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Abstract
In this paper, we present an efficient multilayer general

area router, named V4R, for MCM and dense PCB designs.
It uses no more than four vias to route every net and yet pro-
duces high quality routing solutions. It combines global rout-
ing and detailed routing in one step and produces high qual-
ity detailed routing solutions directly from the given netlist
and module placement. As a result, V4R is independent of net
ordering, runs much faster, and uses far less memory com-
pared to other multilayer general area routers. Experimental
results show that V4R outperforms both the 3D maze router
and the SLICE router significantly.

1. Introduction
The multichip module (MCM) technology has been

developed recently to increase the packing density and to
eliminate a level of interconnection by assembling and con-
necting bare chips on a common substrate. Due to the high
packing density in MCM designs, the MCM routing problem
is more difficult than the conventional IC or PCB routing
problems. First, MCMs may have far more interconnection
layers than ICs. For example, the multi-chip module
developed for the IBM 3081 mainframe has 33 layers of
molybdenum conductors [BlBa82] and Fujitsu’s supercom-
puter, VP-2000 uses a ceramic substrate with over 50 inter-
connection 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 multilayer substrate. Finally, the line spacing is much
smaller and the routing result is much denser in MCM rout-
ing as compared to those of conventional PCB routing. Thus,
traditional PCB routing tools are often inadequate in dealing
with MCM designs1.

Few methods are available for multilayer MCM routing. A
commonly used method for multilayer MCM designs is the
three-dimensional (3D) maze routing [HaYY90, Mi91].
Although this method is conceptually simple to implement, it
suffers from several 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 determin-
ing 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.
Finally, 3D maze routing requires long computational time
and large memory space since it needs to store the entire
routing grid and search in it.
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1 Besides the problem of efficient utilization of routing resource, there are
also several performance issues involved in MCM routing. For example, for
high-performance designs, the wires need to be modeled as lossy transmis-
sion lines, where signal reflection and cross-talk need to be taken into con-
sideration.

Another method for multilayer MCM routing is to divide
the routing layers into several x −y layer pairs. Nets are first
assigned to x −y layer pairs and then two-layer routing is car-
ried out for each x −y layer pair [HoSV90]. Although this
approach is efficient in general, it faces a few problems. First
we have to pre-determine the number of the routing layers
before we can carry out layer assignment, but there is no
accurate estimation for the number of routing layers required.
Moreover, detailed routing information, such as constraints
on via and segment locations, are not considered during the
layer assignment stage, which may lead to poor detailed rout-
ing results.

Recently, a multilayer MCM router named SLICE was
developed by Khoo and Cong [KhCo92]. It computes a
routing solution on a layer-by-layer basis and carries out
planar routing in each layer. On average it uses 29% fewer
vias and runs four times faster than the 3D maze router.
However, since planar routing can complete only a limited
number of nets, a two-layer maze router was used at each
layer to complete as many remaining nets as possible. The
use of maze router again slows down the computation and
introduces extra vias.

Several efficient routers have been proposed for silicon-
on-silicon based MCM technology [PrPC89, DaDS91].
Since the number of routing layers is usually small (2 layers
for signal routing in most cases) in this technology, many
techniques for IC routing, such as hierarchical routing and
rubber-band routing, can be applied to yield good solutions.
However, it is not clear how to generalize these techniques to
multilayer general area routing.

In this paper, we present an efficient multilayer general
area router, named V4R, for MCM and dense PCB designs.
One unique feature of V4R is that it uses no more than four
vias to route every two-terminal net2 and yet produces very
satisfactory routing solutions. Marek-Sadowska [Ma84]
showed a theoretical result that each two-terminal net can be
routed using at most one via in a two-layer topological rout-
ing solution. Although her result is interesting in theory, the
resulting topological solution of one-via routing usually uses
long wires and introduces congestion when mapped to a phy-
sical routing solution. Therefore, the method in [Ma84] is
usually not applied directly in practice. To our knowledge,
V4R is the first practical multilayer general area router that
guarantees to use no more than a fixed number of vias for
every net yet produces high quality physical routing solu-
tions. Bounding the number of vias per net is not only help-
ful for via minimization but also very important for precise
delay estimation at the higher level of MCM designs. For
�����������������������������������������������������������������������

2 The majority of the nets in MCM designs are two-terminal nets. For ex-
ample, in the MCM example of 37 VHSIC gate-arrays that we obtained from
MCC, 94% of the nets are two terminals nets. A k-terminal net can be
decomposed into k − 1 two-terminal nets so that it can be routed using at most
4(k − 1) vias by V4R.



high-performance MCMs, vias not only increase the
manufacturing cost but also degrade the system performance
since they form impedance discontinuities and cause
reflections when the interconnections have to be modeled as
transmission lines [Ba90].

Another unique feature of V4R is that it combines global
routing and detailed routing in one step and produces high
quality detailed routing solutions directly from the given net-
list and module placement. Several combinatorial optimiza-
tion techniques, including computing a maximum weighted
k-cofamily in a partially ordered set and a maximum
weighted non-crossing matching in a bipartite graph, help us
to solve the combined problem efficiently. As a result, V4R
is independent of net ordering, runs much faster, and uses far
less memory. Experimental results show that V4R outper-
forms both the 3D maze router and SLICE significantly.

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 rout-
ing layers, such as power/ground connections and thermal
conduction vias.

The signal routing layers in the substrate are numbered
from top to bottom. We assume that there is a Manhattan
routing grid superimposed on each routing layer where the
spacing between grid lines is determined by the routing pitch
for the given technology. Two wires in adjacent signal rout-
ing layers can be connected by a via. Vias may be stacked on
top of each other to connect wires in non-adjacent layers.

The output of the routing problem is a set of routing seg-
ments and vias that connect all the nets. 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 degrade the signal’s fidelity by introducing
impedance discontinuities in signal paths thus should also be
minimized. Each additional routing layer increases the
manufacturing cost and thus the number of layers should also
be minimized.

Now we introduce a few terminologies. In each routing
layer, a horizontal grid line is called a horizontal track and a
vertical grid line is called a vertical track. The terminals on
the same horizontal track form a row, and the terminals on
the same vertical track form a column. For a terminal p, let
x (p) and y (p) denote the x and y coordinates (in terms of grid
point coordinates) of p respectively, and let row (p) and
col (p) denote the row number and the column number of p
respectively. Two adjacent rows form a horizontal channel,
and two adjacent columns form a vertical channel. The
channel formed between between the i-th and (i +1)-th rows
(columns) is named the i-th horizontal (vertical) channel3.
The capacity of a horizontal (vertical) channel is the number
of horizontal (vertical) tracks in the channel. Clearly, there is
no terminal inside a horizontal or a vertical channel.
�����������������������������������������������������������������������

3 Since the terminals are usually not distributed uniformly in the top
layer, the widths of horizontal or vertical channels may vary significantly. In
some MCM technology, several redistribution layers under the top layer are

3. Description of the Algorithm

3.1. Overview of the Algorithm
Our algorithm first decomposes each k-terminal net into

k − 1 two-terminal nets based on Prim’s minimum spanning
tree algorithm. Although the spanning tree topology is used
for the initial multi-terminal net decomposition, there are
several operations in our algorithm which allow us to intro-
duce Steiner points during the physical routing process so
that the final routing solution for each net is a Steiner tree
instead of a spanning tree. In the remainder of this section,
we assume that each net is a two-terminal net. For each net i,
let pi denote its left terminal (i.e., the one with the smaller
column number) and qi denote its right terminal.

Each net is routed using up to five connected segments
alternating between the vertical and horizontal directions.
We call a horizontal segment a h-segment and a vertical seg-
ment a v-segment. There are two possible routing topologies
depending on the direction of the segment connected to the
left terminal or to the right terminal as shown in Fig. 1. The
type-1 topology begins with the left v-stub from the left ter-
minal, followed by the left h-segment, the main v-segment,
the right h-segment, and ending at the right terminal with the
right v-stub. The type-2 topology begins with the left h-stub,
followed by the left v-segment, the main h-segment, the right
v-segment, and ending with the right h-stub. These two types
of routing topologies are "orthogonal" to each other. Since
each net is routed with no more than five segments, it is clear
that each net uses at most four vias.

The reason to consider four-via routing is because it offers
sufficient flexibility for connecting a net. In order to connect
terminal p located at (0,0) and terminal q located at (m,n),
assuming the routing path is within the bounding box of p
and q, one-via routing gives two possible routes (i.e. the two
L-shape routes), two-via routing gives (m + n) possible
routes, three via-routing gives 2.m .n − (m + n) possible
routes. Moreover, using no more than three vias allows only
monotonic routing paths. However, four-via routing gives
roughly m .n(m + n) possible routes, which are usually
sufficient in practice. Furthermore, four-via routing allows
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Fig. 1 The two "orthogonal" four-via routing topologies.
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provided to redistribute terminals uniformly before actual routing. The pin
redistribution problem is not studied in this paper and the reader may refer to
[ChSa91] for the solutions to the pin redistribution problem. The experimen-
tal results in Section 4 are based on the designs without terminal redistribu-
tion. We expect even better results if the terminal redistribution technique is
applied (at the expense of having extra layers for terminal redistribution).
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Fig. 2 Overview of the algorithm: the four steps when
processing a column c.

non-monotonic routing paths.
V4R routes two adjacent layers at a time, the odd-number

layer is for v-segments and the even-number layer is for h-
segments. When routing in the current layer pair, V4R main-
tains a list, named Lnext , which consists of the nets to be
routed in the next layer pair. For each layer pair, it processes
columns one by one starting from the left. At each column c,
V4R executes the following four steps:
(1) Horizontal track assignment of the right terminals:

For each right terminal qi whose left terminal pi is in
column c, we try to connect qi to an appropriate horizon-
tal track ti

r which is free between col (pi) and col (qi),
using the right v-stub in column col (qi). The nets that are
successfully assigned to feasible tracks are designated as
type-1 nets and they will be routed with the type-1 topol-
ogy. The remaining nets are designated as type-2 nets
and they will be routed with the type-2 topology. For
example, Fig. 2(a) shows the track assignment for the
right terminals q 1 and q 3, which implies that nets 1 and 3
will be routed using the type-1 topology. For a type-1 net
i, its right h-segment will be routed in track ti

r . For a
type-2 net j, its right h-stub will be routed in row row (qj).

(2) Horizontal track assignment of the left terminals:
There are two phases in this step that process the type-1
and type-2 left terminals independently. In Phase 1, we
try to connect each type-1 left terminal pi in the current
column c to an appropriate horizontal track ti

l using the
left v-stub in column c. The left h-segment of a type-1
net i will be routed in track ti

l . For example, Fig. 2(b)
shows the track assignment of the type-1 left terminals p 1
and p 3. In Phase 2, we try to assign a horizontal track for
the main h-segment for type-2 left terminals. Note that the

main h-segment can be connected to the left terminal only
after its left h-stub and left v-segment are routed. Fig.
2(b) shows the track assignment for the type-2 terminal
p 2. In both phases, if a terminal pi cannot be assigned a
track, then we rip up all the routed segments of net i and
add i to the list Lnext to be propagated to the next layer
pair.

A net is active if its left and right terminals have been
assigned the appropriate horizontal tracks yet its routing has
not been completed. Clearly, for a type-1 active net, the main
v-segment needs to be routed to complete the routing. For a
type-2 active net, the left v-segment followed by the right v-
segment need to be routed to complete the routing. A v-
segment of net i is pending if it satisfies any one of the fol-
lowing three conditions: (1) It is the main v-segment of a
type-1 active net; (2) It is an unrouted left v-segment of a
type-2 active net; (3) It is an unrouted right v-segment of a
type-2 active net, its left v-segment has been routed, and the
row row (qi) is free between col (qi) and column c. More-
over, in case (3), we require the endpoints of the pending
right v-segment do not share common horizontal tracks with
the endpoints of other pending v-segments. (This prevents
introducing any vertical constraint in channel CHc .) The next
two steps to be carried out at column c are:
(3) Routing in the vertical channel: Select a maximum sub-

set of the pending v-segments and route them in the c-th
vertical channel CHc . Clearly, the density of the selected
v-segments should not exceed the capacity of CHc . In
Fig. 2(c), the nets 1, 2, 3 and 4 are all active nets but only
the main v-segments of nets 1 and 3 and the left v-
segment of net 2 are the pending v-segments and all of
them are routed in CHc .

(4) Extending to the next column: We extend the left h-
segments of the remaining active nets to column c + 1. If
the h-segment of an active net i is blocked, we rip up all
the routed segments of net i and add i into the list Lnext .
For example, In Fig. 2(d) the h-segments of nets 2 and 4
are extended to column c + 1.

After these four steps, we move to column c + 1. After we
have processed all the columns in the current layer pair, we
move to the next layer pair and route the nets in Lnext . The
scanning direction is reversed between the layer pairs to
better utilize the routing resources.

It is clear that our algorithm generates detailed routing
solutions directly without going through the conventional
global routing step. The success of our algorithm depends on
the efficient implementation of the above four steps carried
out at every column, which will be described in detail in the
following subsections. Due to the length restriction, details
of these methods and the optimality and complexity analysis
of these methods are not presented in this paper. The reader
may refer to [KhCo93] for details.

3.2. Horizontal Track Assignment for Right Terminals
Assume that c is the current column being processed.

There are two phases in this step. In the first phase, we deter-
mine the terminals for type-1 nets and assign horizontal
tracks to them at the same time. In the second phase, we
determine the terminals for the type-2 nets.

3.2.1. Phase 1
Let Qc = {q 1, q 2, . . . qnc

} be the set of the corresponding
right terminals of the left terminals in column c. A horizontal
track is feasible for qi if (i) it is an unoccupied track and is



free between column c and column col (qi) (excluding
columns c and col (qi)), or (ii) it is occupied by a left or right
terminal of net i. The objective of this step is to connect each
qi to an appropriate feasible track tj using the right v-stub so
that tj is reserved for the right h-segment of net (qi). We
build a bipartite graph RGc in which q 1, q 2, . . . qnc

are the
nodes on the right-hand side and the union of the feasible
horizontal tracks of qi’s are on the left-hand side. There is an
edge (qi , tj) if track tj is feasible for qi and we can connect qi
to track tj using a right v-stub in column col (qi) without
crossing other terminals. For example, Fig. 3(a) shows the
right terminals in Qc and Fig. 3(b) shows the corresponding
bipartite graph RGc .

If qi and qj are in the same column (say, y (qi) < y (qj)) and
there is no other terminals between qi and qj , we only allow
qi to be adjacent to tracks below

2
1
� ��� (y (qi) + y (qj)) and qj to be

adjacent to tracks above
2
1
� ��� (y (qi) + y (qj)) in RGc . For exam-

ple, in Fig. 3(b), edges (q 2, t 3) and (q 4, t 2) are not in RGc
although t 3 is feasible for q 2 and t 2 is feasible for q 4. More-
over, each edge (qi , tj) may have a weight which indicates
the preference of assigning track tj to qi . We have shown
that any matching in RGc corresponds to a valid track assign-
ment of the right terminals in Qc . To optimize the assign-
ment, our algorithm computes a maximum weighted match-
ing in RGc . Furthermore, we have shown that RGc can be
simplified so that it has at most nc

2 edges yet still contains a
maximum weighted matching, where nc is the number of left
terminals in column c. As a result, the horizontal track
assignment of the right terminals can be carried out in O (nc

3)
time. The nets whose right terminals are successfully
matched in the matching are qualified as type-1 nets, and they
will be routed with the type-1 topology.

3.2.2. Phase 2
For the nets whose terminals are not matched in Phase 1,

they become the candidates of type-2 nets. These nets will be
routed with the type-2 topology.

3.3. Horizontal Track Assignment for Left Terminals
In this step, we assign the horizontal tracks for type-1 and

type-2 terminals in Phase 1 and Phase 2, respectively.

3.3.1. Phase 1
Let Pc = {p 1, p 2,

. . . pnc
} be the type-1 left terminals in

the current column c sorted according to the increasing order
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Fig. 3 Construction of the bipartite graph RGc .

of their row numbers. A horizontal track is unoccupied if it
is not used by any left h-segment of an active net nor is it
reserved for any h-segment of an active net. The objective of
this step is to connect each type-1 left terminal in Pc to an
appropriate unoccupied horizontal track using a left v-stub in
column c. Our algorithm builds a bipartite graph LGc in
which each node on the left-hand side represents a left termi-
nal pi in Pc and each node on the right-hand side represents
unoccupied horizontal track tj . There is an edge (pi , tj) in
LGc if pi can be connected to track tj using a left v-stub in
column c without crossing other terminal in the same column.
For example, Fig. 4(a) shows the left terminals and the unoc-
cupied tracks at column c, and Fig. 4(b) shows the
corresponding bipartite graph. It is clear that a horizontal
track assignment of the left terminals corresponds to a match-
ing in LGc . Moreover, since two v-stubs of two different nets
cannot intersect, we require the matching to be non-crossing,
i.e., there do not exist two edges (pi 1

, tj 1
) and (pi 2

, tj 2
) in the

matching such that i 1 < i 2 but j 1 > j 2. Furthermore, each
edge (pi , tj) may have a weight w (pi , tj) which indicates the
preference of assigning track tj to pi . We have shown that
finding a best track assignment of the left terminals is
equivalent to computing a maximum generalized weighted
non-crossing matching in the bipartite graph LGc . Moreover,
we have shown that the number of edges in LGc is no more
than 2hc , where hc us the number of unoccupied horizontal
tracks at column c. Based on these results and the efficient
solution to the generalized maximum weighted non-crossing
matching problem by Khoo and Cong in [KhCo92], we have
concluded that the horizontal track assignment of the left ter-
minals in column c can be carried out optimally in
O (hcloghc) time.

3.3.2. Phase 2
Let P′c = {p′1, p′2, . . . p′n′c } be the type-2 left terminals in

the current column c. For a terminal q, let free_col (q) be the
leftmost column such that row(q) is free between columns
free_col (q) and col (q). Then, a feasible track for a left ter-
minal pi is a free horizontal track that does not have any ter-
minal other than those in net i between column c and
free_col (qi) (excluding column c but including free_col (qi))
where qi is the right terminal of pi . The objective of this
phase is to try to assign a feasible track for the main h-
segments for each of the type-2 nets. Our algorithm again
builds a bipartite graph LG′c in which each node on the left-
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Fig. 4 Construction of the bipartite graph LGc .



hand side represents a type-2 left terminal p′i in P′c and each
node on the right-hand side represents a feasible track for
some p′i . There is an edge (p′i , tj) in LG′c if tj is a feasible
track for p′i . A weight is assigned to each edge depending on
the length of the free feasible track. A longer free feasible
track has a higher weight since the routing in that track is less
likely to be blocked. Hence, our objective in this phase is to
find a maximum weighted matching in LG′c . Using a
simplification method similar to that in phase 1 of horizontal
track assignment of the right terminals, we conclude that the
horizontal track assignment of the type-2 left terminals can
be carried out optimally in O (n′c

3) time, where n′c is the
number of type-2 left terminals in column c.

If the left terminal of a net i is not assigned to any horizon-
tal track at the end of this step, we rip up the existing routing
segments of net i, and add net i to the list Lnext to be routed in
the next layer pair.

3.4. Routing in a Vertical Channel
Let Nc denote the set of active nets that cross the column c.

The objective of this step is to complete as many active nets
in Nc as possible by routing their pending v-segments in the
channel CHc . Note that a type-1 net is completed when its
main v-segment is routed and a type-2 net is completed when
its right v-segment is routed. For each active net i in Nc , its
pending v-segment corresponds to a vertical interval Ii . Each
interval Ii may have a positive weight w (Ii) which indicates
the priority of the net i to be completed in CHc . Let INT (Nc)
denote the set of vertical intervals {Ii

�
i ∈ Nc}. We define a

partial ordering relation on INT(Nc) as follows. For two vert-
ical intervals I 1 = (a 1, b 1) and I 2 = (a 2, b 2), we say that I 1
is below I 2, denoted as I 1 ← I 2, if (i) b 1 < a 2; or (ii)
a 1 < a 2, and b 1 < b 2, and I 1 and I 2 segments are of the
same net. Moreover, we define I ← I for any I. For exam-
ple, in Fig. 5(a), I 8 is below I 4 (according to condition (i)),
and I 4 is below I 1 if I 1 and I 4 are of the same net (according
to condition (ii)). Intuitively, if Ii is below Ij , then Ii and Ij
can be routed in the same vertical track. Allowing two inter-
vals of the same net to overlap is another way of introducing
Steiner points. It is not difficult to show that INT(Nc) under
the below relation forms a partially ordered set (poset). A k-
cofamily in a poset is the union of no more than k chains
[GrKl76, CoLi91]. We have shown that computing the
optimal routing of the main v-segments in channel CHc is
equivalent to computing a maximum weighted kc-cofamily in
INT (Nc), where kc is the capacity of CHc . Based on these
results and efficient algorithms for computing a maximum
weighted k-cofamily [CoLi91, SaLo90], we have concluded
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Fig. 5: (a) A set of vertical intervals INT(Nc) where I 1 and I 4 are of the
same net. (b) The poset formed by INT(Nc) in which the dark edges

show a 2-cofamily. (c) A subset of intervals S with d (S) ≤ 2
induced by the 2-cofamily.

that routing in the vertical channel CHc can be carried out
optimally in O (kc

.mc
2) time, where mc is the number of active

nets that cross column c.

3.5. Extensions to the Basic Algorithm
The algorithms described in the preceding sections are the

basis of the V4R router. In this section, we describe three
extensions that improve the layer and via usage of the router.

The first extension is back channels routing of the vertical
segments. If the current column is c, CHk (k < c) are the back
channels which may have some free vertical space for routing
additional pending v-segments that are not selected in the
current vertical channel. In general, the use of back channels
will lead to a slight increase in wirelength and thus it is used
only when the routing in the current layer-pair is very cong-
ested and when it may help to reduce the number of required
layers.

It is possible that the last routing layer pair consists of only
a few nets. In this case, we may relax the four-via constraint
and re-route the next-to-last layer-pair to accommodate the
few nets in the last layer-pair. This is called multi-via routing
where the h-segments of the remaining active nets at a
column can always be extended to the next column using one
additional v-segment determined efficiently using a simple
line scan algorithm. However, the use of multi-via routing is
highly restricted. In every test example, no more than 7 nets
are routed using multi-via routing and none of them uses
more than 6 vias.

The use of orthogonal direction wires between adjacent
layers is imposed by our algorithms but seldom by the tech-
nology. When the technology allows the use of orthogonal
direction wires within a single layer, considerable via reduc-
tion may be achieved by moving the v-segments from a v-
layer to a h-layer when they do not intersect with any other
h-segment or v-segment.

4. Experimental Results
We have implemented V4R on Sun workstations using the

C language and tested it on six examples shown in Table 1.
The first three examples are random examples consisting of
only two-terminal nets. The last three examples labeled
mcc1, mcc2-75 and mcc2-45 are industrial MCM designs
provided by MCC.4 In particular, mcc2 is a supercomputer
with 37 VHSIC gate arrays, and mcc2-75 and mcc2-45 are
instances of the same design with 75-micron and 45-micron
routing pitch, respectively. The experiments reported in this
section were performed on a Sun SPARCstation II with
32MB of main memory.
� ���������������������������������������������������������������������������������������������������������������������������

No. of No. of No. of Size of
Example

chips nets pins substrate (mm2)
Grid size

� ���������������������������������������������������������������������������������������������������������������������������� ���������������������������������������������������������������������������������������������������������������������������
test1 4 500 1000 22.5 × 22.5 300 × 300
test2 9 956 1912 30 × 30 400 × 400
test3 9 1254 2508 37.5 × 37.5 500 × 500
mcc1 6 802 2495 45 × 45 599 × 599
mcc2-75 37 7118 14659 152.4 × 152.4 2032 × 2032
mcc2-45 37 7118 14659 152.4 × 152.4 3386 × 3386� ���������������������������������������������������������������������������������������������������������������������������
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Table 1 Test examples. The routing pitch is 75um for all the
examples except mcc2-45 which has a routing pitch of 45um.

�����������������������������������������������������������������������
4 We have made these three examples as MCM routing benchmarks for

the 4th ACM/SIGDA Physical Design Workshop. These examples are avail-
able via anonymous ftp from mcnc.org or from the authors
(cong@cs.ucla.edu or khoo@cs.ucla.edu) directly.



� �������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
Number of layers Number of vias Total wirelength Run time (hr:min)�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������Example

V4R SLICE Maze V4R SLICE Maze Lower bound V4R SLICE Maze V4R SLICE Maze� �������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������� �������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
test1 4 5 4 2250 2013 2975 102238 104128 109092 107908 0:01 0:02 0:08
test2 4 6 4 4493 5271 7127 265000 271067 286723 273642 0:01 0:06 0:48
test3 4 6 4 5855 6892 9347 426308 435466 459046 441552 0:03 0:12 1:40
mcc1 4 5 5 6993 6386 8794 343767 394272 402258 397221 0:03 0:12 0:59
mcc2-75 6 7 - 36438 47864 - 5362181 5559479 5902818 - 1:06 8:15 -
mcc2-45 4 - - 36473 - - 8935372 9130705 - - 1:37 - -� �������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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Table 2 Comparison of the V4R router with the 3D maze router and the SLICE router.

Table 2 shows the comparison of V4R with a general 3D
maze router and SLICE for multilayer MCM designs. The
3D maze router failed to produce a routing solution for
mcc2-75 and mcc2-75 because of its high memory require-
ment for large examples. Compared with the 3D maze
router, on average V4R used 44% fewer vias, 2% less
wirelength, ran 26 times faster, and used equal or fewer rout-
ing layers. Compared with SLICE, on average V4R used 9%
fewer vias, 2% less wirelength, ran 3.5 times faster and used
1 to 2 fewer routing layers. Moreover, V4R used at most 4%
more wirelength than the lower bound5 for all examples
except mcc16, which means that the wirelength usage of V4R
is very close to optimal.

A very important advantage of V4R is that it does not store
the routing grid during the routing process. It stores only the
assignment of the horizontal tracks and the vertical segments
of the active nets, which leads to very low memory require-
ment. For a MCM substrate consisting of K layers of L×L
routing planes, the memory requirement of V4R is Θ(L + n),
where n is the number of terminals in the given design.
However, the 3D maze router needs to store the entire routing
grid, which requires Θ(KL2) amount of memory and SLICE
needs to store a portion of the two-layer routing grid, which
requires Θ(αL 2) amount of memory (α is a parameter usually
between 0.05 and 0.15). If we reduce the pitch spacing by a
factor of λ, the memory requirement of both the 3D maze
router and the SLICE router increases by a factor of λ2, while
the memory requirement of V4R increases by only a factor of
λ. Therefore, for the next generation of dense packaging
technology, the advantage of V4R will become much more
significant.

5. Future Extensions
The cost functions in our graph based algorithms can be

tuned to satisfy various performance requirements. For
instance, if routing beyond the preferred interval is penalized
heavily for the timing critical nets, then the resulting routing
for these nets will have shorter wirelength and smaller inter-
connection delay. Moreover, the vertical tracks within a vert-
ical channel is freely permutable because of the absence of
vertical constraint. Therefore, they can be ordered in such a
�����������������������������������������������������������������������

5 The lower bound of the wirelength for each net i is computed using
LB (i) = max(HP (i),

3
2� ��� MST (i)) where HP (i) is the half perimeter of smallest

bounding box containing all the terminals in net i, and MST (i) is the
wirelength of a minimum spanning tree connecting all the terminals in net i.
(It is well known that the wirelength of a minimum spanning tree is no more
than 1.5 times that of a minimum Steiner tree in Manhattan routing [Hw76].)

6 There are many multi-terminal nets in mcc1. Among its 802 nets, 107 of
them are multi-terminal nets of size 4 or larger. In this case, the lower bound
is considerably smaller than the optimal wirelength. That is why the
wirelength for mcc1 by V4R is 15% away from the lower bound.

way that the crosstalk between the vertical segments is
minimized. Similarly, crosstalk minimization can be taken
into consideration when assigning the horizontal tracks of the
left and right terminals. The flexibility of incorporating these
performance related features makes V4R even more attrac-
tive for high performance MCM designs.
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