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Abstract

The objective of this research is to develop an efficient
multilayer general area router as an alternative to the
three-dimensional (3D) maze router for solving the mul-
tilayer MCM routing problem. Our router, named SLICE,
is independent of net ordering, requires much shorter
computation time, and uses fewer vias. A key step in our
router is to compute a maximum non-crossing bipartite
matching, which is solved optimally in O(nlogn) time
where n isthe number of possible connections. We tested
our router on a number of examples, including two MCM
designs from MCC. The total wirelength used by SLICE is
only a few percent away from the optimal. Compared
with a 3D maze router, SLICE is four times faster and
uses 28% fewer vias. A more important feature is that
S ICE works on only a "thin slice” of the two-layer rout-
ing grids at a time, while a 3D maze router works on the
entire three dimensional routing grid. Therefore, SLICE
can successfully produce solutions for large MCM routing
examples where 3D maze routers fail due to insufficient
memory.

1. Introduction

In order to reduce interconnection delay and increase
packaging density, the multichip module (MCM) technol-
ogy is used in the design of high-performance VLS| sys-
tems. Due to the high packing density in MCM designs,
the MCM routing problem is more difficult than the con-
ventional IC or PCB routing problems. First, MCMs may
have far more interconnection layers than ICs. For exam-
ple, the multi-chip module developed for the IBM 3081
mainframe has 33 layers of molybdenum conductors
(including 1 bonding layer, 5 distribution layers, 16 inter-
connection layers, 8 voltage reference layers, and 3 power
distribution layers [BIBa82, BI83]). Fujitsu’s latest super-
computer, the VP-2000, uses a ceramic substrate with
over 50 interconnection layers [HaYY90]. Moreover,
unlike routing in ICs where the routing region can be
naturally decomposed into channels and switchboxes,
there is no natural routing hierarchy in MCM routing.
The MCM routing problem is an immense three-
dimensional general area routing problem where routing
can be carried out almost everywhere in the entire mul-
tilayer substrate. Finally, the pitch spacing is much
smaller and the routing result is much denser in MCM
routing as compared to those of conventional PCB rout-
ing. Thus, traditional PCB routing tools are often inade-

quate in dealing with MCM designs'.

! Beside the problem of efficient utilization of routing resource, there
are also a number of performance issues involved in MCM routing. For
example, for high-performance designs, the wires need to be modeled as
lossy transmission lines, where signal reflection and cross-talk need to be
taken into consideration.

Few methods are available for MCM routing. A com-
monly used method for multilayer MCM designs is the
three-dimensional (3D) maze routing [HaY Y90, Mi91].
Although this method is conceptually ssimple to imple-
ment, it suffers from a number of problems. First, the
quality of the maze routing solution is very sensitive to the
ordering of the nets being routed, yet there is no effective
algorithm for determining a good net ordering in general.
Moreover, since each net is routed independently, global
optimization is difficult and the final routing solution often
uses a large number of vias despite the fact that there are
many interconnection layers. Finally, 3D maze routing
requires long computational time and large memory
space. For example, one industrial example that we
obtained from MCC has a 75 micron routing pitch and a
routing area of 174 x 174 mm?2; this results in a routing
grid of 2032 x 2032 for asingle layer! It iscertainly not a
trivial task to store such agrid for each layer and search in
it efficiently.

Another method for multilayer MCM routing is to
divide the routing layers into a number of x-y layer pairs.
Nets are first assigned to x-y layer pairs and then two-
layer routing is carried out for each x-y layer pair (the x-
layer runs horizontal wires and the y-layer runs vertical
wires) [HoSV90]. Although this approach is efficient, it
faces a few problems. First we have to pre-determine the
number of the routing layers before we can carry out layer
assignment. Moreover, the approach does not take advan-
tage of the large number of routing layers. Thus, each net
is often forced to use many vias since it has to be routed
within two layers. For high-performance MCMs, vias not
only increase the manufacture cost but also degrade the
system performance since they form inductive and capaci-
tive discontinuities and cause signal reflectiong Ba90].

Several efficient routers have been proposed for
silicon-on-silicon based MCM technology [PrPC89,
DaKJ90, DaDS91, DaKS91]. Since the number of routing
layersisusualy small in this technology, some techniques
for IC routing, such as hierarchical routing and rubber-
band routing, can be applied to yield good solutions.

The objective of our research is to develop an efficient
multilayer general area router as an alternative to the 3D
maze router for solving the multilayer MCMs routing
problem. Our router, named SLICE, has a number of
advantages. First, it processes many nets simultaneously
so that the routing solution is independent of net ordering.
Moreover, it requires much shorter computation time and
much smaller memory storage. Finally, it emphasizes
planar routing so that most of the nets use very few vias.
A key step in our method is to compute a maximum non-
crossing bipartite matching, which is solved optimally in
O(nlogn) time (where n is the number of possible con-
nections). We tested our router on a number of examples,
including two MCM designs from MCC, and compared



the results with those by a 3D maze router. On the aver-
age, both routers use about the same amount of wires, but
the 3D maze router is 4 times slower and uses 28% more
vias. A more important feature is that SLICE works on
only a"thin dlice" of the two-layer routing grids at a time,
while a 3D maze router works on the entire three dimen-
sional routing grid. Therefore, SLICE can successfully
produce solutions for large MCM routing examples where
3D maze routers fail due to the memory requirement.

The remainder of this paper is organized as follows.
Section 2 formulates the multilayer MCM routing prob-
lem. In Section 3, we give an overview of our algorithm
and we describe each step in the algorithm in detail.
Experimental results and a comparative study are
presented in Section 4. Finally, we discuss the extension
of our work in Section 5.

2. Problem Formulation

The MCM routing problem consists of a set of modules,
a set of nets, and a multilayer routing substrate. Modules
(dies) are mounted on the top of the substrate by wire
bonding, tape-automated bonding (TAB), or flip-chip
bonding with solder bump connections. The substrate
consists of multiple signal routing layers, with (possible)
obstacles in some routing layers, such as power/ground
connections and thermal conducting vias. The /O termi-
nals of the modules are brought to the first signal routing
layer through distribution vias. The goal of MCM routing
isto connect the I/O terminalsin each net in the substrate.

The signal routing layers in the substrate are numbered
from top to bottom. We assume that there is a routing
grid superimposed on each routing layer where the spac-
ing between grid lines is determined by the routing pitch
for the given P/I technology. We assume that the routing
grid is a Manhattan grid. However, our algorithm can
handle 45 degree routing as well. Two wires in adjacent
signal routing layers can be connected by avia. Vias may
be stacked on top of each other to connect wires in non-
adjacent layers. Stacked vias can be formed in several
ways, e.g., by filling the etched via with nickel in the
AT&T AVP process or by plating copper posts as in the
MCC process [Sh91].

The output of the routing problem is a set of wire seg-
ments and vias that connect each net. The quality of the
routing can be measured by the total wirelength, the
number of vias, the number of wire bends (jogs) and the
number of layers required to complete the routing. Long
wire paths increase propagation time and should be
avoided. Vias and wire bends degrades the signal’s fidel-
ity due to impedance discontinuity in signa paths thus
should also be minimized. Vias usually cause more sefi-
ous problems than jogs, so that our router gives via
minimization a higher priority. Each additional routing
layer increases the manufacturing cost. Thus, the number
of layers should also be minimized.

3. Description of the algorithm

In this section, we present our fast multi-layer general
area router, caled SLICE, for MCMs and single-sided
PCBs designs. We first give an overview of the entire
algorithm, and later we describe each step in more detail.

3.1. Overview of thealgorithm

The basic idea behind our agorithm is to perform
planar routing on a layer by layer basis. After routing on
one layer, we propagate the terminals of the uncompleted
nets to the next layer. Then we continue routing on the
next layer and perform the single layer routing again. We
repeat the process until all the nets are routed.

A crucia part of our algorithm is to compute a planar
routing solution for each layer and try to connect as many
nets as possible in that layer. For nets that cannot be com-
pleted in the layer, we try to perform a partial routing so
that these nets can be completed in the next layer with
shorter wires. We scan the routing region from left to
right and process each pair of columns that has terminals
at a time. For each adjacent column-pair, we compute a
maximum weighted non-crossing matching (MWNCM)
which consists of a set of non-crossing edges that extend
from the left column to the right column. This gives us a
topological planar routing solution between the column-
pair. Next, we generate a physical routing between the
current column-pair based on the selected edges in the
non-crossing matching. Then, we move on to the next
column-pair and compute the non-crossing matching and
physical routing again for that column pair. The planar
routing process is completed when the right end of the
current layer isreached. Clearly, such aleft to right scan-
ning operation results in mainly horizontal wires in the
planar routing solution. To complete the routing in the
vertical direction, we use a restricted two-layer maze
router that is much faster than a general maze router. We
clean up the routing solution by removing unnecessary
jogs and wires in the current layer. For nets that are not
completed, their terminals are propagated to the next
layer. Finally, we rotate the substrate by 90 degrees so
that the scanning direction in the next layer is orthogonal
to the one used in the current layer which helps to com-
plete vertical connections. The entire process is iterated
until al the nets are routed. We shall describe each step
in detail in the remaining subsections.

3.2. Planar routing

The terminas that lie on the same vertical grid line
form a column. In our planar routing algorithm, we scan
the routing region across from left to right and perform
routing between each column-pair. Let x be the x-
coordinate of the left column, and x, be the x-coordinate
of the right column. Conceptually, a column-pair forms a
channel and we define the channel capacity to be
Ceap =% —X . During planar routing in the current layer,
the terminals of the uncompleted nets are put in the list
Porop-  These terminals will be propagated to the next
routing layer.

For each column pair, the occupied grid points on the
left column are called start-points. Each start-point is
either a terminal propagated from the previous layer, or
the endpoint of a partia routing solution computed in the
previous channel. We denote a start-point n; in the
current layer by atriplen; = (X, yi, netj), where (x;, yi) is
the coordinates of the point, and net; is the net number of
the point. For a start-point n;, the terminal that it is to be
connected to is caled the target of n;, denoted by



target (n;). 2

We shall concentrate our discussion on routing between
asingle column pair. We begin with alist P, that contains
al the start-points on the left column. After that, we go
through three steps to complete the planar routing. (1) For
each start-point, we generate a set S of weighted edges
that connect the start-point to the right column. The
weight for each edge represent the gain if we include this
connection in the planar routing solution. (2) We com-
pute the maximum weighted non-crossing matching
Suwwnem Of S, which corresponds to the best topological
planar routing solution between the column pair. (3)
Finally, we compute the physical routing solution based
on the edges in Sywnem - The steps in the planar routing
algorithm are illustrated in Figure 1. We now describe
these three steps in detail .

3.2.1. Generating the weighted edges

Given a list of start-points P; on the left column, we
want to generate the set S of weighted edges that connects
the start-points in P, to the grid points on the right
column. Conceptualy, for a start-point nj =(x;, Y, net;)
in Py, we can generate an edge from (X, yi) to every grid
point on the right column which is free or occupied by a
termina of net n;. However, this may result in too many
edges, and most of them will have very little chance of
being selected in the maximum non-crossing matching in
the next step. To conserve both memory and time, we use
a simple heuristic, called range reduction, to reduce the
number of edges that are generated. Clearly, the channel
capacity Ccgp bounds the density of the vertical segments
that can be routed between a column-pair. Let y., and
Yi-n be the y-coordinate of the n-th start-point (not grid
point) above and below n; on the left column respectively.
Now if we assume that all the start-points on the left
column will be routed, then the connection for each start-
point above or below n; will increase the channel density
by one. Therefore, it is sufficient to generate edges whose
right endpoints are within the y-interval [ yic_ , Vi+c_]-
This is the reduced range where the edges for n; can end
on the right column.
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Figure 1: Steps in planar routing for a column-pair. (a) Generate possi-
ble (topological) connections; (b) Compute a maximum weighted non-

crossing matching; (c) Generate physical routing.

2 As a preprocessing step of SLICE, we decompose each multi-
terminal net into a set of two-terminal subnets based on the Prim's
minimum spanning tree agorithm. Therefore, each start-point always
has a well-defined target. The prior decomposition does not affect the
routing quality very much since (1) most nets are two-terminal nets in
MCM routing; (2) we alow the routes of two subnets of the same net to
meet and form a Steiner point in our planar routing procedure.

The weight of each edge represents the gain if we
include the edge in our planar routing solution. For each
start-point n;, let n; = target (n;). We define the preferred
region to be the y-interval on the right column defined by
the y-coordinates of n; and n;. Clearly, if an edge from
n; ends within the preferred region, it does not increase
the wirelength of net;. So we assign a high weight,
weight_preferred, to the edges ending in the preferred
region. Moreover, if an edge from n; ends exactly on n;
(when nj is on the right column), we assign an even
higher weight, weight_complete, to the edge in favor of
completion of the net. For the edges that end outside the
preferred region, we assign them a small weight
weight_outside. In  general, weight_complete >
weight_preferred > weight_outside. We experimented
with several weighting functions and the best choice isthe
following. We set weight_complete and
weight preferred to be two constants, and let
weight_outside decrease linearly as the right end of the
edge moves away from the preferred region.

3.2.2. Computingthe MWNCM

The most important part of our planar routing routing
algorithm is computing a topological planar routing solu-
tion between each column-pair. We begin with a set of
weighted edges S={s1, Sy, **,S}. Each edge in S
represents a possible topological route that extends from a
start-point to the right column. The weight for each edge
represents the gain if we include this route in the planar
routing solution. Each edge s is a four-tuple
(I,r,w, net) where |l is the y-coordinate of the left end
of the edge, r is the y-coordinate of the right end of the
edge, w is the weight of the edge, and net is the net
number of the edge. Since we want a set of best edges
that are planar so that they can be routed on the current
layer, we need to select a set of edges from S that are
non-crossing and have the maximum total weight. Thisis
the maximum weighted non-crossing bipartite matching
(MWNCM) problem. However, in our formulation, we
permit two edges in a non-crossing matching to share a
common endpoint at the right column if they belong to the
same net. (In this case, a steiner point is generated.)

In order to compute a MWNCM, we map each edge to
a point in the x-y plane using the one-to-one mapping
(I,r) - (x,y) where (x,y) is the position of the point in
the x-y plane. Given two points p; =(X,Y;i) and
P = (X, Y;) inthex-y plane, we say that p; dominates p;
if () x> and yi >y;, or (i) x >% and y =y; and

P(S)

Figure 2: Mapping the edges to points in the plane. Edgesin P (S) in-
dicate the dominance relations (assuming the start-points 1 and 2 are of
the same net).



net; = net; (net; is the net that the corresponding edge of
pi belongs to). The dominance relations are illustrated in
Figure 2, where edge ¢ dominates edges a and b, and
edge b dominates edge a (assuming that a and b are of
the same net). Clearly, if p; dominates p;, the two edges
that are mapped to p; and p; are either strictly non-
crossing or sharing the same endpoint on the right column
if they are of the same net. We define a chain among a set
of points P in the x-y plane, to be an ordered list of
points C ={p1 p2 """, Pm} Where px O P, and pys1
dominates px for k=1,2, ---,m-1. We define the
weight of a chain C, denoted by weight (C), to be the sum
of the weights of the points in C. We define the
maximum-chain C . to be the chain that has the max-
imum weight among a given set of points. We then have
the following results:

Lemma 1: The dominance relation is transitive.

Theorem 1: Let S be the set of edges between a
column pair and P (S) be the set of corresponding points
on the x—y plane. Then the set of edges M in S is a max-
imum weighted non-crossing matching if and only if the
corresponding points P(M) form a maximum-chain in
P(S).

The proofs of the results in this section can be found in
[KhC092]. A maximum-chain of a point set P can be
computed as follows: We construct a direct graph Gp,
caled the dominance graph, in which each node
represents a point in P. We add an edge (pi ,p;) to Gp if
and only if point p; dominates point p;. Figure 3 showsa
set of edges and the dominance graph on the correspond-
ing point set. (the edges implied by the transitive relation
are omitted for clarity.) It isnot difficult to show that Gp
thus constructed is a directed acyclic graph and a
maximum-chain in P corresponds to a maximum
weighted path in Gp. Since the maximum weighted path
in a directed acyclic graph can be computed in O(n?)
time, where n is the number of nodes in the graph
[ReND77], we can compute a MWNCM in O(n?) time,
where n is the number of edges we generated between a
column-pair. The maximum weighted edges in S and the
maximum weighted path in P (S) are shown in Figure 3 as
dark edges. However, since the procedure for computing a
maximum weighted non-crossing matching will be used
for each column-pair, we seek for a more efficient imple-
mentation. We have developed an O(nlogn) time algo-
rithm for computing the MWNCM based on a data struc-
ture called the priority search tree [Ta83]. The details of
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Figure 3: A set of edges S and its corresponding point set P(S). Note
that start-points 2 and 3 are of the same net. The dominance relations are
shown in P(S) as thin arrows The MWNCM in S, and the corresponding

maximum-chain in P (S) are shown as dotted arrows.

the algorithm is given in [KhCo092].

Theorem 2: Given the set S of n edges between a
column pair, the maximum weighted non-crossing match-
ing can be computed in O (nlogn) time.

We noticed a significant speed-up when the O (n?) time
algorithm was replaced by the O(nlogn) time algorithm
for computing a maximum weighted non-crossing match-
ing between each column pair.

3.2.3. Physical routing

The solution we obtained from computing the max-
imum weighted non-crossing matching in the previous
section gives us a set of edges,
Swwnem ={S1,S2, "+, &}, wheres =(li r; net), li and
ri are the y-coordinates of the left and right endpoints of
the edge, and net; is the net number of the edge. Each
edge represents a connection between the two points,
(x,1i) and (%, ri) in the current routing plane, where x,
and x; are the x-coordinates of the left and right columns,
respectively. Asthe result of the physical routing, we end
up with alist of endpoints of the routings, P, on the right
column, together with the terminals that are on the right
column, will form the new list of start-points on the new
left column in the next iteration of column-pair routing.
Because the edges in Suwncm ae topological routing
solutions, not all edges can be routed due to the channel
capacity constraint. We add to Py the start-points
whose edges failed to be routed.

We perform the routing separately on two classes of
edges from Sywnem as defined below. Given an edge
s =(li, ri,nety), we say that 5 isarising edgeif |; <r;.
Otherwise, we say that 5 is a falling edge (i.e. I; =rj).
We group al the rising edges in Si and al the faling
edgesin S . We also order the edgesin Sy inincreas-
ing y-coordinates, and order the edges in Sis in decreas
ing y-coordinates. It is not difficult to show that the edges
in Sie and S can be routed separately.

We perform the physical routing one edge at a time.
We shall describe the routing for Sis. (Routing for S
issimilar.) For each edge 5 in Sis, We start routing from
(%, I;) in the routing plane, and route towards (X, r;) in
the following manner. We advance the routing along the
y-axis upward until the routing is blocked, or if we have
reach the y-coordinate r;. Then we shall route one grid
unit along the x-axis rightward if possible and repeat the
routing along the y-axis. This process is repeated until
one of the following three cases is encountered. (1) The
routing is completed, (2) the routing has ended on the
right column but did not reach (x;, r;), and (3) the routing
has failed to reach the right column. For case (1) where
the routing is completed, we simply add the start-point

| | |
S a ! : Routlrl'ng .
i ! 1 complete

| :
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Routed to a new
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Figure 4: Example of physical routing.

After physical routing



(X, ri, netj) to Pr. For case (2), we add the start-point
with the new y-coordinate, (X, new_r;, net;) to P, where
r_new; isthe y-coordinate where the routing ends on the
right column. For case (3) we remove any partial routing
that we might have added between the column-pair, and
add the start-points n; = (x, ;, netj) and target (n;) to the
list of terminals P o t0 be propagated to the next layer.
Figure 4 illustrates these cases. The left side of Figure 4
shows four rising edges in the MWNCM named a, b, c,
and d. Terminals t1 and t2 are of other nets. Routing
begins with edge a and b which are completed. Edge c is
routed to the right column but at a different y-coordinate.
Finally we fail to route edge d because of the blocking ter-
minal on the right column. In this case, both the start-point
of the edge d and its target will be added to P yrqp.

3.3. Restricted mazerouting

Our planar agorithm will produce routing segments
extending predominantly in the scanning direction. There-
fore, many start-points may not be routed because they are
lined up almost vertically. To complement the planar rout-
ing, we use a restricted maze router to complete as many
left over nets as possible.

To conserve memory, we restrict the maze-routing to
within two routing layers. Moreover, we restrict the range
of the maze router to a thin "vertical dice" of the routing
region since we are primarily interested in vertical con-
nections. Typically, the maze range is 10% of the width of
the routing region.

3.4. Jogremoval

Since the planar routing algorithm does not penalize the
formation of wiring jogs, the completed routings may con-
tain many unnecessary jogs. Therefore, a clean up phase
is necessary to remove these jogs to improve the quality
of the planar routing solution.

We identify two kinds of jogs. We call simplejogsto be
those that can be eliminated by moving a single wire seg-
ment. Otherwise, the remaining jogs are called the com-
plex jogs, where more than one wire segments need to be
moved to eliminate ajog. SLICE triesto remove the sim-
ple jogs first, then it tries to remove the remaining com-
plex jogs. Both algorithms are based on the efficient plane
sweeping technique used extensively in computational
geometry [Prsh85]. Experimental results show that on the
average, 39% of the simple jogs, and 37% of the complex
jogs can be removed by our algorithms.

4. Experimental Results

We implemented SLICE on the Sun workstations using
the C language. The following experimenta results were
recorded on a Sun SPARC dtation Il with 32MB of
memory. We tested the program on five examples shown
in Table 1. The examples testl, test2, and test3, are gen-
erated with random netlists. Examples mccl and mccl
were industrial MCM routing examples provided by
MCC. Example mcc2 is a supercomputer with 37 VHSIC
gate arrays.

The routing results obtained by SLICE on these exam-
ples are given in Table 2. The lower bound on wire length
for each net is computed by the half perimeter of the
bounding rectangle that encloses al the terminals in the
net. Thisis a conservative lower bound for multi-terminal

nets. It can be seen that SLICE uses at most 7% more than
this lower bound for all examples except mecl 3.

Ex no.of | no.of | no.of size of rid size
' chips nets pins substrate (mm?) Y
testl 4 500 1000 225x 225 300 x 300
test2 9 956 1912 30x 30 400 x 400
test3 9 1254 2508 37.5x 375 500 x 500
mccl 6 802 2495 45x 45 599 x 599
mcc2 37 7118 14570 152.4 x 152.4 2032 x 2032

Table 1: Characteristics of examples (pitch = 75um)

no. no. no. wire length (x1000) run
Ex of of of time
' lay- vias jogs lower | SLICE | ratio | hr:min

ers | x100 | x100 | bound
test 6 22 39 102 109 | 1.065 | 0:04
test2 7 56 100 265 282 1064 | 011
test3 7 76 148 426 455 | 1.067 | 0:18
mccl 6 69 124 339 399 | 1177 | 0:18
mcc2 9 516 1111 | 5623 5821 | 1.035 7:36

Table 2: Characteristics of solutions

Table 3 shows that a large percentage of the nets are
completed within the first few routing layers. For al
cases, more than 74% of the nets are completed within the
first 4 routing layers.

Ex % of nets completed in x layers

) 1 2 3 4 5 6 7 8 9
testI [ 52 [ 55 [ 82 | 94 | 99.4 | 100
test2 | 28 | 31 | 59 | 82 | 956 | 994 | 100
test3 | 26 | 32 | 58 | 81 | 951 | 99.1 | 100
mecl | 20 | 29 | 63 | 84 | 99.1 | 100
mec2 | 1.3 | 32 | 57 | 74 | 879 | 944 | 984 | 99.7 | 100

Table 3: Distribution of completed nets

Table 4 shows the effect of the two jog removal algo-
rithms. Note that each of the individual jog removal algo-
rithms may remove both kind of jogs, thus the total jogs
removed by applying both agorithm is less than the sum
of the jogs removed by applying the two individual algo-
rithms independently.

We also compare our results with a general 3D maze
router in Table 5. The 3D maze router uses a reserved

layer model 4 °, in which the horizontal wires and vertical

3 There are many multi-terminal nets in mcml. Since the lower
bound given by the half perimeter of the bounding box is not tight for
multi-terminal nets of size 4, our lower bound for mem1 is considerably
smaller than the optimal wirelength. In fact, it is commonly believed that
the wirelength of a minimum Steiner tree for a multi-terminal net is at
most 88% of the wirelength of a minimum spanning tree on average
[BeCa87], which leads to a new wirelength lower bound of 362497 for
mecml. The result by the SLICE router is only 10% more than the new

lower bound.

4 The 3D maze router using the reserved layer model performed much
better than the one using the un-reserved layer model. For example, in
our experiment, the number of layers reguired for example mccl is 17
with the un-reserved layer model versus 5 layer with the reserved layer
model.

5 We tried both the reserved layer and the un-reserved layer model for
the two-layer maze router in SLICE, but the difference in the results is
insignificant. For all test cases, the results by SLICE reported in Table
2-5 are based on the two-layer un-reserved layer model.



wires are routed in different layers. The 3D maze router
was not able to run on mcc2 on our system due to the
large size of the example. On the average, SLICE is more
than four times faster than the 3D maze router, and uses
28% fewer vias than the 3D maze router. However, the
number of layers used by SLICE is generaly more than
the 3D maze router. But as shown in Table 3, the last few
layers in the SLICE solutions are very sparse. In fact, the
uncompleted nets on the last layer is less than 0.6% for all
the test examples. Therefore, it is possible to manually
reroute the nets on the last or last few layers so that the
total number of layersis reduced.

Total number of jogs
Ex. Wl_thout Algo. to Algo. to Both
jog remove remove
removal | SimpleJogs | Complex Jogs | Algorithms
testl 7213 4190 4439 3879
test2 19366 11485 11686 9986
test3 27846 17185 17623 14805
mccl 21700 13240 14079 12405
Table 4: Effects of jog removal agorithms
no. of no. of no. of wire length runtime
Ex. layers | vias(%100) | jogs(%x100) (%1000) (hr:min)
S| M S M S M S M S M
testT | 6 | 4 22 | 30 39 4| 109 | 108 | 0.04 | 0:08
test2 7| 4 56 71 100 9 282 | 274 | 0:11 | 0:48
tet3 | 7 | 4 76 | 93 148 | 11 | 455 | 442 | 0:18 | 140
mecl | 6| 5 69 | 88 124 | 12 | 397 | 397 | 0:18 | 0:59
mcc2 | 9 516 - 1111 - 5821 - 7:36 -

Table 5: Comparison with maze router
(S=SLICE, M = maze router)

A significant advantage that SLICE has over the 3D
maze router isitslow memory requirement. For the exam-
ple mcc2 (a supercomputer with 37 gate arrays), in order
to store the entire grid of size 9x2032x2032, the 3D maze
router needs 148MB of memory (assuming that we use
four bytes for each grid point to store the net number,
routing cost, etc.) That is why the 3D maze router failed
to route the example on our system. However, using a
maze routing range of 10%, at any time, the working
space of SLICE is only 2x10%x2032x2032 = 3.3MB of
memory. So SLICE successfully produced a satisfactory
solution. Furthermore, if the routing pitch for the same
example is halved, the 3D maze router will require
595MB of memory whereas SLICE will require only
13.2MB of working memory. Clearly, for the next gen-
eration of dense MCM design, the 3D maze router will
face more severe memory limitation, and the advantage of
SLICE will become much more significant.

5. Conclusions and Future Extensions

In this paper, we present a fast multilayer general area
router named SLICE for MCM Designs. The routing
result of SLICE router is independent of net ordering and
uses fewer vias. The total wirelength produced by SLICE
isonly afew percents away from the optimal. Compared
with a general 3D maze router, with a small penalty in the
number of routing layers, SLICE runs about four times
faster, uses 28% fewer vias, and requires far less memory.

The SLICE router can also handle 45 degree routing.
After we obtain a maximum weighted non-crossing
matching, we can use a more sophisticated procedure to

map the topological routing solution into a physical rout-
ing solution which allows 45 degree routing. The SLICE
can handle arbitrary obstacle in the routing region as well
since it can avoid generating edges whose end-points are
on the obstacles. We hope to take some performance
issues into consideration in the design of next generation
of SLICE.
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