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ABSTRACT

Channel routing is an NP-complete problem. Therefore,
it is likely that there is no efficient algorithm solving this
problem exactly.

In this paper, we show that channel routing is a fixed-
parameter tractable problem and that we can find a solu-
tion in linear time for a fixed channel width.

We implemented our approach for the restricted layer
model. The algorithm finds an optimal route for channels
with up to 13 tracks within minutes or up to 11 tracks
within seconds.

Such narrow channels occur for example as a leaf prob-
lem of hierarchical routers or within standard cell genera-
tors.
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Figure 1: A partially routed four column segment of
a channel with four tracks
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1. INTRODUCTION

The channel routing problem addressed in this paper is
the problem of connecting ports belonging to the same net
in a channel of length n.

In the following we assume grid based routing in the
restricted two layer routing model. In a grid-based model,
all elements are aligned with respect to a given routing
grid. In the restricted layer model one layer is reserved for
horizontal connections—or trunks—and the other layer is
reserved for vertical connections called doglegs.

The most common formulation of the channel routing
problem aligns all ports on the top and bottom boundary
of the channel. We targeted the same model, but the re-
sulting algorithm can solve more general problem instances
at no additional cost in runtime or memory.

Over-the-cell-routing: the terminals of the nets can be
placed at arbitrary positions within the channel. It
should be noted that the placement of more than two
ports on a column is likely to be unroutable without
detours.

Switchbox support: the problem instances are allowed
to have ports on the left and right boundary of the
channel.

Obstacles: the problem instance may include obstacles of
arbitrary shape in any layer. If there exists a solution
to the routing problem in the given routing model,
the algorithm will find it.

Single layer doglegs: although we did not test it, we be-
lieve that the routing model can be extended to allow
single layer doglegs with only minor changes to the
algorithm.

Our algorithm tries to route the channel with a given num-
ber t of routing tracks. This is appropriate for applications
with a fixed area budget, such as standard cell generation.
To find the minimum realizable channel width, the algo-
rithm must be invoked for each width, starting with the
channel density.

The main restriction of the routing model used in this
paper is that each signal crosses each vertical column of
the channel at most once. This means that there are no
detours. A signal cannot fork and cannot be routed in an
open loop.

There are straightforward extensions of our approach to
multi-layer routing and for the unrestricted layer model.
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Figure 2: Signal 1 enters the last colum of the example
in Figure 1 on all three possible tracks. It can not enter
on the second track, because a port for signal 3 in the
second column blocks that track.

For these extensions the theoretical result of linear runtime
for a given channel width still holds but for our implemen-
tation the maximum tractable channel width becomes too
small for practical applications.

The channel routing problem was introduced by Hashi-
moto and Stevens [1] in 1971. It is a well studied problem
and there exist fast algorithms that provide a close to op-
timal solution such as the greedy router presented in [2].
However, channel routing is often used in the context of
time-consuming toolflows. For example, many standard
cell placers spend hours for simulated annealing and state
of the art CMOS cell generators take minutes to solve in-
teger linear programs to obtain the optimal layouts. In
contexts like these it is not necessary to have very fast
routing algorithms. Instead, it makes sense to spend some
more computing power on routing in an attempt to further
improve the quality of the resulting layout.

The main motivation for this work has been to develop a
method for intra cell routing. Standard cell generators and
on the fly leaf cell generation encounter small but difficult
routing problems. Tools like LAS [7] from Cadence Design
Systems choose channel routing for intra cell routing. In-
tra cell routing clearly benefits from our ability to handle
ports inside the channel and obstacles such as via place-
ment contraints from layout features of the active, poly
and contact layer. Also, to find the optimal routing is
very important for intra cell routing. A routing algorithm
that needs an additional routing track could make it im-
possible to realize a leaf cell in the allocated cell height,
thus deteriorating the quality of the cell library.

2. ALGORITHM

Key to the proposed algorithm is the concept of track
assignments. A track assignment is an injective mapping
of signals to routing tracks.

We represent a track assignment by recording for each
track the signal that leaves the column on this track. Al-
ternatively, we could record for each signal the track that
it is on. There are ¢ tracks so that a given column can only
be crossed by at most ¢ signals. It is therefore sufficient
for either semantic to represent the track assignment by a
t-tupel (s1,...,s:) of integers in the range [0...¢].

The proposed algorithm uses dynamic programming to
process the channel from left to right, one column at a
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Figure 3: AddLeftEdgePorts() inserts signal 2 that
starts at this column into the assignments of figure 2.
Assignment (b) is rejected because port 2 would be
blocked by signal 1. The assignment vectors are shown
to the right because from now on we are looking at
where signals are leaving the column.

time. For each column the set of all track assignments for

signals leaving the column is computed. This is achieved

by examining each track assignment that could leave the

previous column and listing all track assignments that can

be reached from this assignment in the current column.
The general procedure is as follows:

for (each column)
for (each possible track assignment m
of the last column) {
check if m is valid in this column with
respect to obstacles and ports;
generate new track assignments by
adding all combinations of doglegs;
}

The following code block shows the processing of one
column in more detail. It takes as input a set M;_1 of all
possible track assignments for the previous column and
produces a set M; of all possible track assignments for
the current column as output. In addition, some of the
subroutines need information about the port locations.

next column(M;_1) {
for each assignment me M;_; {
m < removeRightEdgePorts(m, i-1)
m < addLeftEdgePorts(m, i)
m < connectPorts(m, i)
m < checkForObstacles(m, i)
if (m #null) {
M; + MiU{m}
M; < M;Udoglegs(m)
}

return M;

}

We will use the partially routed channel of Figure 1 as an
example to illustrate how the algorithm determines all the
track assignments that can leave column 4 to the right. We
assume that signal 1 and signal 2 have ports to the right
of the shown channel segment.



Figure 2 list all the track assignments that can enter
column 4 from the left. The procedure next column()
processes one incoming track assignment m at a time.

For each assignment the procedure removeRightEdge-
Ports() is called. It removes all signals from the assign-
ment that do not have any ports at the current or at any
of the following columns. These signals end in the previous
column and do not need to be considered any longer.

Then, addLeftEdgePorts() is called. This procedure adds
all signals having their first port on the current column to
the assignment. This can only succeed if m has an empty
track everywhere there is such a port in the column. Oth-
erwise, null is returned to inform the caller that this as-
signment is invalid. An example is shown in Figure 3.

ConnectPorts() is called next. It checks all ports that
belong to a signal that has ports to the left of the current
column. If a track needed by such a port is occupied by
another signal, null is returned. If the track is occupied by
the signal that connects to the port, m is returned unmod-
ified. If the track is free a dogleg is introduced to connect
the correct signal to the port. Figure 4 shows how this
procedure modifies the assignments of Figure 3.

Finally checkForObstacles() tests if any of the tracks
used by the generated assignment are blocked by channel
obstacles.

If m is a valid assignment, i.e. none of the previous pro-
cedures returned null, it can be added to the set M; of valid
mappings for this column. Additional valid track assign-
ments are generated by adding all possible combinations of
doglegs in procedure doglegs() as shown in Figure 5. The
algorithm could easily be extended to support single layer
doglegs. In the shown example an additional assignment
(0, 2, 0, 1) can be generated from (a.1), (a.5) or (c.2) if
single layer doglegs are supported.

2.1 Layout generation

For each generated track assignment we store a pointer
to the track assignment in the previous column from which
it was generated.

When the last column is reached with a nonempty set of
assignments, we know that the channel is routable. Then
we can select a track assignment from the last column and
follow the pointers back to the first column. The required
dogleg layout can easily be determined for each column
from the track assignment and its predecessor.

If a track assignment is generated multiple times for a
column it is stored only once in the set of value assignments
although there are multiple layouts associated with it. If
a small amount of extra information is stored with each
assignment, a layout can be chosen based on a secondary
optimization criteria such as number of vias or total wire-
length.

2.2 First order runtime analysis

The number of possible track assignments for a given
column is bounded by ¢! and the runtimes of all the pro-
cedures in next column() are obviously independent of
the channel length n and the total number of signals in
the problem instance. (In fact, this global information is
not even available within procedure next column()) For
a given channel width ¢ the runtime to process a single
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Figure 4: connectPorts() inserts a dogleg in assigment
(c) of Figure 3 to connect it to port 1. Assignment (a)
is left unchanganged because it alltready connects port
1 correctly. Assignments where a port is blocked by
another signal are rejected. (not shown)
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Figure 5: The insertion of all possible combinations
of doglegs results in a total of six output track assign-
ments. Note that three of the track assignments can
be reached by multiple layouts.



column is therefore bounded by a constant and the overall
runtime of the algorithm becomes O(n).

As there are up to t! input assignments to be processed
for each column the runtime grows with the channel width
t as Q(t") so that there is no contradiction to the expected
exponential complexity due to the NP-completeness of the
problem. Algorithms with a behaviour like this are called
fixed-parameter tractable problems.

The worst case runtime for each of the assignments pro-
cessed in a single column is dominated by the dogleg inser-
tion procedure. It must enumerate an exponential number
of doglegs. All the other procedures complete in polyno-
mial time. An upper bound for the number of doglegs can
be computed as follows:

At a first glance each track in a column can have one of
four configurations: A dogleg may or may not connect to
the next or previous track, respectively. This immediately
leads to an upper bound of 4¢ doglegs. This bound can be
tightened to 2! by the following argument: If we walk
down the column track by track we have only two choices
for the first track. We either start a dogleg or we do not.
In track 1 < 4 < t each of the configurations of tracks
1 to ¢ — 1 already determines whether there is a dogleg
connection between tracks ¢ and ¢ — 1. The only choice
left is to decide whether there is a connection to the next
track. This reduces the number of options for each track
to 2. Furthermore, there is no choice for the last track,
and the total number of doglegs is at most 2¢7*.

This bound is not tight, because there are further re-
strictions on the doglegs. For example, a dogleg beginning
on an occupied track can only end on an empty one and
vice versa. In most columns the number of possible doglegs
is less than t2.

2.3 Channel width minimization

To find the minimum channel width T the algorithm
must be invoked for each channel width, starting with the
channel density. The combined runtime is the sum of the
runtimes of all invokations.

The runtime of a single invokation grows superexpo-
nential with the channel width. The following unequality
holds for all functions f that grow at least exponentially:
Zzz_ll f(k) < c- f(T). The combined runtime of all in-
vokations with a channel width up to T therefore is only
by a constant factor larger than if we had known the opti-
mum channel width in advance. The benchmarking results
listed in Table 1 show that the overhead for the iterative
calling is negligible. The last cell of each table column
has a much higer value than all other cells of that column
together.

3. IMPLEMENTATION

We implemented three versions of the algorithm. Imple-
mentation A uses a hash set to store the set of track assign-
ments. Implementation B uses a heap structure that allows
of exact via minimization and some heuristic runtime im-
provements. Implementation C uses multivalued decision
diagrams to represent the set of track assignments by its
characteristic function.

In all implementations a track assignment is stored as
an array of ¢ integers in the range of 0 to ¢ with the value

0 denoting an empty track and 1 to ¢ denoting one of up
to ¢ signals crossing the given column.

3.1 Implementation A

In this implementation the track assignments are stored
in a hash set of dynamic size. There are up to t! assign-
ments in the set and the algorithm iterates over the whole
set for each of the n columns. The doglegs are generated
by a recursive algorithm that needs constant time for each
of the d < 2¢~! new assignments. The worst case runtime
of the algorithm is therefore:

Twe = O(812%)

It is pessimistic to multiply the worst case number of
possible doglegs with the worst case number of track as-
signments as they can never occur simultaneously. For
example a column with ¢! track assignments can have no
doglegs at all, and a column with 2!~* doglegs must have
less than ¢!/(t/2)! track assignments.

With this implementation benchmarks with up to 8 tracks
could be routed in a reasonable amount of time.

3.2 Implementation B

In this implementation track assignments are stored in
a heap using the number of vias needed to create the track
assignment as the key. Track assignments with less vias
are processed first, resulting in a routing with a minimum
number of vias. This produces a circuit that has lower
power consumption and smaller delay due to the lower
resistance and capacitance of the wires as well as a better
yield during manufacturing. Minimizing the number of
vias might also result in a smaller layout if compaction is
used as a post-processing step.

As a heuristic runtime optimization the assignments were
not processed column by column but in a depth-first man-
ner. This is a lot faster in many cases because there usually
are a lot of possible optimal routings for a given problem
instance and the algorithm can stop as soon as the first
one is found instead of enumerating them all.

3.3 Implementation C

In this implementation we use multi-valued decision dia-
grams (MDDs, [4]) to represent the characteristic function
of the set of track assignments. This is an approach simi-
lar to the one presented in [9]. But [9]—despite its title—
solves the harder maze routing problem. As an effect of
the more general approach the worst case runtime there
grows exponentially in ¢ - n. Our algorithm has a runtime
linear in the channel length n.

To store the set of track assignments we construct the
characteristic function £ : {1...t}* + {0, 1} that returns 1
for a tupel that is contained in the set of track assignments
and 0 for a tupel that is not.

MDD operations can be used to modify all assignments
in the set simultaneously. For example to pbtain the subset
of all assignments that have an empty track ¢ the cofactor
of f for s; = 0 is computed. Some useful operations are
reduced to simple pointer redirections.

For an example on how the channel router operates on
the MDD set representations, consider column 4 of Figure
1. Figure 5 shows all the valid track assignments that can



Figure 6: MDD representation for the set of track
assignments from Figure 5. There is a path from the
root to the 1 terminal for each assignment in the set.
Connections to the 0 terminal are omitted for clarity.

enter this column from the left. Figure 6 shows the MDD
representation of this set.

Procedure addLeftEdgePorts() must connect the new
signal 4 to track 2. This can only be done in track assign-
ments where track 2 is empty. All other track assignments
are removed from the set. This is achieved by simply redi-
recting in level 2 of the mdd the pointers for all values but
0 to the 0 terminal. In our example we, have to change
two pointers to remove the three assignments (1, 2, 0, 0),
(0,1, 2,0) and (0, 1, 0, 2). The resulting BDD is shown in
Figure 7. The unused node remains in the data structure
for later use.

The insertion of signal 4 in track 2 is also very simple.
We just move all the pointers in level 2 that are associated
with value 0 to become pointers for value 4. The resulting
MDD is shown in Figure 8. Usually the MDD for f will
be much smaller than the hash set representation of imple-
mentation A. During our benchmarking no MDDs occured
that had more than 10° nodes even for channels with 13
tracks that might have 13! ~ 6.2x 10° distinct track assign-
ments. Also, the MDDs produced by the router are often
similar for adjacent tracks and there are some sub-graphs
that are used very frequently. The results of operations on
these sub-graphs are cached to obtain a substantial speed
up. The caching algorithms are build into the MDD pack-
age that we used and is transparent to the programmer.

3.4 Experimental Results

Versions A and B of the algorithm where implemented in
Java using SUNs JDK 1.1.8. Version C was implemented
in C++ using the CU Decision Diagram Package, v2.3 [11].

To obtain a set of channel routing problems for bench-
marking we used the PAROS system [10] to perform place-
ment and global routing on a set of benchmarks taken from
the ISCAS 85 circuits . The resulting channels where then
routed by the three implementations on a Pentium-IT pro-
cessor running at 450 MHz on a Linux system.

Figure 7: The MDD from Figure 6 after some point-
ers in level 2 have been changed to remove all track
assignments that used track 2.

Figure 8: The MDD from Figure 7 after the pointers
in level 2 have been moved to indicate that track 2 is

occupied by signal 4 in all assignments.



| tracks || A | Bmax | Bmin | C |
3 0.002 | 0.004 | 0.001 | 0.005
5 0.004 | 0.005 | 0.002 | 0.005

7 0.1 0.008 | 0.005 | 0.005
9 >6 5 0.005 | 0.02
11 >60 | 0.052 | 0.3
13 8

Table 1: Runtime per column in seconds for the
three implementations of the algorithm

Table 1 lists the runtime per column for each of the
algorithms. The runtime of implementations A and C were
similar for problem instances with the same channel width.
The values shown are the maxima over all instances with
that particular width.

The runtime of implementation B however showed signif-
icant variation among the benchmarks. The table lists the
maximum and minimum runtime for each channel width
for implementation B. The great variation in runtime was
expected because version B implements heuristics to im-
prove on the runtime. For some benchmarks these heuris-
tics reduce the runtime by a few orders of magnitude and
for others they do not succeed at all so that we only see
a small increase in the runtime due to the increased algo-
rithmic overhead.

The use of MDDs as a symbolic representation for the
set of value assigments improved the runtime for larger
channels by several orders of magnitude and allows the
routing of channels with about 50% more tracks.

4. CONCLUSION

The results show that the exact solution of channel rout-
ing problems can be found in a reasonable amount of time
for channels of arbitrary length with up to thirteen tracks
using an MDD representation for the set of possible value
assignments. The set of operations performed on this data
structure probably can be improved to allow for a larger
channel width. Additionally, we expect that there exist
even better data structures for this algorithm that exploit
the fact that there are only ¢! possible value assignments
whereas the MDD structure used can represent sets with
t* elements.

With the current restriction to 13 channels this algo-
rithm can still improve the layout for complex intra-cell
routings when it is used in cell generators.

A strength of this algorithm is that it can easily be
modified for a large number of different routing styles and
secondary optimization criteria as long as the column-by-
column principle is preserved. Although we did not test it,
we expect that support for single layer doglegs and left to
right forks can be added without hurting the runtime too
much.
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