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

adequate when only two metal layers are available. While the Steier Planar Rectilinear Steiner Trees
problem is NP-Hard, there are a number of effective planar rectilinearFor the planar rectilinear Steiner tree problem, a number of proper-

Steiner heuristics. , ___ ties are known. Hanan [3] showed that possible Steiner points can be
The planar abstraction is imperfect, however, as is shown in Fig. lhetricted to thedanan grid formed by the intersections of vertical and

First, in mod(_arn designs we r_lave an a_bundance of routing Iay_ers, %qizontal lines passing through the initial demand points. Hwang [5]
normally assigmreferred routing directiongo each; all connections showed that the ratio of MST to SMT cost cannot exceed 3 : 2

on a given routing layer are either “horizontal” or “vertical.” Vias must Well-known heuristics for the Steiner problem include a “corner-

be inserted between layers; if we wish to minimize the number ﬂ_fpping“ method [4], and the 1-Steiner algorithm of Kahng and Robins

vias, we che a layer assigqment problem which is not considered[ﬂ The Iterated RV algorithm [10] of Mandotet al. utilizes a 3 : 2 ap-
pIanar_ S@elner tree f_ormulatlons. _Second_, most global ro_uters attefBF’c’iximation algorithm for quasibipartite graphs, obtains slightly better
to minimize congestion by weighting routing resources differently; 'fesults than the 1-Steiner approach, and also enjoys somewhat reduced
order construct aninimum cosSteiner tree, our optimization objectiverun times. Recently, Warmmet al. have made thei@eoSteinef12] al-

cannot be simply length reduction, but a weighted sum of edge leng{igishm available. This algorithm is able to firptimal Steiner trees

and resource costs. ) . for surprisingly large planar Steiner problems. The running time for
In this paper, we expand on earlier work [14] and consjleferred ;s 4150rithm is comparable to that of 1-Steiner. In our work, we use

direction multilayer Steiner tree§ his is a multilayer routing model, the algorithm of Boralet al. [1] and discuss this in more detail in the

where each layer may restrict or penalize routing in a given dire'Ctio§ection IV. While there have been a number of substantial advances

Steiner trees in this domain differ from the well studied planant@i- ¢, 5anar Steiner research, we note again that modern routing prob-
mensional Manhattan) problem [3]; a Steiner tree which is optimal f ms are not necessarily planar

a planar problem is not necessarily good quality when embedded into
the multilayer routing framework.

Our approach, based on an earlier algorithm by Baiadl. [1], is
computationally and memory efficient. The complexity of the approach The routing model we focus on differs from traditional planar rec-
is O(n?), efficient implementation is relatively easy, and tree lengtH§inear formulations. We consider VLSI global and detail routing ap-
obtained are comparable to the best heuristics. Unlike planar heurist@#ations and directly consider congestion cost, preferred routing di-
we directly and efficiently consider preferred direction routing, diftections, and via costs. For the preferred direction routing problem, we
fering layer costs, and a variety of via costs. We note that graph-bageél given a set ol = {l1, I, ..., I, } routing layers We are al-
Steiner heuristics can also handle the preferred direction routing modetyed to traverse from one layer to another witasthat have nonneg-
in general, these methods have higher computational complexity. ative cost. For each layer, we are allowed to make connections in only

restricted directions, either “horizontal” or “vertical,” and associate a
Il. FORMULATION AND PREVIOUS WORK routing costwith each direction. In the following, we will us€); 4
] ] ) andCy,, v to indicate the routing cost in the horizontal and vertical di-
The Steiner tree problem is well studied, and a number of good SWetions on layet; and will refer to a portion of a tree edge on a layer

veys are available. Hwang and Richards [6] presented a study of gengjiglch follows a particular direction assegmentOur objective is to
Steiner problems, while Kahng and Robins [8] focused on formulatiofginimize the cost of a Steiner tree (in contrast to length minimization).
and heuristics directly related to VLSI interconnect. _ . We define tree cost to be the sum of via costs and segment costs. A
The general Steiner tree problem is to construct a tree of minim&izontal segment of length on layeri would have cosD x Ci, 4
cost or minimal length, spanning a setdgimand pointaind possibly - gach tree edge would contain vias and segments, and computing tree
some additionabteiner pointsWithout Steiner points, the problem is ¢t is straightforward.
simply one of constructing a minimum spanning tree (MST), and the 1 gji0w a preference in routing direction, we might assign a low cost
algorithms of Kruskal [9] and Prim [11] are well known and computag, that direction on a layer. To prevent use of a particular direction, in-
tionally efficient. When Steiner points are considered, construction giite cost could be assigned. If a layer is heavily congested, a global or
a Steiner minimal tree (SMT) is NP-hard [2]. In this paperticesand  getajl router might assign a high routing cost to the available directions
pointsare used interchangeably; vertices are perhaps more approprigi§ne ayer, resulting in a preference for routing on other layers. Our
when discussing three-dimensional or graph-based formulations, Whilgmiation can clearly handierongway routingin which we allow

B. The Preferred Direction Rectilinear Steiner Problem

points are more commonly used in planar formulations. connections that go against the preferred direction.
More formally, our objective is the following. Given a set of ver-

ticesV = {v1, va, ..., vn}, @ set of optional Steiner vertices = Il ROUTING MODEL OBSERVATIONS

{s1, s2, ..., sm }, and a set of edges connecting the vertices, con- '

struct a minimum cost tree spannifigand a (possibly empty) subsetof In this section, we make a number of observations regarding our
S. In most planar rectilinear Steiner research, it is assumed that lengtiiting model. While our formulation allows some of the freedom
minimization is equivalent to cost minimization. available in a graph-based approach, we still enjoy a number of
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. . . .. Fig. 3. An optimal Steiner point to connect three demand points may not be
geometric properties that allow for the construction of an effICIerll: the median of the point locations in the preferred direction model. In (a) and

Steiner tree heuristic. We summarize these observations and outiifee either utilize layer 1, or add additional vias. If layer 3 is inexpensive,
proofs for properties that are nonobvious. (c) may be the most efficient method to connect the three points.
First, we note thatouting 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 Hged by the spanning tree approach can be integrated into the Steiner
pend on the distance between the points. This is illustrated in Fig.[%€ heuristic.
Related to this is the observation that if upper routing layers are not
“less expensive,” they will not be used. Using the upper layers incuréa Preferred Direction Spanning Trees
via penalty, and the reduction in routing cost must outweigh this penaltyThe spanning tree problem is well known and can be easily solved
if the layers are to be used. with either Prim’s or Kruskal's algorithm. To address problems under
Second, for connections of three demand vertiths, optimal  the proposed routing model, we simply need a method to construct a
Steiner vertex location is not necessarily at the median of the minimum cost connection between a pair of vertices.
coordinates of the three demand verticesThis property may be |t should be obvious thabptimal vertex-to-vertex connections
somewhat surprising. In traditional planar rectilinear Steiner tre@ntain only two segments. By enumerating two-segment connections
formulations, the optimal Steiner point for three verticealisaysat using routing directions from each layer, and adding the appropriate
the median of their coordinates. In Fig. 3, a simple example illustratgigis required, we can find the cost of any spanning tree edge. As we
this point. In this figure, one point is on the first layer, two other pointeave a small number of layers and routing vectors, finding the cost
are on the third layer, and the first layer and vias have high cost; theany tree edge is constant time. If we havevertices, there are at
routing in (c) is less expensive than either (a) or (b). mostO(n?) possible edges; by maintaining a heap, and inserting and
These differences may make us suspect that construction ofemoving edges as required, we can implement Prim'’s algorithm for
high-quality Steiner tree is difficult. Many current planar rectilineathe preferred direction routing model if(n?). For a graph-based
approaches rely heavily on théanan gridto reduce the size of the formulation, we would at the very least need to perform an all-pairs
solution space; nonlinear costs and preferred direction constraigk®rtest path algorithm, with complexify(n?); clearly, the geometric
may suggest that this grid no longer simplifies matters. Fortunatefgrmulation would be substantially faster in practice.
we can provehe Hanan grid still contains an optimal Steiner tree.
This is not affected by the layer costs, via costs, the number of layegs, preferred Direction Steiner Trees
or preferred directions on each layer. Restricting our consideration to

Hanan grid points does not bound our solution away from optimality. ;?i plar(;ahr re(_:tll_lneat: Stglner tSreg heurlstlchpresc;nted n [;] 1S (?P
We outline a proof of this property with the following. Assume w ased heuristic, obtaining a Steiner tree through repeated modifi-

have an optimal Steiner tree, which includes Steiner pairif this cations of an initial MST. Thus, it clearly classifies as an approximation
point is not aligned with the initial demand points, there are edgg&gonthm,wnhaS:2performance bounq._Thls heuristic |§the ba5|s'for
(using no more than two segments each) fioto other points in the °”f_W°r_'<_v and we show pseu_dgcode fof itin Fig. 1. We briefly de_scrlbe
optimal Steiner tree. If all layer assignments remain fixed, shifting a simplified version of the original heuristic and then show how it may

horizontally results in linear changes in tree cost—clearly, we can s adapted to the preferred direction model. We also note a minor cor-

o in a direction which improves cost (contradicting the assumption ghigzetion to th_e _onglnal heuristic. o . -
The heuristic operates as follows. We first identify minimum cost

our tree is optimal), or we have no change in cost (indicating that we . . S
may shift the point until it falls onto or above the Hanan grid). pairings of edges and vertices; if we connect an edge to the vertex (at a

Finally, we note that for the three-dimensional model, the famili%"‘itable "T“erge"_ location), a cycle is creatgd. We can break each cy_cle
3:2 performance bound of MST to SMT does not holdIf via costs y removing a single ed_ge. If the change in tree cost from _connectlng
are nonzero, a set of horizontally or vertically aligned points can resul vertex and edge pair, followed by the removal of the highest cost

in a spanning tree with a large number of vias. A Steiner constructi ge along the cycle, is beneficial, the modification pasitive gain

could eliminate close to half of the vias. If via costs dominate tree cost'€ NUristic operates in a series of passes. In each pass, pairings are
the ratio can be arbitrarily close to 2: 1. The ratio will not exceed z:f,etermlned, high-cost edges on the cycles that might be generated are
determined, and then tree modifications are implemented one at a time.

a proof known for general graphs can be applied to our formulation. 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@(»?), resulting in a list ofD(n) pairs], and then de-

Our approach is based on a geometric-based Steiner tree heurtstimine the highest cost edge on a cycle that would be generated by
by Borahet al.[1]. We will first describe the construction of spanningeach pairing @ () for each pairing, o (»?) for the complete set].
trees under the routing model proposed and then show how elemértis original algorithm uses a slightly more complex method to find the

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

Fig. 4. The BOI algorithm. identical cost, the cycles generated by both possible modifications in-

tersect, unless we check the validity of a modification, we may obtain a
best gain combinations for all pairings of vertices and edges. Modiﬁlscpnngcted gra_ph (as bmﬁ ande., lmlght bfe r:emlovet_j)ﬁ T.h'f] mOd;
cations are performed in a greedy manner, with the process repeaﬂﬁ tion oes notincrease the comp eX'tY oft ?‘?‘go“t m; t c authors
until no further improvement can be made. of [1] were kind enough to provide us with their implementation, and

Fig. 4, from [1], shows a sample modification for a planar Euclideatrquzeugocc’de abg\f{e |s. in factr]whgt zfs\qdbetlan(;mplementeti. 4. and
graph; the principle is the same for our preferred direction model. In side from a modification to how individual edges are routed, an

this example, we might consider connecting edgdo vertexv;, as an enhancement in the manner that a vertex and edge are joined, the

this is a nearby vertex that does not conneettdirectly. Making this ?heu.rcljstlct.?f [1] remfaln? rel?tsl\:e!y unch.a?gfadt.hOur observatlor;s allgw
connection introduces a cycle, with edgebeing the longest edge on i e'tl' entl |c:_(|jort1 OS?F.) imal > ?'lner E_)om i 'r,:h N mﬁge 0|c|)_(|era on. _dy
the cycle. A possible tree modification would be the introduction of gniting candicate Steiner point locations fo the mulliayer Hanan grid,

new edge fromy; to a point along:4 and the removal of edge ; the Wt?w mz?_lptagn_lrhetlo;/v cor&pu_tatloneél com_ple>_<|1ty of thg tﬂ”%?a.l algto-
gainfor this modification would be the change in total tree cost. rithm. Fg. 5 fflustrates a Minimum spanning free, 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

Algorithm 1 : A simplified variation on the Steiner tree heuristic of Bosdlal.  {ge problem is onl)()(nz) making it as fast as Minimum Spanning
The initial MST is constructed with consideration of via and layer costs. Thgge algorithms for the routing model.

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; € T do To evaluate the performance of the preferred direction Steiner tree
Find vertexv; € V that would connect te; with minimum cost ¢, is  heuristic, we perform experiments on random point sets and compare
not an endpoint of; ). We are attempting to locate suitable “merge” locationsSMT and MST costs; this is common practice in Steiner tree research.

V. EXPERIMENTAL RESULTS

end for Points are randomly distributed on a 1000 by 1000 grid, with all points

for all Pairings ofe; to v; do being located on the lowest layer. While we have performed many ex-
find the highest cost victim edg&;.:im On the generated cycle periments with differing routing costs, we report only a subset here. In
Compute the gain if the modification is performed. our experiments, routing directions being restricted to alternate hori-
If the gain is positive, store the candidate modification in a list. zontally and vertically. Via costs range from 1 to 200. To model the

end for differences in routing capacity between layers, we either double cost

Sort the gain list in descending order with each layer (layei from the “top” cost2‘~! per unit) or increase

for Each pairing in the gain lislo by a factor of 1.1 (layef from the “top” costsl.1~! per unit). We
Recompute the highest cost edge on the cycle considered nets with 3 to 30 pins, and 100 randomly generated prob-
If the gain is positive, modify the tree. lems for each combination. Note that these values are used to illustrate

end for the flexibility of the algorithm; they are not meant to represent actual

until no improvement is made to tree cost. 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

We have made a minor correction to the algorithm; in practice, it ieuting costs on each layer are modest, performance of the Steiner

possible for the original algorithm to create output that is disconnectédgburistic is comparable to other current planar methods. When via costs
Our modification is the boldface line in the pseudocode listing. Thare high and the routing capacity of layers differs substantially, signifi-

original algorithm can fail to produce correct results if the followingant reductions in tree costs are obtained. While tree length reductions

occurs. Assume that we have a pairifig, ¢;) with victim edgee,, are onaverage only 11% for rectilinear planar formulations, we observe
and a second pairing, e.,) with victim edgee... If ¢;, ande,, have  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, or0@ and ro
layer cost factors (R) of 1.1 or 2. Experiments were performed with nets of 3 to 30 pins.
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