the channel associated with ¢ is adjacent to channel ¢. (This
adjacency is recorded when g is inserted in the tree). If z is a red point and if there is
no point g that is to be inserlea between ¢ and p, then channel ¢ is adjacém 1o the
channel associated with ¢ and is recorded in the linked-lists of p and ¢. Otherwise, there
is no upper vertical adjacency to record between p and endpoints in the tree or in S. The

above actions can be performed in constant time for the given inserted point p. The two

13-



re'maining cases of determining vertical. adjacencies—during an insertion where one or both
of s and t does not exist and during an update to C-—can be handled similarly and are
left to the reader. The above discussion shows that there is a constant amount of work:
during each update and insertion to record channel adjacencies. - Thus, from previous.

remarks concerning its run-time, we conclude that algorithm CD is O(nlogn +m).

As both HESC and CD and are O(nlogn +m), CCG itself is O(nlogn +m).

2.4. Modules Abutting Circuit Perimeter

Two minor modifications 1o CD are necessary to handle modules abutiing the circuit
perimeter. The two changes respeclively handle when a module abuts the left perimeter
and the upper or lower perimeter. No change is needed to permit modules to abut the

right perimeter.

To allow modules 1o abul the left perimeter, some additional points, ¢, must be
inserted into the tree at step 3. The points in @ ensure that no extension segment is
extended upward through a module that abuts the left perimeter. ( consists of the upper
or lower endpoints of module segments that lie on the left circuit perimeter. By labeling
the points in Q@ blocking, no extension segments can pass through the area re.served for a
.module abutting the left circuit perimeter. A point in Q is normélly labeled red or green
depending whether it is respectively an upper or lower endpoint. However, if a point in Q
also corresponds to the upper. left corner of -the circuit perimeter then that point is labeled

green as it cannot be the lower left corner of a channel.

To allow modules to abut the lower or upper circuit perimeter, the code for updating
a and B must be modified. A check must be made during the update of o and B to see
if either of the points lie on the perimeter. A point on the perimeter must be labeled

blocking, since no channel lies outside the circuit perimeter.

3. SUMMARY

We have demonstrated an O(n logn +m) algorithm CCG that constructs channels when the
modules are rectilinear polygons, where m is the number of channels created and n is the
number of segments used 1o represent the module and circuit boundaries. This is an
improvement over previous algorithms which constrained the modules 1o be rectangles. In
addition, our algorithm controls the number of channels through a parameter k. The

permissible values for % are between O and 2n. With & set to O, CCG construcis a

- 14 -



channel graph with O(n) channels. With k set to 2n, it construclts a channel 'graph with
the maximum number of channels (i.e. O(n?) channels). And with k& set to some value
between O and 2n, CCG constructs a channel graph with O(n +kn) channels. We are
unaware of any previous algorithm that gives the user such control over ‘Lhe number of
channels in the channel graph. Traditional algorithms can be considered to have k preset
to either O or 2n. With k& set to O, our algorithm is as fast as previous algorithms. And

with & set to 2n, our algorithm is faster than previous algorithms by a factor o(n).
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