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Abstract

In this paper, we present an efficient heuristic algorithm
for the layer assignment and via minimization problem for
multi-layer gridless IC, PCB, and MCM layout. We intro-
duce the notion of the extended conflict-continuation (ECC)
graph to represent the multi-layer layer assignment problem.
Our algorithm is based on a linear time optimal algorithm
that solves a special case of the layer assignment problem
when the ECC graph is a tree. For the general layer as-
stgnment problem where the FCC graph is not a tree, our
algorithm constructs a sequence of induced subtrees in the
ECC graph and applies our linear time optimal algorithm
to each of the induced subtrees. We have applied this algo-
rithm to the via minimization problem and get very encour-
aging results. We have achieved 13%-16% via reduction on
the routing layout generated by V4R router[13], which is a
router known to have low usage of vias. We successfully ap-
plied our algorithm to routing examples of over 30,000 wire
segments and over 40,000 vias.

1 Introduction

As VLSI technology advances, interconnection and packag-
ing technology have become bottlenecks in the system per-
formance. For advanced IC design, three to five routing lay-
ers are commonly used to achieve high-performance; high-
density design. Multi-chip module (MCM) technology was
developed to increase packing densities, eliminate packag-
ing level interconnections, and to provide more layers for
routing. In both the multi-layer IC and MCM designs, the
designer or automatic layout tools may use variable widths
and spacings for different nets or different segments of the
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same net to optimize the performance and density[15], which
often results in gridless layout.

Because multi-layer gridless routing is a complex three-
dimensional general area routing problem, it is not easy to
incorporate different design objectives, such as delay min-
imization, wire length minimization, via minimization or
crosstalk minimization all into a single router and expect
it to meet every requirement. Therefore, it is important
to perform certain post-layout optimizations (e.g., layer as-
signment) to help the router to meet the various design con-
straints and produce better routing solutions.

Traditionally, the post-layout layer assignment problem
is discussed in the context of the via minimization problem
for two-layer VLSI routing. There are two approaches for the
two-layer via minimization problem: constrained via mini-
mization in which only layer assignments can be changed
(e.g., [1]-[7]) and unconstrained via minimization (or topo-
logical via minimization) in which both the routing topology
and layer assignments can be changed (e.g., [8]-[9]).

Although two-layer constrained via minimization on the
Manhattan plane is polynomial time solvable, multi-layer
constrained via minimization is NP-hard [10][12]. Several
heuristic algorithms had been developed (e.g., [10]-[12]).

In this paper, we introduce the notion of the extended
conflict-continuation (ECC) graph to represent the multi-
layer layer assignment problem. We propose a linear time
optimal algorithm that solves the special case when the ECC
graph is a tree. For the general layer assignment problem
where the ECC graph is not a tree, our algorithm constructs
a sequence of induced subtrees from the ECC graph and
applies our linear time optimal algorithm to each induced
subtree.

2 Problem Formulation

Given an existing valid layout, we first break the layout into
wire segments and via candidates. A wire segmentis a piece
of wire assigned to a single layer during the layer assign-
ment. A via candidate corresponding to a possible location
in the layout where the wire segments of the same net may
connect to each other by a via. We extend the concept of a
conflict-continuation graph by Pinter[3] so that it can handle
the multi-layer problem properly. In our extended conflict-
continuation (ECC) graph, we have wire vertices and via
vertices to represent the corresponding wire segments and
via candidates, respectively.! In addition to layer assign-

1 Chang and Du[10] also introduced via vertices, but our represen-
tation differs from theirs in defining conflict edges and considering
layer assignments for the via vertices.
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Figure 1: (a) A given layout. (b) The corresponding ECC
graph.

ments for wire vertices, via vertices also have layer assign-
ments. The layer assignment for a vertex is an integer m
that encodes a pair of integers (I;,1.),l; < l,, indicating
that a possible via spans from layer {; to layer I, (if [ = I,
no via is used at this location). Note that we can easily rep-
resent vias connecting more than one layer (stacked vias)
under this representation.

In our ECC graph, a continuation edge between two ver-
tices exists if it connects a via vertex and a wire vertex of
the same net which are adjacent to each other. A conflict
edge exists if the two vertices it connects can not be assigned
to certain layers at the same time. If we have conflict edges
€u,v and ey o, continue edge ey ., and w as a via vertex, the
edge eq,, 1s redundant and will be removed from the graph,
because the constraints set by e, ., is implied by ey, o.

Figure 1 shows an example of a layout and the corre-
sponding ECC graph. To demonstrate the representation
capability of ECC graph, we make a 3-way wire split and a
stacked via in via vertex e. We also assume segments 7 and
12 are too close to be assigned in the same layer and via
vertices ¢ and d are too close to have vias at the same time.
These explain the existence of edges erp,er 12 and e q. Note
that we do not have edge e7 12 which is a redundant edge.

For each vertex u, we use a vertex cost array A,[m]
to specify the cost of assigning vertex u to layer m. For
each edge e, ., we associate an edge cost matrix M, »[m, n],
which gives the cost for assigning u to layer m and v to layer
n at the same time.

Given an ECC graph G = (V, E) and a layer assignment
o that assigns each vertex v into layer o(v), we compute the
cost of o as follows.

COST(0) = Auo(]+ > Muu[o(u), o(v)]

ueV eu,vEE

Our goal for the layer assignment problem is to find a

layer assignment ¢* with the minimum cost, i.e., COST(c") <

COST(o) for any o.

For the via minimization problem, the cost comes from
the via count and the penalty of layer assignment that causes
the design rule violations. The vertex cost A, for each via
vertex u is the via count on that vertex. Any forbidden
layer assignment of an edge or vertex will be assigned a cost
M AX to the corresponding entry in the vertex or edge cost,
where M AX is a number larger than the total cost of any
feasible layer assignment.

3 Optimal Algorithm for Trees

It turns out that when the ECC graph is a tree, we can solve
the layer assignment problem optimally in linear time. It
enables us to optimize a large portion (an induced subtree)
of the ECC graph when it is not a tree (as presented in the
next section).

We define ch(u) to be the set of child vertices of « and
pa(u) to be the parent of u in the tree. For a layer assign-
ment o on a tree, we define the cost for a layer assignment
o on a subtree rooted at w as COST,(o) = Auo(u)] +
Zvech(u)(Muyv[a(u),a(v)] + COST,(s)). This cost con-
tains three parts: the layer assignment cost for u, the edge
costs of edges between w and its children, and the costs of
subtrees rooted at the children of uw. We define MC,[i] =
mins{COST,(c) | o(u) = i}, i.e., it gives the minimum
cost for the subtree rooted at w under the condition that
u is assigned to layer i. Note that MC,[i] for a leaf ver-
tex u is simply A,[¢]. For a non-leaf vertex uw, when the
layer of vertex w is fixed to 7, we can optimize each subtree
rooted at u’s child independently. Therefore, M C,[i] can be
computed recursively by

MO = Aul]+ D (ming{Mu[i, 1+ MG,
vEch(u)

Based on this formula, our algorithm consists of a bottom
up cost computation and a top down layer assignment. For
the bottom up cost computation, we make sure that when
MC,, 1s computed, M C, has been computed for each child v
of . When computing M C,[i], for each child v, if j* is the
layer gives min;{ M. [i,j] + MCy[j]}, we assign b,[t] = 7.
Therefore, when the parent of vertex v is assigned to layer
i, the best assignment for v is layer b, [i].

After the cost array MC, i1s computed for the root r,
we know the minimum cost for the whole tree and the best
layer assignment of r by checking the minimum cost in ar-
ray MC,. We then perform a top down layer assignment

according to the b, array of each vertex v. )
We summarize our optimal layer assignment algorithm
for trees as follows:

ALGORITHM: K-LAT(K-layer Layer Assignment for Trees)
1. Bottom up computation of M C, and b, for each vertex v.
2. For root r, find the assignment with the minimum M C..

3. Top down layer assignment: o(v) = by[o(pa(v))] for each vertex
v.

Theorem 1 Given an ECC graph G = (V, E) which is a
tree, the K-LAT algorithm finds an optimal K-layer assign-
ment in O(K* |V |). It runs in O(K? | V |} if stacked vias

are not allowed.

Details of the algorithm and the proof of Theorem 1 can be
founded in [16].

Since K is a constant in our algorithm, we have O(| V' |)
linear time algorithm for optimal K-layer layer assignment
for trees. In practice, K = 2 to 5 for modern ICs, and
usually less than 10 for most PCB/MCM designs.

4 An Efficient Heuristic for General Graphs

In general, the ECC graph of a layer assignment problem
may not be a tree, but we can build a heuristic algorithm
by optimizing a sequence of subproblems in it. If we choose a
subset S of the vertices in the ECC graph G and fix the layer
assignments for the vertices outside of S, the original layer



assignment problem is reduced to the layer assignment for S.
Since we need to consider all the edges among vertices in S
which are originally in GG, we need to consider the subgraph
induced by S. The definition for induced subgraph is shown
below.

Definition 1 A subgraph G' = (V', ') is an induced sub-
graph of G = (V, E) if and only if V' CV and E' = {eu,v |
we V' veV and eno € E}. When an induced subgraph
of G 15 a tree, it is called an induced subtree.

To extend our K-LAT algorithm to an induced subtree,
we simply add the costs of the edges between a tree vertex
v and the adjacent non-tree vertices to the layer cost A, for
v, so that the layer cost for each tree vertex will also include
the costs due to its relations with its non-tree neighbors.
Then we can apply K-LAT algorithm directly on the induced
subtree. The resulting algorithm is called K-LATI (K-LAT
for Induced subtrees).

Because K-LAT is optimal, K-LATTI is also optimal. We

have the following corollary:

Corollary 1 Given an FCC graph G, a feasible assignment
o, and an induced subtree T' = (V', B’} of G, K-LATI al-
gorithm finds a minimum cost layer assignment of T' in O(|
V| 4+ CUT(V',V = V') |) time, where the CUT(V',V —
V') is the set of edges connecting V' and V —V".

Proof: Please see [16].

In order to take advantage of K-LATT algorithm, we need
to find a sequence of large induced subtrees so that the whole
graph is covered by these subtrees.

Our induced subtree finding algorithm starts with an ar-
bitrary vertex r and finds a maximal induced subtree rooted
at r. For vertex v = r, we use label(v) to keep track the num-
ber of adjacent vertices of v which is currently in the subtree.
We first assign label(r) = 1 and label(v) = 0 for v # r in
the graph. Each time our algorithm will add one vertex v
with label(v) = 1 into the subtree and increase the labels of
all the adjacent vertices to v by one. The algorithm stops
when there is no more vertex v where label(v) = 1. The
correctness of the algorithm follows by the fact that since
each time we add only one vertex v where label(v) =1, the

resulting induced subgraph remains a tree.
We summarize our algorithm for finding maximal in-
duced subtrees as follows:

ALGORITHM: FMIST(Finding Maximal Induced SubTree)
1. Label(r) = 1. For each v # r, label(v) = 0.

2. Find a vertex v with label 1, put it into the tree. Increase the
labels by one for all its neighbors.

3. Repeat 2. until no vertex with label 1.

The runtime of this algorithm is O(| V' | + | CUT(V',V —
V') |), where V' is the maximal induced subtree found by
FMIST.

Given an initial feasible layer assignment solution o with
the ECC graph G, our heuristic algorithm contains several
passes. In each pass, we cover G with a set of maximal in-
duced subtrees computed by the FMIST algorithm, and ap-
ply K-LATT algorithm to get the optimal layer assignment
for these maximal induced subtrees one by one. If there is
cost reduction in the current pass, we start another pass.
Otherwise, we stop the program. In practice, we observe
that the FMIST program is able to find very large induced
subtrees (11-38% of the entire graph). Therefore, our algo-
rithm is able to optimize a large portion of the layout each
time. Our heuristic algorithm is summarized as below.

ALGORITHM: K-LAG(K-layer Layer Assignment for ECC Graph)
1. Use a scheduler find an unmarked vertex r.

2. Run FMIST algorithm with r to get a maximal induced subtree
T. Mark all vertices in T.

Apply K-LATTI algorithm to T'.
If there exists an unmarked vertex, goto step 1.
If there is improvement, unmark all vertices, goto step 1.

o oW

Stop.

In each pass, each vertex will appear in at least one (and
possibly several) induced subtree.

The run time of K-LAG is O(P x ) cvp(l V' | + |
CUT(V',V —V')])), where P is number of passes and V P
is the set of subtrees found in each pass. In practice, we
observed that P is usually two or three.

The choice of scheduler can be very flexible and we may
use different heuristics to choose the next unmarked vertex.
In our implementation, we simply choose the first unmarked
vertex in the vertex list.

5 Experimental Results

We have implemented K-LAG algorithm for the K-layer con-
strained via minimization problem using C++4. We use the
routing solutions generated by the V4R router [13] to test
our algorithms. Stacked vias are not allowed except for the
distribution vias which bring the terminals to their proper
routing layers. Test cases mccl and mcc2 are industrial
MCM designs provided by MCC. In particular, mcc2 is a
supercomputer with 37 VHSIC gate arrays. For further in-
formation on these test examples, please refer to [13].

The experimental results reported here were done on an
HP9000 workstation with 160M of memory. Table 1 shows
the results obtained by K-LAG algorithm.? For all exam-
ples, our algorithm consistently finds induced subtrees of
large portions of the whole graph. The average subtree sizes
are between 11% and 38% of the whole graph.

We can see that for all test cases the via reductions are
above 12%. This is a significant reduction: V4R has very
low usage of vias in general, as each two terminal net is
routed using no more than four vias in V4R. In fact, it was
shown in [13] that the average number of vias used by V4R
is only 2.5 vias per two-terminal nets.

Table 2 shows the accumulated reductions of K-LAG.
We can find that most of the reductions were done in the
first few runs of K-LATI. This shows that the convergence
of K-LAG is fast.

We have also used an industrial gridless maze based chan-
nel router to obtain a 3-layer gridless routing solution of
Deutsch’s difficult example [17] and applied K-LAG to it
under the restriction that each terminal must originate from
the middle layer and the vias at the terminal locations need
to be counted as well. We reduced 13 out of 325 vias. The
reduction is modest since the layout is very compact and
we only allow via candidate points on the intersections of
horizontal and vertical wire segments. °

?The via numbers for V4R shown here are different from those re-
ported in [13]. In V4R, the distribution vias can be stacked to bring
the I/O pins on the surface to any routing layer. Each distribution
via is counted as one, no matter whether it is stacked or not. Also,
due to an oversight, the distribution vias in a multi-terminal net are
over-counted [14](as each multi-terminal net was broken as a set of in-
dependent two-terminal-nets). In our via counting routing, we count
each distribution via by the number of layers it spans excluding the
surface layer. Moreover, we corrected the via over counting problem
for multi-terminal nets. The same via counting procedure is used to
report the via numbers in columns 6 and 7.



H Example # of # of # of average # of vias ‘ # of vias | % of vias | CPU time memory H
layers | vertices | subtrees | tree size(%) by V4R reduced reduced (sec) (M bytes)
testl 4 4328 148 1647(38.0) 1965 257 13.1 64.5 1.2
test2 4 8606 519 2844(33.0) 4888 704 14.4 579.2 2.6
test3 4 11204 346 3594(32.1) 6298 796 12.6 538.2 3.5
mccl 4 11649 360 1276(11.0) 5733 771 13.4 171.4 3.2
mcc2 6 67555 300 15375(22.8) 40267 6051 16.1 3552.3 30.6
Table 1: Experimental results by K-LAG algorithm.
example after 10th tree after pass 1 after pass 2 after pass 3 Final
# vias CPU time # vias CPU time # vias CPU time # vias CPU time # vias CPU time
reduced (sec) reduced (sec) reduced (sec) reduced (sec) reduced (sec)
testl 241 3.47 257 32.57 257 64.55 - - 257 64.55
test2 578 11.18 700 199.52 704 391.67 704 579.23 704 579.23
test3 644 11.41 796 273.53 796 538.42 - - 796 538.42
mccl 624 12.64 771 87.3 771 171.39 - - 771 171.39
mcc2 4490 132.64 6033 1189.32 6051 2370.06 6051 3522.27 6051 3522.27

Table 2: Accumulated numbers of via reduction after the first 10 trees and each pass.(K-LAG algorithm converges for testl,

test3, and meccl in the first two passes)

6 Conclusion

We have introduced the notation of an ECC graph to rep-
resent the layer assignment problem in multi-layer gridless
layout. We showed how to use the ECC graph to represent
the layer assignment problem for via minimization. We have
developed linear time optimal layer assignment algorithms
K-LAT and K-LATT for a tree or an induced subtree of the
ECC graph. Our experimental results show that K-LAG
algorithm consistently finds many large induced subtrees in
the ECC graph, and achieves significant via reduction com-
pared to the results of the V4R router, which is known to
have low usage of vias. Moreover, our K-LAG algorithm
scales well to handle very large multi-layer gridless layout.
Currently, we are extending our work to delay and cross-talk
minimization.
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