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watermark’s strength. We explain the basic approach and develop spe-
cific techniques for various classes of VLSI CAD problems. The new
approach is compatible with all the existing watermarking techniques.
With the help from organizations pushing for design standards, for ex-
ample VSIA, this method has the potential of solving eventually the IP
protection problem.
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Preferred Direction Steiner Trees

Mehmet Can Yildiz and Patrick H. Madden

Abstract—The planar rectilinear Steiner tree problem has been exten-
sively studied. The common formulation ignores circuit fabrication issues
such as multiple routing layers, preferred routing directions, and vias
between layers. In this paper, the authors extend a previously presented
planar rectilinear Steiner tree heuristic to consider layer assignment,
preferred routing direction restrictions, and via minimization. They
use layer-specific routing costs, via costs, and have a minimum cost
objective. Their approach combines the low computational complexity
of modern geometry-based methods with much of the freedom enjoyed
by graph-based methods. When routing costs mirror those of traditional
planar rectilinear Steiner problems, the authors’ approach obtains close
to 11% reductions in tree lengths, compared to minimum spanning trees;
this is on par with the performance of the best available Steiner heuristics.
When via costs are significant and layer costs differ, they observe average
cost reductions of as much as 37%. Their method can also reduce the
number of vias significantly.

Index Terms—Interconnect synthesis, optimization, routing, Steiner tree.

I. INTRODUCTION

The Steiner problem has a long history in very large scale inte-
gration (VLSI) computer-aided design; global and detail routers use
Steiner trees to define routes for signal nets, and many interconnect
optimization approaches begin with Steiner constructions and then
apply wire sizing, driver sizing, and buffer insertion to improve
performance. Steiner tree research has focused onplanar rectilinear
formulations, which are appropriate for single layer routing and are

Manuscript received June 5, 2001; revised February 1, 2002. This
work was supported in part by the National Science Foundation under
Grant CCR-9988222. This paper was recommended by Associate Editor
T. Yoshimura.

The authors are with the Computer Science Department, State University of
New York, Binghamton, NY 13092 USA (e-mail: pmadden@binghamton.edu).

Digital Object Identifier 10.1109/TCAD.2002.804105

0278-0070/02$17.00 © 2002 IEEE



IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 21, NO. 11, NOVEMBER 2002 1369

Fig. 1. Two-dimensional Steiner tree and three-dimensional implementation.

adequate when only two metal layers are available. While the Steiner
problem is NP-Hard, there are a number of effective planar rectilinear
Steiner heuristics.

The planar abstraction is imperfect, however, as is shown in Fig. 1.
First, in modern designs we have an abundance of routing layers, and
normally assignpreferred routing directionsto each; all connections
on a given routing layer are either “horizontal” or “vertical.” Vias must
be inserted between layers; if we wish to minimize the number of
vias, we face a layer assignment problem which is not considered in
planar Steiner tree formulations. Second, most global routers attempt
to minimize congestion by weighting routing resources differently; in
order construct aminimum costSteiner tree, our optimization objective
cannot be simply length reduction, but a weighted sum of edge lengths
and resource costs.

In this paper, we expand on earlier work [14] and considerpreferred
direction multilayer Steiner trees. This is a multilayer routing model,
where each layer may restrict or penalize routing in a given direction.
Steiner trees in this domain differ from the well studied planar (orn-Di-
mensional Manhattan) problem [3]; a Steiner tree which is optimal for
a planar problem is not necessarily good quality when embedded into
the multilayer routing framework.

Our approach, based on an earlier algorithm by Borahet al. [1], is
computationally and memory efficient. The complexity of the approach
is O(n2), efficient implementation is relatively easy, and tree lengths
obtained are comparable to the best heuristics. Unlike planar heuristics,
we directly and efficiently consider preferred direction routing, dif-
fering layer costs, and a variety of via costs. We note that graph-based
Steiner heuristics can also handle the preferred direction routing model;
in general, these methods have higher computational complexity.

II. FORMULATION AND PREVIOUS WORK

The Steiner tree problem is well studied, and a number of good sur-
veys are available. Hwang and Richards [6] presented a study of general
Steiner problems, while Kahng and Robins [8] focused on formulations
and heuristics directly related to VLSI interconnect.

The general Steiner tree problem is to construct a tree of minimal
cost or minimal length, spanning a set ofdemand pointsand possibly
some additionalSteiner points. Without Steiner points, the problem is
simply one of constructing a minimum spanning tree (MST), and the
algorithms of Kruskal [9] and Prim [11] are well known and computa-
tionally efficient. When Steiner points are considered, construction of
a Steiner minimal tree (SMT) is NP-hard [2]. In this paper,verticesand
pointsare used interchangeably; vertices are perhaps more appropriate
when discussing three-dimensional or graph-based formulations, while
points are more commonly used in planar formulations.

More formally, our objective is the following. Given a set of ver-
ticesV = fv1; v2; . . . ; vng, a set of optional Steiner verticesS =
fs1; s2; . . . ; smg, and a set of edgesE connecting the vertices, con-
struct a minimum cost tree spanningV and a (possibly empty) subset of
S. In most planar rectilinear Steiner research, it is assumed that length
minimization is equivalent to cost minimization.

A. Planar Rectilinear Steiner Trees

For the planar rectilinear Steiner tree problem, a number of proper-
ties are known. Hanan [3] showed that possible Steiner points can be
restricted to theHanan grid, formed by the intersections of vertical and
horizontal lines passing through the initial demand points. Hwang [5]
showed that the ratio of MST to SMT cost cannot exceed 3 : 2.

Well-known heuristics for the Steiner problem include a “corner-
flipping” method [4], and the 1-Steiner algorithm of Kahng and Robins
[7]. The Iterated RV algorithm [10] of Mandoiuet al.utilizes a 3 : 2 ap-
proximation algorithm for quasibipartite graphs, obtains slightly better
results than the 1-Steiner approach, and also enjoys somewhat reduced
run times. Recently, Warmeet al.have made theirGeoSteiner[12] al-
gorithm available. This algorithm is able to findoptimalSteiner trees
for surprisingly large planar Steiner problems. The running time for
this algorithm is comparable to that of 1-Steiner. In our work, we use
the algorithm of Borahet al. [1] and discuss this in more detail in the
Section IV. While there have been a number of substantial advances
for planar Steiner research, we note again that modern routing prob-
lems are not necessarily planar.

B. The Preferred Direction Rectilinear Steiner Problem

The routing model we focus on differs from traditional planar rec-
tilinear formulations. We consider VLSI global and detail routing ap-
plications and directly consider congestion cost, preferred routing di-
rections, and via costs. For the preferred direction routing problem, we
are given a set ofL = fl1; l2; . . . ; lmg routing layers. We are al-
lowed to traverse from one layer to another withviasthat have nonneg-
ative cost. For each layer, we are allowed to make connections in only
restricted directions, either “horizontal” or “vertical,” and associate a
routing costwith each direction. In the following, we will useCl ;H

andCl ; V to indicate the routing cost in the horizontal and vertical di-
rections on layerli and will refer to a portion of a tree edge on a layer
which follows a particular direction as asegment. Our objective is to
minimize the cost of a Steiner tree (in contrast to length minimization).
We define tree cost to be the sum of via costs and segment costs. A
horizontal segment of lengthD on layeri would have costD�Cl ;H ;
each tree edge would contain vias and segments, and computing tree
cost is straightforward.

To allow a preference in routing direction, we might assign a low cost
to that direction on a layer. To prevent use of a particular direction, in-
finite cost could be assigned. If a layer is heavily congested, a global or
detail router might assign a high routing cost to the available directions
on the layer, resulting in a preference for routing on other layers. Our
formulation can clearly handlewrongway routing, in which we allow
connections that go against the preferred direction.

III. ROUTING MODEL OBSERVATIONS

In this section, we make a number of observations regarding our
routing model. While our formulation allows some of the freedom
available in a graph-based approach, we still enjoy a number of
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Fig. 2. Routing cost is not linear with distance: (a) uses the first metal layer,
(b) uses the third metal layer, and (c) is minimum cost routing using either layer.

geometric properties that allow for the construction of an efficient
Steiner tree heuristic. We summarize these observations and outline
proofs for properties that are nonobvious.

First, we note thatrouting cost is not linear with distance. For
example, if metal layers 1 and 3 have different costs, and vias have
nonzero cost, the best layer to use to connect a pair of points may de-
pend on the distance between the points. This is illustrated in Fig. 2.
Related to this is the observation that if upper routing layers are not
“less expensive,” they will not be used. Using the upper layers incurs a
via penalty, and the reduction in routing cost must outweigh this penalty
if the layers are to be used.

Second, for connections of three demand vertices,the optimal
Steiner vertex location is not necessarily at the median of the
coordinates of the three demand vertices. This property may be
somewhat surprising. In traditional planar rectilinear Steiner tree
formulations, the optimal Steiner point for three vertices isalwaysat
the median of their coordinates. In Fig. 3, a simple example illustrates
this point. In this figure, one point is on the first layer, two other points
are on the third layer, and the first layer and vias have high cost; the
routing in (c) is less expensive than either (a) or (b).

These differences may make us suspect that construction of a
high-quality Steiner tree is difficult. Many current planar rectilinear
approaches rely heavily on theHanan grid to reduce the size of the
solution space; nonlinear costs and preferred direction constraints
may suggest that this grid no longer simplifies matters. Fortunately,
we can provethe Hanan grid still contains an optimal Steiner tree.
This is not affected by the layer costs, via costs, the number of layers,
or preferred directions on each layer. Restricting our consideration to
Hanan grid points does not bound our solution away from optimality.

We outline a proof of this property with the following. Assume we
have an optimal Steiner tree, which includes Steiner pointo. If this
point is not aligned with the initial demand points, there are edges
(using no more than two segments each) fromo to other points in the
optimal Steiner tree. If all layer assignments remain fixed, shiftingo

horizontally results in linear changes in tree cost—clearly, we can shift
o in a direction which improves cost (contradicting the assumption that
our tree is optimal), or we have no change in cost (indicating that we
may shift the point until it falls onto or above the Hanan grid).

Finally, we note that for the three-dimensional model, the familiar
3 : 2 performance bound of MST to SMT does not hold. If via costs
are nonzero, a set of horizontally or vertically aligned points can result
in a spanning tree with a large number of vias. A Steiner construction
could eliminate close to half of the vias. If via costs dominate tree cost,
the ratio can be arbitrarily close to 2 : 1. The ratio will not exceed 2:1;
a proof known for general graphs can be applied to our formulation.

IV. A LGORITHMIC APPROACH

Our approach is based on a geometric-based Steiner tree heuristic
by Borahet al. [1]. We will first describe the construction of spanning
trees under the routing model proposed and then show how elements

Fig. 3. An optimal Steiner point to connect three demand points may not be
at the median of the point locations in the preferred direction model. In (a) and
(b), we either utilize layer 1, or add additional vias. If layer 3 is inexpensive,
(c) may be the most efficient method to connect the three points.

used by the spanning tree approach can be integrated into the Steiner
tree heuristic.

A. Preferred Direction Spanning Trees

The spanning tree problem is well known and can be easily solved
with either Prim’s or Kruskal’s algorithm. To address problems under
the proposed routing model, we simply need a method to construct a
minimum cost connection between a pair of vertices.

It should be obvious thatoptimal vertex-to-vertex connections
contain only two segments. By enumerating two-segment connections
using routing directions from each layer, and adding the appropriate
vias required, we can find the cost of any spanning tree edge. As we
have a small number of layers and routing vectors, finding the cost
of any tree edge is constant time. If we haven vertices, there are at
mostO(n2) possible edges; by maintaining a heap, and inserting and
removing edges as required, we can implement Prim’s algorithm for
the preferred direction routing model inO(n2). For a graph-based
formulation, we would at the very least need to perform an all-pairs
shortest path algorithm, with complexityO(n3); clearly, the geometric
formulation would be substantially faster in practice.

B. Preferred Direction Steiner Trees

The planar rectilinear Steiner tree heuristic presented in [1] is an
MST based heuristic, obtaining a Steiner tree through repeated modifi-
cations of an initial MST. Thus, it clearly classifies as an approximation
algorithm, with a 3 : 2 performance bound. This heuristic is the basis for
our work, and we show pseudocode for it in Fig. 1. We briefly describe
a simplified version of the original heuristic and then show how it may
be adapted to the preferred direction model. We also note a minor cor-
rection to the original heuristic.

The heuristic operates as follows. We first identify minimum cost
pairings of edges and vertices; if we connect an edge to the vertex (at a
suitable “merge” location), a cycle is created. We can break each cycle
by removing a single edge. If the change in tree cost from connecting
the vertex and edge pair, followed by the removal of the highest cost
edge along the cycle, is beneficial, the modification haspositive gain.
The heuristic operates in a series of passes. In each pass, pairings are
determined, high-cost edges on the cycles that might be generated are
determined, and then tree modifications are implemented one at a time.

Construction of a list of candidate modifications is done in a simpli-
fied manner; we check all combinations of edges and vertices to find
nearby pairings [O(n2), resulting in a list ofO(n) pairs], and then de-
termine the highest cost edge on a cycle that would be generated by
each pairing [O(n) for each pairing, orO(n2) for the complete set].
The original algorithm uses a slightly more complex method to find the
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Fig. 4. The BOI algorithm.

best gain combinations for all pairings of vertices and edges. Modifi-
cations are performed in a greedy manner, with the process repeating
until no further improvement can be made.

Fig. 4, from [1], shows a sample modification for a planar Euclidean
graph; the principle is the same for our preferred direction model. In
this example, we might consider connecting edgee4 to vertexv1, as
this is a nearby vertex that does not connect toe4 directly. Making this
connection introduces a cycle, with edgee2 being the longest edge on
the cycle. A possible tree modification would be the introduction of a
new edge fromv1 to a point alonge4 and the removal of edgee2; the
gain for this modification would be the change in total tree cost.

Algorithm 1 : A simplified variation on the Steiner tree heuristic of Borahet al.

The initial MST is constructed with consideration of via and layer costs. The
possible merge locations are taken from Hanan grid points and not simply the
median of three points.
Find the MSTT for the set of vertices.
repeat

for all Edgee 2 T do
Find vertexv 2 V that would connect toe with minimum cost (v is

not an endpoint ofe ). We are attempting to locate suitable “merge” locations.
end for
for all Pairings ofe to v do

find the highest cost victim edgee on the generated cycle
Compute the gain if the modification is performed.
If the gain is positive, store the candidate modification in a list.

end for
Sort the gain list in descending order
for Each pairing in the gain listdo

Recompute the highest cost edge on the cycle
If the gain is positive, modify the tree.

end for
until no improvement is made to tree cost.

We have made a minor correction to the algorithm; in practice, it is
possible for the original algorithm to create output that is disconnected.
Our modification is the boldface line in the pseudocode listing. The
original algorithm can fail to produce correct results if the following
occurs. Assume that we have a pairinghvi; eji with victim edgeek,
and a second pairinghvl; emi with victim edgeen. If ek anden have

Fig. 5. A preferred direction Minimum Spanning Tree and the Steiner tree
obtained by the our heuristic.

identical cost, the cycles generated by both possible modifications in-
tersect, unless we check the validity of a modification, we may obtain a
disconnected graph (as bothek anden might be removed). This modi-
fication does not increase the complexity of the algorithm; the authors
of [1] were kind enough to provide us with their implementation, and
the pseudocode above is in fact what had been implemented.

Aside from a modification to how individual edges are routed, and
an enhancement in the manner that a vertex and edge are joined, the
heuristic of [1] remains relatively unchanged. Our observations allow
the identification of optimal Steiner points in the merge operation. By
limiting candidate Steiner point locations to the multilayer Hanan grid,
we maintain the low computational complexity of the original algo-
rithm. Fig. 5 illustrates a Minimum Spanning Tree, and the Steiner tree
obtained by the heuristic, for a preferred direction problem with four
routing layers.

The complexity of our heuristic for the preferred direction Steiner
tree problem is onlyO(n2), making it as fast as Minimum Spanning
Tree algorithms for the routing model.

V. EXPERIMENTAL RESULTS

To evaluate the performance of the preferred direction Steiner tree
heuristic, we perform experiments on random point sets and compare
SMT and MST costs; this is common practice in Steiner tree research.
Points are randomly distributed on a 1000 by 1000 grid, with all points
being located on the lowest layer. While we have performed many ex-
periments with differing routing costs, we report only a subset here. In
our experiments, routing directions being restricted to alternate hori-
zontally and vertically. Via costs range from 1 to 200. To model the
differences in routing capacity between layers, we either double cost
with each layer (layeri from the “top” costs2i�1 per unit) or increase
by a factor of 1.1 (layeri from the “top” costs1:1i�1 per unit). We
considered nets with 3 to 30 pins, and 100 randomly generated prob-
lems for each combination. Note that these values are used to illustrate
the flexibility of the algorithm; they are not meant to represent actual
layer or via costs.

Results showing average percentage reduction in tree costs of SMTs
over MSTs are in Fig. 6. When via costs are low, or differences between
routing costs on each layer are modest, performance of the Steiner
heuristic is comparable to other current planar methods. When via costs
are high and the routing capacity of layers differs substantially, signifi-
cant reductions in tree costs are obtained. While tree length reductions
are on average only 11% for rectilinear planar formulations, we observe
cost reductions of as much as 37% for the preferred direction model.
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Fig. 6. Percentage improvement in tree cost over MST for nets of various sizes. We route using eight layers, with via costs (V) of 1, 50, 100, or 200, and routing
layer cost factors (R) of 1.1 or 2. Experiments were performed with nets of 3 to 30 pins.

We have also performed studies to evaluate the number of vias re-
quired. We have observed via reductions ranging from 20% to as much
as 43%, when compared to minimum spanning trees. In some respects,
we can expect minimum spanning trees to have worst case perfor-
mance, as insertion of Steiner points (on intermediate layers) is an ex-
cellent way to reduce the number of inter-layer connections.

VI. SUMMARY AND CONCLUSION

In this paper, a routing model which reflects current design con-
straints is considered. To our knowledge, this is the first work to ex-
plicitly consider a realistic three-dimensional routing model, while pre-
serving the computational efficiency of geometric approaches.

In experiments with random point sets, tree cost reductions of as
much as 37% on average were observed, and the number of vias re-
quired was reduced by as much as 43%. Mapping a planar result into
multiple layers, or treating the problem as one on an arbitrary graph, is
unlikely to be as efficient or effective.

Some principles from planar Steiner tree formulations no longer hold
under this routing model; there are closely related principles, however,
which cover many interesting aspects of the problem.

Tree cost minimization is clearly not the only objective for prac-
tical applications. We are also interested in performance optimization
through wire sizing, buffer sizing, and buffer insertion. Our current
work is on the integration of these techniques into our preferred direc-
tion Steiner tree heuristic, and in the use of this heuristic in practical
VLSI global and detail routing tools.
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