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ABSTRACT

Circuit interconnect has become a substantial obstacle in the desig
of high performance systems. In this paper we explore a new rout-
ing paradigm that strikes at the root of the interconnect problem by
reducing wire lengths directly. We present a non-Manhattan Steiner

tree heuristic, obtaining wire length reductions of much as di%
average when compared to rectilinear topologies. Moreover, we

present a graph-based interconnect optimization algorithm, called
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non-Manhattan design tools have been developed [10]. Use of non-

H\/Ianhattan routing has only been on a very small scale, however;

we are interested in the impact of large scale use. We have two main
questions: first, what is the impact of non-Manhattan design on
routing congestion, and second, what performance and wire length
impact can we expect.

We have developed interconnect optimization algorithms and a new

global router to allow these questions to be explored. Our design

the GRATS-tree algorithm, which allows performance optimiza- paradigm assumes that we may generate interconnection structures

tion beyond what can be obtained through wire length reduction

alone. The two tree construction algorithms are integrated into a
new global router that allows large scale non-Manhattan design.

Although we consider circuit placements performed under recti-

linear objectives, our global router can reduce maximum conges-

tion levels by as much as 20%. In general we find that the non-

Manhattan approach requires additional Steiner points and bends

(at the global level) which are oriented along directions other than
vertical or horizontal. In this paper, we adopt the terminology

of [11], and will useA-geometry, where\ indicates the number

of primary routing directions (spaced such that angles are evenly
divided). 2-geometry refers to traditional Manhattan routing; 4-

geometry refers to Manhattan routing with the addition of diagonal

routing at 45 degrees to the X and Y axis. 3-geometry refers to

realization of non-Manhattan routing structures requires additional a routing metric in which we have three primary axis, spaced 60

vias. We observe that the increase in via cost is much less dramati

than might be expected; the benefits of wire length reduction may

outweigh the additional via cost.

1. INTRODUCTION

C

degrees apart. Preliminary results show substantial wire intercon-
nect length and congestion improvements compared to traditional
rectilinear routing models. To our knowledge, this is the first in-
depth study on the feasibility of large-scale non-Manhattan routing
architectures.

The remainder of this paper is organized as follows: In Section 2,

In this paper, we explore a circuit design paradigm that departs we describe our new global router, which follows the approach of
substantially from traditional methods. We consider the extensive [5]. In Section 3, we describe our non-Manhattan Steiner tree al-

use of non-Manhattan structures (in contrast to current design ap-

proaches which are almost exclusively rectilinear).

Motivation for this work comes from a consideration of the cur-

rent problems faced by circuit designers. Circuit interconnect con-
tributes substantially to total circuit delay, power consumption, and
electrical noise [2]; any technique which minimizes this impact is
of interest.

Non-Manhattan routing is not new—a number of channel routing

gorithm, which is based on [1]. A performance driven topology
generation algorithm appropriate for the proposed routing methods
is described in Section 4. Experimental results, showing routing
tree wire lengths and via estimates for industry benchmarks are
presented in Section 5. We also present results showing the per-
formance of our global router on a variety of routing meshes. We
conclude this paper with Section 6.

approaches have shown benefit through the use of diagonal wire2_ GRAPH BASED GLOBAL ROUTING

segments [9; 12; 13; 6], a hierarchical Steiner tree construction
for the non-Manhattan routing model has been proposed [11], and

*This work was partially supported by Semiconductor Research
Corporation under Contract #99-TJ-689.

A major obstacle in the implementation of a non-Manhattan rout-
ing approach is in the global routing. Standard cell design usually
imposes rectangular restrictions on cells and rows of cells. Macro-
block design also emphasizes rectangular shapes. The regions re-
maining for interconnecting wires are also rectangular, resulting
in predominantly rectilinear routes (with the possible exception of
non-Manhattan channel routing).

Recently, the influence of these rectilinear logic blocks has been re-
duced. Current fabrication processes have made over-the-cell rout-
ing practical, eliminating the obstacles of standard cell rows and
macro blocks. Multi-chip modules (MCMs) provide routing re-
gions in which there are no physical obstacles. Under these new
conditions, we have increased freedom, and can explore new rout-
ing paradigms.



N driven interconnect algorithm, called the GRATS-tree algorithm.
| In general, there are usually several topologies that satisfy timing
[ objectives of a given net. The GRATS-tree algorithm, described in
! \ Section 4, produces a number of possible interconnect structures
\ for timing critical nets; these structures provide trade-offs among
| signal delays, routing areas, and routing congestion levels on a gen-
,,,,,, eral routing graph.
In practical design problems, we can expect some regions to be
more congested than others. The variety of interconnect structures
available for timing critical nets allows the global router a degree
of freedom in the routing of these nets. As in [5], we use itera-
'tive deletion to select specific interconnect structures which obtain
performance goals and also minimize congestion.
This approach overcomes the inherent limitations of traditional in-
terconnect optimization on a single-net basis. Because only a sin-
gle “optimal” topology is constructed for each net, any generic

Our new global router follows the approach of [5], in that the entire Performance driven global router explores a highly restricted so-
routing region is divided into a set dfes, located directly above  lution space, and the congestion of any global routing solution con-
the logic elements. Global routing determines the paths taken by Structed in this fashion is expected to be unacceptably high. By

connections between tiles. Within each tile, a detailed router deter- INtégrating the GRATS-tree algorithm with the iterative deletion
mines precise routes approach of our global router, we can improve overall congestion

while meeting performance goals.

Figure 1: Three alternative tilings to a rectilinear grid. Note that
the triangular and hexagonal tilings may be rotated by 90 degrees
resulting in new routing grids that prefer horizontal routing over
vertical. The octagonal grid may be rotated by 45 degrees, produc-
ing “diamond” shaped tiles, rather than the square shapes shown.

2.1 Routing Paradigm

We assume that routing will occur “above” the logic elements, and 3. NONMANHATTAN STEINER TREE CON-
that there are no rectilinear obstacles in the routing region. The lack STRUCTION

of these obstacles allows the use of global non-Manhattan routes.
The rectilinear routing grid used in [5] is clearly not appropriate for Steiner tree construction for the rectilinear distance metric has been
non-Manhattan metrics, however. To support global non-ManhattanWell studied, and a number of heuristics have been proposed. The
routing, our new global router suppottexagonaltriangular, and 1-Steiner [7] algorithm incrementally adds a single Steiner point to
octagonaltilings, in addition to rectilinear tiling; these tilings are ~ an initial spanning tree, obtaining nearly 11% improvements over
shown in Figure 1. For the hexagonal and triangular tilings, tiles Minimum spanning tree lengths. The edge-removal technique of
are of uniform size and shape; for the octagonal tiling, there is a Borah, Owen, and Irwin [1], which we will refer to as the “BOI"
mixture of octagons and squares, allowing the entire routing region algorithm, modifies an initial MST by adding a new edge between
to be covered. a vertex and an existing edge, and then removing a redundant edge;
We focus on the number (or total width) of routes passing from one this heuristic obtains tree length reductions comparable to the 1-
tile to another; this is theongestion A high quality global routing ~ Steiner algorithm, and has low complexity. For non-Manhattan
will distribute connections evenly across tile borders, resulting in a Steiner trees, however, relatively few approaches are known; the
decrease in the maximum congestion level. In practice, we observeapproach of [11] initially constructs a minimum spanning tree, and
that most connections are obtained with shortest path routes; averthen performs a hierarchical improvement process. For rectilin-
age congestion levels are not increased significantly due to routing€ar routing, this algorithm obtains improvements of 10.3%; non-
detours. Manhattan results were not reported. In [8], an approach utilizing
To allow comparison between routing metrics, we ensure that the Delaunay triangulation obtained 11.8% improvements over recti-
lengths of tile borders are equal across the various tiling approacheslinear Steiner trees fot5° routing problems.

Note that this results in substantial differences in tile areas (trian- Our global router employs a non-Manhattan Steiner tree algorithm
gular tilings have the smallest area, while octagonal tilings have a derived from the edge-removal algorithm of [1]. This algorithm
mixture of large tiles, and tiles with area equal to those of a recti- repeatedly joins a vertex to an existing edge (introducing a Steiner
linear tiling). point), and then removes an edge on a generated cycleénidrge”
Routing costs and capacities are determined on a layer-by-layer bafunction which joins the vertex to the edge has been modified for
sis. The graph formulation allows this router to consider an arbi- the new routing metrics.

trary routing surface, with an arbitrary number of routing layers . . .

and directions. Hybrid grids, containing a mixture of rectiinear 3-1  Steiner Point Location

and non-rectilinear regions, or areas with differing numbers of lay- While there is no equivalent to the Hanan grid for= 3 or A = 4

ers and preferred directions, can be handled by the router. [11], finding an optimal Steiner point to join three existing points
. can be done easily. Candidate Steiner points can be found at the
2.2 Global Routing Approach intersections of two axis aligned vectors through two of the initial

As with the global router in [5], routings are obtained by first con- points (or on top of one of the three initial points); one of these
structing Steiner trees for each net, and then embedding the edgesgoints will be optimal. Figure 3.1 shows a Steiner point joining
of each tree in the routing grid. Individual edge routings are deter- three initial points in @ = 4 routing metric; the Steiner point is
mined by iterated rip-up and reroute, minimizing routing conges- located at the intersection of two vectors passing through two of the
tion. Steiner tree construction is performed by our modification of initial points. For any\ based routing metric, we generate the set of
the algorithm of [1], and is described in the next section. candidate Steiner points (no more th@i\?) possible locations),
For signal nets which require higher performance than can be ob-and then select the best observed. For fixedhis operation is
tained by simply reducing wire lengths, we employ a performance constant time. Our modification of the algorithm of [1] runs in



arbitrary routing architecture, and congestion control more effec-
tively. In this problem, the general-graph is the tile-based general-
area multi-layer routing graph defined by the global router intro-
duced in Section 2. The objective is to construct a set of GRATS-
trees, all meeting timing constraints, for a timing critical net; these
GRATS-trees provide trade-offs among congestion levels, routing
areas, and signal delays on the given general-graph.

Figure 2: Steiner point location for the= 4 metric. The optimal 4.1 A Review ofx-IDEA
Steiner point is located at the intersection of axis-aligned vectors The GRATS-tree algorithm extends thdDEA heuristic, a graph-
through two of the three initial points. based Steiner arborescence (or shortest-path tree) heuristic pro-
posed in [3]. Given a grap&”’ = (V', E") with sourcesy € V',
we denote the shortest-path distanceraf V' from so by A(v).
O(n”) time per improvement pass, and requires a relatively small The shortest-path directed acyclic subgraph (SPDAG), denoted by
number of passes. G = (V, E), is the subgraph with/ = V', and directed edge
A sketch for a proof of this property is as follows. Assuming we (v,v’) € E if and only if (v,v’) € E' andA(v') = A(v) +
have three pointsi, B, C, and also have optimal Steiner poiit w(v,v"), wherew(v,v") is the edge weight. We say thatpre-
The cost of this connection (with distance mettig) isd,. (A, S)+ cedesv’, denotedv < o', if and only if there is a directed path
dm (B, S) + d.(C,S). By shifting the Steiner poin§ along one fromwv tov’ in G. Moreoverp < v’ if v £ v andv < v'.
of the directions allowed by the routing metric, this cost changes The k-IDEA algorithm operates o7 because any arborescence
linearly; if all three connections require bends, we can clearly shift of G’ is a subgraph of7. The heuristic essentially follows the
the Steiner point such that at least one bend is eliminated. Having branch-and-bound (B&B) paradigm, albeit a restricted one. In the
eliminated a bend from one connection, the Steiner point is now k-IDEA algorithm, the nodes are indexed in the increasing order
located along an axis-aligned vector through one of the original of A(v;). They are then processed in the reverse order of their in-
points. We can now repeat the shifting process, following along dexes, starting from;/|. The algorithm maintains peer topology
this axis-aligned vector, until we encounter either one of the origi- set7; which contains a forest of subtrees constructed after mpde

nal points, or eliminate a bend from a second connection. is visited. The peer sé®; is the root nodes of subtrees . Let
) . X; = {v'|v; < v" andv’ € Pi;1}. Then, there are three possible

Most design approaches assign a single routing direction to a layer.

For example, with a Manhattan design scheme, we might have ¢ Terminal Merger Opportunity (TMO); € N, where\ is
alternating layers of horizontal and vertical routing. With each the set of terminals.

change of direction, a via is required; depending on the layer as- . . )

signment, the vias might span several layers. Additionally, each * Steiner Merger Opportunity (SMO): ¢ V.

pin will require vias, to connect a transistor input or output on the e No Operationw; ¢ N and|X;| < 1.

polysilicon or diffusion layers to the layers used for routing. -

These vias incur cost in terms of circuit area, resistance, and re-If TMO applies, all the root nodes i&’; are merged at;, resulting
liability. For modern design, we desire not only low wire length, inP; = P;+1 — &; + {v;}. The B&B takes place when SMO ap-
but also low via counts. The use of a non-Manhattan design style plies; either all the nodes iti; are merged (as in a terminal merger)
clearly impacts the number of vias required; as a precise count of or the merging is skipped at, in which caseJ; andP; remain un-

the number of vias required can be obtained only after detailed rout- changed.

ing, we instead focus on the number of inserted Steiner points and Thek-IDEA algorithm does not enumerate all sequences of choices
bends required (both of which require via insertion). The number between merging and skipping at each SMO. Rather, it limits the
of layers spanned by each via is dependent on the layer assignmenthumber of skipping along each branch of the B&B search tree to
and also the detailed router. be no more thak. Thek-IDEA algorithm performs an iteration of
The via insertion issues are discussed in our Experimental Resultsrestricted B&B search and identifies the best set of skipped nodes
section. While in general we find that the non-Manhattan approach that gives the minimum-weight shortest-path routing. These nodes
requires additional Steiner points and bends, the difference is muchare then removed fror@, and the algorithm is repeated until there
less dramatic than might be expected; the benefits of wire length is no further improvement.

reduction may outweigh the cost of the additional vias. 42 The GRATS-tree Algorithm
4 GRAPH-BASED RATS-TREE CONSTRUC- The GRATS-tree algorithm makes two enhancements tbtidEA

algorithm: (i) It considers edge removal frof, on top of node

TION deletion from@; (ii) It considers generation of several RATS-tree
It is typical that nets on critical paths have a specified target delay, topologies, rather than constructing only the “optimal” topology.
also known as required arrival time (RAT), for each receiver.ghet ~ Edge Deletion. Fig. 3 illustrates the need to consider edge deletion
be the required arrival time of receiver/sigk A required-arrival- in GRATS-tree routing. The net and its corresponding SPDAG with
time Steiner tre¢RATS-tree) is a Steiner tree thaieetghe timing properly indexed nodes are shown in Fig. 3(a). Fig. 3(b) shows the
constraints, i.eq; > t; for eachs;, wheret; is the signal delay of routing constructed b¥-IDEA. Assuming a unit resistance and a
s; [4]. unit capacitance of each wire, which is modeled &stgpe circuit,
While RATS-tree routing on a Hanan-grid has been considered node10 has an Elmore delay of 11 units, and nod8s 14, and
in [4], we consider routing on a general-graph in this paper. A 15 have a uniform delay o8 units. On the other hand, if we
general-graph RATS-tree formulation, which we refer to as the consider deletion of edge 2, 13), our GRATS-tree will construct,
GRATS-tree routing, enables us to handle multi-layer routing, any in addition to the topology in Fig. 3(b), a topology as shown in



Peteted Edge use the distance between two connected nodes as the edge weight

in one graph, and the congestion along the boundary of adjacent

routing regions traversed by the edge in the other.

Second, we apply the GRATS-tree algorithm on each graph with

different objective functions separately. Possible objective func-

® © tions include minimizing congestion, minimizing total capacitance,
and maximizing slack. For the minimization of congestion, for ex-

Figure 3: (a) A net and its corresponding SPDAG with properly ample, an iteration of the restricted B&B search is deemed to be

indexed nodes. (b) The shortest-path Steiner tree constructled by successful only when a RATS-tree with a smaller overall conges-

IDEA. (c) A candidate routing topology constructed by the GRATS tion has been constructed.

Source

algorithm when the depicted edge is deleted. Third, these separate applications of GRATS-tree algorithm on dif-
ferent graphs with different objective functions are not indepen-
¢ After terminal mergers at dent. The dependency is achieved through the maintenance of a

l nodes 15 and 14

set ofirredundanttopologies. We say that two GRATS-(sub-)trees

T andT’ share the samalias if they are rooted at the same node

and cover the same set of sink®! is redundant ifCong(T) <

Cong(T"), Cap(T) < Cap(T"), Slack(T) > Slack(T'), andat

least one of the three inequalities is a strict inequality.

After an iteration of restricted B&B search, several complete topolo-

oetete (12,10 {DE,E[E a1z Terminal merge at gies are constructed. Clearly, they all share the same alias. Among
these topologies, only the irredundant ones are stored. If one of

these irredundant topologies improves the objective function, then
- the iteration is deemed successful, and the corresponding skipped

Steiner nodes and deleted edges are removed for the next itera-
tion of restricted B&B search. Moreover, we kept all irredundant
: sub-topologies constructed during the entire process. Whenever a
I T T merging operation results in a redundant sub-topology with respect
‘ ‘ i to its aliases, we terminate the search along the corresponding path
in the B&B search tree.
Figure 4: A snapshot of the B&B search tree illustrating the RATS- Clearly, we have to store a sizable number of topologies during the
algorithm applied to the 5-terminal net in Fig. 3. Filled squares entire search process. To achieve a memory efficient implementa-
indicate processed nodes. tion, we used theeduced tree representatiantroduced in [4] to
allow topologies to share common sub-topologies. Other features
that we have adopted from [4] include bottom-up wire-sizing op-
Fig. 3(c). The delays for the four nodes drg 16, 17, and17 timization and bottom-up higher-order moment computation for a
units, respectively. Essentially, edge deletion has the effect of off- more accurate delay computation.
loading capacitance from a critical path.
We consider deleting an incoming edge of nadafter processing 5. EXPERIMENTAL RESULTS
v. Essentially, we expand the B&B search tree by enumerating the T evaluate the impact of non-Manhattan routing metrics on VLS|
choices of deleting an incoming edge «wf Analogous to thek- designs, we tested our approach on a number of standard cell and
IDEA algorithm, we do not enumerate all sequences of choices of M benchmarks. We first show the wire length reductions ob-
edge deletion. We restrict the number of branches due to edge deletajned by constructing Steiner and spanning trees for all signal nets
tion along a B&B search path to be no more than a user specified (e ignore large clock nets and reset nets). In Table 1, the average
number, say:’. reduction in tree length (compared to rectilinear minimum span-
Similar to thek-IDEA algorithm, the GRATS-tree algorithm per- ning trees) is reported. While |engths under= 3 may exceed
forms a restricted B&B search and identifies the best set of skipped those of a rectilinear equivalent, we find that the average improve-
nodes and deleted edges. These nodes and edges are then removggknt across all nets is substantial. Not surprisingly, the best perfor-
from G, and the algorithm is repeated until there is no further im- mance occurs under = 4.
provement. Fig. 4 shows a partial B&B search tree corresponding |t is interesting to note that these improvements are somewhat con-
to the application of the GRATS-tree algorithm to the net given servative: the placements have been performed under an assump-
in Fig. 3(a). Although the diagram appears to suggest Manhattantjon of rectilinear routing. By placing the logic elements with an
routing, the GRATS-tree algorithm can handle any arbitrary routing appropriate cost function, even greater impro\/ement may be ob-
graph. tained.
Construction of Multiple GRATS-Trees. The GRATS-tree al- In our second set of experiments, detailed in Table 2, we report
gorithm constructs a number of GRATS-trees that trade-off among the results of our global router using a variety of tilings. We focus
congestion levels, wire capacitances, and signal delays. Each (subon MCM routing benchmarks; in [5], routing was performed in a
)topology T generated by the GRATS-tree algorithm is associated similar manner, and for rectilinear tilings, our new router has com-

with a triple (Cong, Cap, Slack), whereCong refers to the con-  parable performance. For any tiling, the area of each tile varies,
gestion contributed by, Cap refers to the total capacitance Bf but the length of the border between any pair of tiles is constant;
andSlack is min,; er(g; — t:). for this reason, we compare the maximum congestion on any bor-

We use three strategies to construct several high-quality GRATS- der, and report the percentage improvement (or degradation, which
trees for each net. First, we apply the GRATS-tree algorithm on is shown in parenthesis) relative to the congestion levels observed
two graphs with different edge weight definitions separately. We when routing with a rectilinear grid.



A=2|A=3[A=3|A=4]|A1=4
BOI | MST BOI | MST BOI
mccl 4.16 | 13.57| 14.73| 17.33| 18.29
mcc2 0.90| 12.80| 13.00| 16.72| 17.11
mcm-testl| 0.00| 13.11| 13.11| 17.06| 17.06
mcm-test2|| 0.00 | 13.36| 13.36| 17.51| 17.51
mcm-test3|| 0.00 | 13.93| 13.93| 17.80| 17.80
fract 285| 124| 3.86| 7.88| 9.11
struct 4.17| 4.60| 5.77| 10.04| 11.20
primaryl 3.02| 312| 480| 941| 10.61
primary2 || 3.40| 244| 4.30| 8.81| 10.03 (@) (b)
biomed 5.83| 6.90| 8.97| 11.89| 13.93
industryl 3.10| 8.11| 9.26| 13.10| 14.12
industry2 4.17| 529| 6.24| 9.80| 11.16
industry3 254| 339| 4.08| 860| 9.50
avgsmall 1.88| 5.63| 594| 9.54| 10.19
avglarge 201 5.21 5.63 9.28| 9.93

ource ource

Table 1: Performance of non-Manhattan routing metrics; reported
are the percentage reduction in wire length, relative to rectilinear
(A = 2) minimum spanning tree lengths.

() (d)

A = 3 (triangular) | A = 3 (hexagonal)] A =4 ) ) )
mecl (12.50) 893 714 Flgure_5: Topologles generat_ed by the GRATS-tree algorithm for
mec2 (6.90) 2211 13.41 a 17-pin nfat in fract._TopoIogles (a) and (b) are generated from a
mem-testl 2.00 12.00 20.00 SPDAG W_lth nod_e distance as edge cost, and (c) and (d) from a
mem-test2 @.49) 5551 229 SPDAG with routing congestion as edge cost.
mcm-test3 10.77 16.92| 12.31

Manhattan interconnections. This provides a rough estimate of the
number of vias required: in general, a via will be required at each
pin, Steiner point, and change of routing direction. Note that we do
not consider layer assignments, or the number of layers spanned by
each via: this information is only accurate after detailed routing.
Each via count entry in the table is obtained by simply summing
the number of inserted Steiner points (SP), bends, and pins. Itis a
lower bound of the actual via count in a loose sense. While the non-
Manhattan structures require (in general) more vias than the Man-
hattan scheme, they are comparable to the requirements of Man-

Table 2: Percentage reduction (or increase, which is shown in
parenthesis) in maximum tile congestion relative to rectilinear
(Manhattan) routing. For most routing metrics, the maximum con-
gestion level of these MCM benchmarks can be reduced.

For theA = 4 routing metrics, substantial reductions in routing
congestion were obtained. This can be attributed to a combination

of reduced total wire length, and also slightly larger tiles on aver- hattan desian: routi luti in3 i d4 ¢

age. For the\ = 3 metric, wire lengths were reduced as well; for al ar; 1(e73|gnar602(7|ngs SO utl_on? In 5-geéome [% anc 2—geome Iy re-

the hexagonal grid, maximum congestion decreases compared to,%lUIre 170 andos.67, respectively, more vias than in 2-geometry.
oreover, the bulk of required vias can be attributed to the inputs

the rectilinear metric. and outputs of transistors; these vias will be required under both
For the triangular routing grid, congestion increases for some bench- P ’ q

marks, and decreases for others. The smaller tile size of this grid in- rputlng paradlgms. Furthe_rmore, t_he benefits of_W|re length reduc-
creases the chance than a heavily congested area will be observecﬂc.’n may outweigh the a_ddltlonal via cost. In pgrtlcular, the reduced
If we consider the entire routing surface as a topographic map, it Wire lengths, coupled with global routing solutions that are already

: PR ’ : less congested, may reduce the number of jogs required for obstacle
Is clear that a sparse sampling is likely to find & lower maximum avoidance. As a result, fewer vias may be required at the detailed
congestion value than a dense sampling. ' ' y q

In this paper, we do not consider routing congestion within a tile. A routing step.

meaningful metric for this is difficult to construct, and in general,

there is no simple method to predict if a detailed router can com- 6. CONCLUSIONS

plete a routing problem. We are quite interested in the feasibility In this paper, we have presented an improved non-Manhattan Steiner
of detailed routing for non-Manhattan metrics, and are currently tree heuristic, a graph-based required-arrival-time Steiner tree con-
working on a performance driven detailed router to complement struction algorithm, and a new global router appropriate for large-
our current tools. scale use of non-Manhattan structures.

Fig. 5 shows some topologies generated by the GRATS-tree algo-Increased circuit sizes and performance demands drive an interest
rithm for the global router on hexagonal tiling. These topologies in methods to minimize interconnect delays. Non-Manhattan struc-
connect a 17-pin net from the benchmark circuit fract. All of them tures strike at the root of this problem, by reducing tree lengths for
are irredundant topologies that provide trade-offs among timing almost all nets, even those with only two pins. While the new rout-
slacks, routing areas, and congestion levels. ing metrics introduce many new problems, it also provides new
Our final set of experiments, shown in Table 3 considers the num- opportunities for performance optimization.

ber of Steiner points and bends required to implement the non- Currently, our design flow is not complete; we utilize traditional



A=2 A=3 A=4
Benchmark| Pins SP| Bend| Via' SP| Bend| Viaf SP| Bend| Via'
mccl| 2115 235 972 | 3322 87 1184 | 3386 194 | 1044 | 3353
mcc2 | 14659 268 6928 | 21855 141 7175 | 21975 244 | 7002 | 21905
mcm-testl| 1000 0 442 1442 0 469 1469 0 440 1440
mcm-test2| 1916 0 873 2789 0 911 2827 0 869 2785
mcm-test3| 2508 0 1160 | 3668 0 1202 | 3710 0 1156 | 3665
fract 462 44 102 608 2 152 616 49 145 656
struct| 5471 414 1119 | 7004 64 1539 | 7074 270 1446 | 7187
primaryl| 2941 309 517 3767 36 890 | 3867 260 782 3983
primary2 | 11226 || 1284 | 1754 | 14264 171 3273 | 14670 || 1092 | 2914 | 15232
biomed| 17555 1985 | 3812 | 23352 526 5645 | 23726 || 1528 | 5141 | 24224
industryl | 8279 1391 | 3788| 13458 419 | 4895| 13593 952 | 4377 | 13608
industry2 | 44667 || 5342 | 8924 | 58933 1149 | 14651 | 60467 || 4162 | 12947 | 61776
industry3| 68093 || 5427 | 11669 | 85189 564 | 17662 | 86319 || 4366 | 16314 | 88773
avgsmall| 57001 || 1840 | 7956 | 66797 194 | 10391 | 67586|| 1496 | 9515 | 68012
avglarge| 63521 || 2001 | 8582 | 74104 246 | 11260 | 75027 || 1571 | 10261 | 75344

| Total Via Count || 367724 386312 391942]
T The via count is obtained by summing the number of Steiner points, bends, and pins in the routing
solutions. In a loose sense, it provides a lower bound of the actual via count.

Table 3: Number of pins, inserted Steiner points (SP), and bends in edges, for a variety of routing metrics. While non-Manhattan designs
require larger numbers of Steiner points and bends, they are comparable to the requirements of Manhattan design. When we consider the
vias required to connect the pins to the interconnect nets, the estimated increase in vias is slight.

placement algorithms, and are unable to apply traditional detailed [5] J. Cong and P. H. Madden. Performance driven multi-layer
routing approaches. As part of our current work, we are devel- general area routing for PCB/MCM designs.Rroc. Design
oping placement and detailed routing algorithms appropriate for Automation Confpages 356-361, 1998.

non-Manhattan routing. Another important issue that deserves an L

in-depth study at the global-routing level is the determination of [6] S- Das and B. Bhattacharya. Channel routing in manhattan-
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