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Abstract In general, the global routing problem is studied as a
. graph problem. A routing graph is defined from the layout
We present a chip-level global router based on a NeW,and the nets are routed on the graph. Searching for the
more accurate global routing model for the multi-layer (oute is best formulated as the Steiner problem in net-
macro-cell technology. The routing model uses a 3-dimen-works, also known as the Graph Steiner Tree Problem. But
sional mixed directed/undirected routing graph, which finding a Steiner minimum tree is an NP-hard problem.
accurately models the multi-layer routing problem. How- Hence, many heuristics have been proposed for practical
ever, the complexity of the routing graph challenges previ-applications. Conventional global routers use planar rout-
ous route-generating algorithms. Generating the routes ising graphs to model the 2-routing-layer problem. The size
to search for the Steiner minimum trees for the nets, whictPf the routing graph (in terms of nodes) is small. Nowa-
is an NP-hard problem. We developed an improved Steinef2yS; for |ar9‘|9. CII’C(;JItS and mult|r—1layer technolcl)glﬁs, (;tl
tree heuristic algorithm suitable for large routing graphs requires complicated routing graphs to accurately handle

d able t te high litv Stei i " the problem. The time and space complexities of the
and able 1o generate high quality Steiner trée routing. gnnjied Steiner tree heuristic become very important fac-

Tested on industrial circuits, our algorithm yields compa- qg.

rable results while having dramatically lower time and  Based on the above observation, we developed a chip-
space complexities than the leading heuristics[2][14]. |evel global router to work with new technologies. First, it
While minimizing the wire length, our global router can is obvious that only 3-dimensional graphs can accurately
also minimize the number of vias or solve the routing model the multi-layer technologies. For the complicated

resource congestion problems. routing graphs, we developed a low-time-and-space-com-
plexity Steiner tree algorithm based on an existing heuris-
1 Introduction tic. The improved heuristic can generate better results

without sacrificing much efficiency. Our global router gen-
¢ erates an initial minimum-cost route for each net. A routing

The macro-cell design style allows for very compac h I b ted when t ¢
and high performance designs. But the chip-level routing®anNnel may be over-congested when too many nets
equire routing tracks in that channel. Including congestion

process has a much higher complexity than other methods'é t in th t functi fers f t-orderi
Traditionally, the routing process can be divided into glo- dac orsdln € cgls ur\;\c; lon Sd“ ers rozjn a net-or elrlngh
bal and defailed routing. Global routing is to find a routing 9€Pendency problem. We used a second stage to solve the
path for each net, and detailed routing assigns the actuaﬁon%esnon problems and partially avoid the net-ordering
tracks and vias. In the past, with one or two layers avail-Problem. . . L
able for global routing, the job was simply to find the rout- _ The rest of the paper is organized as follows. Section 2 is
ing channels needed for each net As the VLSI2 brief review. Section 3 describes the global routing model
technologies evolved, the multi-layer routing problem @nd the methodologies used in our router. Section 4 dis-
makes issues, such as via minimization and layer assigncUsses the heuristic Steiner tree algorithm. Section 5
ment, much more difficult. Much research has been doneeXPlains how we solved the congestion problem due to
for the multi-layer detailed routing. On the other hand, few channel capacity constraints. Section 6 shows experimental
multi-layer global routers have been proposed. This indi-results and performance. Section 7 concludes the paper.
cates that the multi-layer routing is intended to be handled .

in the detailed routing stage due to the high complexity of 2 Review

the problem. After reviewing the research on routing prob-

lems, we found the following issues. First, many global The goal of a global router is to decide a “rough” route
routers[1] have been developed by using planar routingfor each net. Basically, it assigns routing channels or
graphs. Basically, they are only for up to two routing lay- regions for each net under some constraints. Usually, the
ers. Obviously, the planar routing graphs can not benets are routed sequentially. The nets which are routed later
applied to multi-layer technologies since they can notface more constraints than those routed earlier. This is
model the new technologies properly. Second, handlingknown as the net-ordering problem. To totally avoid a net-
multi-layer routing in detailed routing stage lacks a global ordering problem, it is common to either use a random
view for optimization. Optimization in the global routing technique or route all nets simultaneously. An integer pro-
stage could greatly enhance routing results. gramming method was proposed in [8] to route all nets at
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the same time. It is good for solving channel congestions,s mainly for sea-of-gate circuits. For macro-cell circuits,
but the routing results are not good because they are onlgrid graphs and hierarchical structures result in inaccu-
an approximate solution. racy.

Many global routing methods can be found in [1]. Usu- . .
ally graph-based methods are used for global routing prob-3 Routing architecture
lems. The routing model is based on defining a routing
graph from a layout placement. Grid graphs are widely Our global router is for macro-cell layout, where we
used in many routers[9][10]. Grid graphs are good for assume the macro cells are rectilinear. Given a placement
array style or sea-of-gates circuits. However, they are noof macro cells, the chip area is divided into small regions
suitable for general macro-cell global routing. Routing by cut lines which are the extension lines of the bound-
graphs directly derived from a floor plan/placement canaries of the macro cells. In each region, we place a node
model the macro-cell design more accurately. These kindgor each layer. The nodes for different layers in the same
of graphs were used in [11] and [12]. The most accurateregion are connected by via edges. If a layer is used for
routing graph is the channel graph defined in [3]. horizontal tracks, horizontally adjacent nodes of the layer

The key issue for global routing is finding the optimal are connected by edges. That means each node of the layer
routes. For two-pin nets, the problem is reduced to thehas horizontal edges connected to the nodes of the adja-
shortest path problem. There are efficient algorithms forcent regions. Similarly, for layers used for vertical tracks,
solving such a problem. The difficult part is how to deal Vertical edges are presented between the adjacent nodes.
with the nets with more than two pins. In one approach, Furthermore, if a certain layer cannot go through the cells,
the multi-pin nets are decomposed into pairs of pins, therfhere will be no edges connecting the nodes of the layer
a shortest path method is used for each pair. This methoénside the cells. The only exception is the boundary
yields poor results. The natural approach is the Steiner forfegions of the cells. The nodes in the regions adjacent to
mulation of the problem. But all Steiner problemsiRe  cell boundaries still have edges connecting to regions out-
hard[6]. There are no efficient ways of finding the optimal Side the cell. That is because the pins on the cell's bound-
results. aries are mapped inside the boundary regions. So the

A two-phase global routing model is used by a few rout- edges across the boundaries on a cell-blocked layer are

ers. They usually use channel graphs and generate a set BE€ded for the pins to exit. But those edges are directed

routes in the first phase. In the second phase, the prografiddes: They can only be used for the pins to exit and are

decides one route out of the set of routes of a net to megfOt used for any other routing purposes. The directed
edges make route searching on the blocked layer efficient.

the constraints such as channel capacities. Mickey|[2] isF. 1 sh e of th i h Th
one of the routers using this technique. Mickey is also oned'g‘;]red i shows a”t Ie;xam?:e (t)h' e rou Ilngtl’?rap - te
of the best irregular-graph based global routers. It signifi-0@S1€d 1Ines aré cut ines. For tis exampie, nere are two

: ; layers. One is for horizontal and the other is for vertical
cantly outperformed the previously best known irregular- . .
grap%l baged global roﬁter, Me?/cury[13] and Tir%ber- tracks. The horizontal layer is blocked by the cells. Only

WOIfMC[3]. It uses arM-route Steiner tree algorithm for the vertical layer is available over the top.
finding routes on channel graphs. Mickey has been used in .T x

the industry because of its outstanding performance on N '\ '\
global routing quality. Mickey'sM-route method is an
improvement over the well-knomMB Steiner tree heu-

ristic[4], and it tries to findM shortest routes for a net. The .\ \
first route is found by th&KMB method. Then it searches
for M-1 other shortest routes based on the first route. If a R.
better route is found during the searching process, the new

route is used as the new first tree. One advantage of this ; .| :
method is that the Steiner minimum trees on the routing

graph can almost always be found during the process of : .
searching for the othéd-1 routes. To solve the congestion

in the routing channels, a random method was used to 1

avoid the net-ordering problem. An alternate route is ran-

domly chosen from th®1-1 routes for a randomly chosen M .‘

net to replace the shortest route. A cost function is used to M w w '\* w

evaluate the congestion condition and decide whether the
replacement is accepted or not. The two-phase method has  Figure 1. Cut lines and the routing graph.
two disadvantages. First, the channel graph can not be Some regions can be very small due to cut lines which
extended for multi-layer technologies. Second, storing aare close to each other. Those regions cause efficiency
set of routes for each net requires too much memory. Foproblems and do not need to exist. We therefore merge two
large VLSI circuits, a high space complexity is not accept-cut lines when they are too close to each other. We set a
able. threshold for merging as two times the track pitch. That
One of the few multi-layer global routers is introduced means if a region can accommodate fewer than two tracks,
in [10]. The global router used a 3-dimensional grid rout- it's merged. The capacity of the regions have to be
ing graph. A hierarchical structure is used, so there areadjusted due to the merging. The routes are searched on
fewer nodes in the graph on higher layers. The route-the routing graph according to the weights of the edges.
searching is based on the shortest path method. The routdthe weights of vias can be assigned to reflect the resis-




tance of vias. Or if the number of vias is to be minimized, has a low time complexity. Later research showed that the
the via edges can be assigned a huge weight. This is aheuristic can be implemented with a time complexity of
effective way of modeling the use of vias for VLSI layout. O(|E|+|V[log|V|). For global routing purpose, theMB
Usually, the weights of non-via edges are set to reflect thealgorithm’s results need further improvement to be satis-
wire length. But the edge weights on different layers canfactory, like Mickey[2] did. In [14], an iterated algorithm
also be adjusted according to the different resistance ofs proposed to improve any Steiner tree heuristic. The time
other measures which differentiate the layers. complexity can be as high &{|N||V|t(H)), wheret(H) is

The advantage of the routing graph is that it closely the time complexity of the original heuristic.
models the actual multi-layer features and it is also very To find the Steiner minimal tree is to find the proper
flexible. For each additional layer, it requires one more Steiner points in the network. When the Steiner tree heu-
layer of nodes. Each layer can be configured individually.ristics are applied to the routing problem, extra improve-
The routing graph is constructed due to the configurationment stages are used to generate better results. For
of each layer. The via factor is also taken care of inher-example, Mickey[2] used th€MB method to find the first
ently in the routing graph. This routing model provides the tree. A few more trees are searched for based on the first
ability to evolve with modern VLSI technology. tree. The process explores the possible Steiner points for

After the routing graph is constructed, the global routing the Steiner minimal tree, so the optimal results can often
is done net by net. For a net, all the pins are mapped to thbe found when the first tree is not optimal.
nodes corresponding to the layer specified and the regions We developed our algorithm based on Wang's heuris-
where the pins reside. For the pins on the boundaries of théc[7] which belongs to the category of the shortest path
cells, we map them inside the cells unlike many other glo-Steiner tree heuristics. In general, the shortest path heuris-
bal routers which map the pins outside the cells. Our grapttics often generate better results than many other Steiner
yields a more accurate estimate of via usage. Finding aree heuristics[6]. Our algorithm shares the same worse-
route for a net is to search for a Steiner minimum tree oncase bound of 2(1-4). We modified the original heuristic
the routing graph. The algorithm will be introduced in next in a way to explore more Steiner points for finding the

section. optimal tree. Wang’s heuristic searches one shortest path
between the terminal sets at one step. We keep multiple

4 Route-generating algorithm shortest paths during the process of searching for connec-
tion. This can be done virtually without increasing the

4.a Introduction time complexity. Then a greedy improvement stage is used

to generate better results. In addition, we took advantage
Searching for the minimum-cost route for a net on aof our sparse routing graph to reduce the time complexity.
routing graph is naturally the Steiner problem in networks. This will be shown in sub-section IV.f. The result is a new
The definition of the Steiner problem in networks from [6] low-time-and-space-complexity Steiner tree algorithm.
is as follows:

* GIVEN: An undirected networt=(V,E,c)where 4.b Generate_route
c: E - Ris an edge length function, and a non-empty In the beginning, each terminal (pin) is made a set in a
setN. N[O V. of terminals. disjoint set data structure. The shortest path is found
. . : , among all pairs of sets. For the two sets corresponding to
FIND: A subnetworkig(N) of G suth that: , this short path, we stoadl shortest paths if more than one
there is a path between every pair of terminals, exists. All the pin nodes and the nodes of the paths are

total lenath IT - (N)| = c(e) is minimized. merged into one set. This process continues until only one
g | G( )| el Z(N) (¢) set remains. At this point, we have a sub-graph of the rout-

- ; : 4 .
To(N) is called a Steiner minimal tree @f Those verti- (gg graph. It is not a tree because it may contain cycles due

ces which are not terminals in the Steiner tree are callego the set of equivalent-weight paths retained. This paths

i : . , raph may not consist of the shortest paths for some
Stew;er potlrr:tst For th? %Iott;al routmgtp(rjokg}ﬁm Stthe pIns c;fnodes so an improvement stage is needed. The improved
%Qletrg(r:s tﬁe ?rr]m'l?ﬁusm %os(,at fg&gec e € Steiner MiNisaths graph is sent to the next stage to remove the cycles.

Although our graph is not undirected for some cases After the cycles are removed, another improvement stage

basically, the global routing problem is still a Steiner prob- ge%%?g?g :guilgtggrféﬁ?o%os\_/e the tree. The procedure of
lem. The Steiner problem in networks is an NP-hard prob- - ’

lem[6]. There is no efficient way of finding the Steiner

minimum tree. There are many heuristics introduced in ~ Generate_route(net)

[6]. There is one parameter for evaluating the effective- 1. each terminal forms a set

ness of a heuristic. It is the worst-case bound, which isthe 2. while (number of sets > 1) {

ratio of the wire length of the worse case generated by the 3. find the shortest path(or paths) between any
heuristic over the wire length of the optimal result. For two sets

most of the heuristics, the best worse-case bound is 2(1-1/ 4 merge the two sets into one set according to

n), wheren is the number of the terminals. Zelikovsky[15]
proposed a heuristic which has a worse-case bound of 11/
6. But the time complexity |€)(|V||E|+n ), where|V] is

the number of vertices, afid| is the number of edges. Itis
too high to be used for global routing. The well-known
KMB algorithm[4] has a worse-case bound of 2(1:1it

the paths found
}
Improve_route(path_graph)
Remove_cycles(path_graph)
Improve_route(path_tree)

©No O
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Lines 1-5 is the original Wang's algorithm except keep- mark all edges in the segment
ing the multiple paths. After the execution down to line 5, if (two sets are created by removing the seg-
a paths graph is obtained. Figure 2 shows an example. Fig- ment) {
ure 2(b) is the top view of Figure 2(a). The top view

o

doesn't show the via edges, so it demonstrates how  ©- find a shortest path between the two sets
Generate_routevorks more clearly. Three pins on the cell 7. if (the new weight is lower) replace the
boundaries are mapped to the nodes inside the cells. Since old segment with the new path

pin A is closer to pinB on the routing graph, the path 8. }

between them is found first. During the second iteration, 9. }
two shortest paths between pgirand pinC are found. All .E ' |
the pins are now connected, so the loop concludes. Obvi® =Xa@mMpie

ously, the paths graph is not optimal. It will be improved The paths graph shown in Figure 2 is sent to
in the next stage. Improve_route There are a few segments in that graph.

Only the segment between the bottom pin (A) and the
right pin (B) can be improved. That segment is removed
and a shorter path between the two separated sets is found.
Hence the original segment is replaced by the new path.
The improved paths graph is shown in Figure 3.

(@) -*'

=

T 1. |
(b) 1 1 Figure 3. Improved paths graph.

L 1 4.d Remove_cycles

I_ To remove the cycles in the paths graph, all segments in
the paths graph are generated. The segments are sorted
according to the weight of the segment. Starting from the
largest-weight segment, the segment is removed. If this
4.c Improve_route action causes the graph to be divided into two sets, restore
- the segment. Otherwise, remove the segment from the
To improve the routing, all the segments in the pathspaths graph permanently. This is done sequentially for all
graph are examined. First, all the edges (in the pathsegments. The procedureRémove_cyclds as follows:
graph) are put in an array. One starting edge is chosen ~ Remove_cycles(graph)
from the beginning of the array. This edge, i.e. its two end- T ;
points, is extended in both directions to form a segment. 1 ts;‘or't the'sE?ments of the paths graph according to
The end points of such a segment are either a required eir weignts

Figure 2. Paths graph of a net and its top view.

node (pin) in the original routing graph or a node with 2. the sorted segments are put into a queue with the
degree more than two. For example, in Figure 2(a), the largest-weight segment in the front
edge ¢f) is selected as a starting edge. The edge is 3. for (all the segments in the sorted queue) {
extended from both end points and forms a segment from 4 remove the segment
dtoa. We mark all edges in the segment, so that the edges 5 if (th hi t divided into t t
will not be used as starting edges later on. The segment is if (the graph is not divided into two sets) {
removed from the paths graph. If the paths graph is now 6 if (two other segments can be merged
divided into two disconnected sets, find a shortest path due to the removal of the segment) {
between the two sets. If this new path has a lower weight 7. merge the two segments and adjust
than the original segment, the new path is used instead of the queue
the original segment. The process continues until all edges 8 }
are marked. The procedurelofprove_routds as follows: ' .
9. continue

Improve_route(graph) 10. }

1. for (all edges in the graph) { 11. restore the segment

2. if (the edge is marked) continue 12. }

3. create a segment by extending the edge to & Example

required node or a node with degree > 2 Figure 4 shows that the cycle in the paths graph has



been removed and an optimal route tree is obtained.

n)

—

Figure 4. Final route for a net.

Figure 5 is used to show how lines 6-9 of
Remove_cyclesork. The largest-weight segment may be
B-C-F, so it is removed first. Originally, there are two seg-
mentsA-B andB-E. Because of the removal BfC-F, A-B
andB-E are connected to form a new segment.

n AD BD CD

D E F
& & & u

Figure 5. Example of a paths graph.

optimal tree might not be obtained affRemove_cycles
has been executed. A second executiohmgfrove_route

1

3
A 4
5

1

3
A 4
5

is needed for those cases. This will be shown in next subf€sult is shown in Figure 8(c).

section.

4 .e Discussion

Figure 6 shows the importance of keeping multiple
paths in the paths graph and the first improvement stage. It
is an example of a 3-pin net. Nod&sB, andC are the
required nodes. The path betwdeandC is formed first,
because it is shorter than the path betw&andB. Then,
paths betweerA and B are found. The paths graph is
shown in the bold lines. If the paths graph directly goes to
the cycle_removing stage, segmeAt4-B may be
removed. Without node 4, it is not possible to find the
Steiner minimum tree. Figure 7 shows the improved paths
graph. The remove_cycle procedure will remove segment
A-5-B now. The minimum Steiner tree was found. If multi-
ple paths were not kept, the Steiner minimum tree may not
be found. For example, if the trée5-B-6-C was found as
the sole route, then this tree cannot be improved by
Improve_route This example shows the advantage of
retaining multiple paths and why we need the first
improvement stage.

B

B

6

2

6

Figure 6. Example of a net before improvement.

Figure 7. Example of a net after improvement.

Figure 8 shows another problem we encountered. Figure
8(a) is the paths graph for a 4-pin net. There are two equal-
weight paths between each pair of pins. This is not unusual
for a multi-layer layout. Segments 3B4and 7-8P are the
largest-weight segments. SegmeAt4-2 andA-5-6 are
the second largest-weight segments. During the cycle-
o ) removing stage, it is possible that segment3-@dA-5-

For the example in Figure 4, the second execution of6 are removed. The tree, after the cycles have been
Improve_routedoes nothing. For some other cases, theremoved, is shown in Figure 8(b). Obviously, this is not
the Steiner minimum tree. With the second execution of
Improve_route the Steiner minimum tree is found. The

1 2_ 3 4
A BE C D
5 6— 7 8
1 2 3(a)
O 45
A B CI D
5- 6= 7 8
(b)
1 2 3 4
| | O |
AI B CI DI
5 6— 7 8
(©

Figure 8. An example of the need for the

second execution of Improve_route.



The key to our algorithm is that we incorporate more can facilitate the detail routing process.
Steiner points for the later improvement stages to work on. : L
But if there are too many equivalent-weight paths, it could If a region has the exact number of tracks which it can
cause efficiency problems and make the cycle-removingiccommodate, the region is a full region. If a region has
part less effective. Two methods are used to prevent thdnore tracks than it can accommodate, it is called an over-
algorithm from incorporating too many paths. One is that congested region. For global routing, the goal is to have no
we try to keep the outside paths only, i.e. the paths whichover-congested regions. Since no congestion information
are enclosed by other paths are discarded, because th& included in the edge’s weight function, we have to
inside paths don't provide useful Steiner points. The otherresolve the congestion problems after the initial routing is
is that we directly limit the number of paths which can be generated. We use an exhaustive rip-up and re-route
incorporated. In the current implementation, the limit is method to eliminate the over-congested regions. Starting
20. On the other hand, for some graphs, we found thafrom the most over-congested region, the following algo-
there hardly exists any equivalent paths. We thereforerithm is executed:
retain and treat the paths which are slightly higher in . .
weight (up to 1% higher than the minimum weight path) 1. for (each netin the over-congested region) {

as equivalent-weight paths. 2. try to find a new route which avoids all over-con-
4.f Time complexity gested and full regions

w

Given is the routing grapB=(V,E,c) Because there are if (no such a new route exists) continue

at most six edges connected to a vertex, the rel . . .
6|V| holds. \?Ve route a nety with p pins%qu):%r put _the new route in a priority queue according to
Remove_cyclesthe sorting has a time complexity of the increase of the weight

O(|S|log |S] ) where|S|is the number of the segments. In 5.}

the loop, the worst case occurs when we must update the '

queug every time, so the time complexity for the loop is 6. while (the region is still over-congested)

O( |SF). The complexity ofRemove_cycles O( |SF ). ) i

The end point of a segment has a degree greater than 2 if 7. replace an old route by its corresponding new
the end point is not a terminal (pin). A theorem from [6] route in the priority queue in order

says that for a Steiner minimum tree the number of such .
vertices is less than two times the number of terminals "€ method seeks to re-route all the nets using that
(pins). The number of segments is proportional to theregion while avoiding the creation of additional conges-
number of vertices. S[$|is proportional tg. To find the ~ tion problems. This is different from a simple rip-up and
shortest paths between the sets, we use an algorithm simfe-route method. Although it is more time-consuming, it
lar to Dijkstra’s algorithm. The difference is that we have can partially avoid the net-ordering problem. Since our
multiple sources instead of one. We start from multiple Steiner tree heuristic is very efficient, it is practical to use
sources and update the weight for the vertices and put theuch a strategy. After the most congested region is pro-
vertices into a priority queue. Because the routing graph iscessed, it moves on to the next most congested region. It
sparse, according to [5], the time complexity is continues until all the over-congested regions have been
O( (IVI+[E|) log |V] ). For our case, it can be simplified to processed.

O( |V| log |V]). So thelmprove_routesubroutine has the

time complexity ofO( |S||V|log [V| ). ForGenerate_route

the main loop has a time complexity ©f p|V|log V| ). 6 Results

So for the subroutine, the doFminant parts @(e|V| log
[V] )+O(|S||V]log V]| )+O |Sf) for netn;. Since|S|is - : :
proportional top andp is not greater thar\|/|, the overall We compared our Steiner tree algorithm with four other
time complexity of our algorithm i©( p|V| log V[ ), graph-based algorithms capable of handling irregular
which is also the time complexity of the original Wang's 9raphs. One is thkMB method[4]. The second algorithm
algorithm. This means our modification retains the sameWe compared against is theroute method introduced in

time complexity. Mickey[2] which is an improvement over t&MB algo-
rithm. The drawback is that it requires too much memory
5 Resolving congestion problems and is therefore impractical for large circuits. The third

algorithm isIKMBJ[14]. It is an iterated improvement over

After the global routing is done for all nets, the global KMB: In [14], it was shown thalkMB outperforms the

router can estimate the routing resources needed. If a roufellkovskyl al%or't_n?‘[lf]' tﬁuulKMEhSt'”ﬁzé’Earshahh'.gh
consists of a certain node, it means a track is required if'™M€ complexity. The fourth aigorithm , WhICh 1S

the corresponding routing region for that net. So we can2 iterated improvement over the Zelikovsky algorithm.
estimate the number of tracks used for each layer in eachZEL iS shown to be better thakiMB in [14], although it
region. The number of via needed can be estimated by'@s an enormous time and space complexity. We tested the
Counting the number of via edges used by the routes. Th@rograr_ns on some industrial circuits. Those circuits a_re
wire length of each net can be estimated by adding theshown in Table 1. The placements were generated by Tim-
wire length of all the edges used by the net. The path foberWolfMC v.3.1. We ran all the programs on the same
each net consists of not only the topological information global routing graph. They were run on a DEC 3000 APX
but also the layer and via information. The information Model 400 workstation.



. |nodes ofedges o

number of cells| nets pins

graph | graph
hp 11 83 309 26 39
ami33 33 83 376 64 101
gpdm_b 17 121 645 37 58
Xerox 10 203 696 21 30
amd 17 288 837 39 57
ami49 49 408 953 108 172
4832 20 586 1576 64 98
intel 62 570 4,309| 161 243

Table 1. Circuit information.

The wire length results for the four algorithms are
shown in Table 2. ThEMB algorithm is outperformed by
the other algorithms by about two percent on average. Ou
Steiner tree algorithm consistently generates better result
than Mickey’s algorithm, and about the sameékddB in

general.

Mickey, IKMB, and our Steiner tree program. The results
in Table 3 show our algorithm uses much less memory
than Mickey, while having a comparable (or slightly bet-
ter) run time. The memory usage was reduced by a factor
of nearly nine for the largest circuin{el). Table 3 also
shows that for circuits with complicated routing graphs,
the IKMB and IZEL algorithms really suffer from their
high time complexities. The asterisks in Table 3 imply that
IZEL could not complete the routing of these circuits after
being allotted more than 200 hours of CPU time. The
pound signs (#) indicate that the job could not be com-
pleted because it required more than the 384MB virtual
memory available on our machine. Note that for the larg-
est circuit,intel, our Steiner tree algorithm was more than
500 times faster and used 15 times less memory than
IKMB and yielded similar results. Even for the small cir-
cuit, xerox our Steiner tree algorithm was more than
40,000 times faster thdZEL and yet yielded equivalent
esults. For large VLSI circuits, it is obvious that only our
Igorithm is applicable.

Table 4 shows the results of our global router for two

Table 3 shows the memory usage and run time ofvery large industrial circuits. Four routing layers were

wire length / percentage difference w.r.t. KMB
KMB Mickey M-route IKMB IZEL Nevgggﬁ'{p]% tree
hp 176,808 7 171,4307-3.04% 169,9277-3.89% 169,2397-4.28% 170,063713.81%
ami33 56,770/0 55,865/ -1.59% 55,815/ -1.68% * 55,815/ -1/68%
gpdm_b 633,540 /[0 626,907 /-1.06% 626,127/ -1.17% 625,930 /+1.2% 625,930/ -1.2%
Xerox 568,480/p 561,935/-1.1%% 561,935/-1.15% 561,935/-1.15% 561,935 /+1.15%
amd 261,478 /0 259,856 /-0.62% 259,782 /-0.65% 259,740 / -(0.66% 259,843 /-0.63%
ami49 371,362/0 361,378/-2.69% 360,927 /-2.81% 360,278 / -2.98% 360,592 1 -2.9%
4832 1,934,200/[0 1,894,400/-2.06% 1,893,475/-2|11% 1,888,215/-42.38% 1,891,390/ -2.21%
intel 6,087,362 /D 5,942,640 /-2.38% 5,913,290/ -2.86% # 5,925,695 /-R.66%
Table 2. Wire length comparison.
Mickey IKMB IZEL New Steiner tree alg
memory | runtime | memory | runtime | memory | runtime | memory | runtime
(bytes) (sec) (bytes) (sec) (bytes) (sec) (bytes) (sec)
hp 666 3. 2,080} 1.p 2,176K 2841 356K 7
ami33 1,855K 2.8 3,112K 303 * * 438K 6.3
gpdm_b 2,124K 2.p 2,448K 62 3,184K  30,866.1 784K 5.9
Xerox 1,269K 4.2 3,592K 6.8 9,400K 107,20p.8 735K 2.6
amd 4,594K 25.0 2,120K 313 2,176K 51.6 1,2712K 4.7
ami49 6,228K 20.0 2,579K 20,8 2,918K 16,466.9 1,316K 54
4832 9,032K 16.f7 2,528K 14,0 2,816K 2,978.5 2,142K 8.9
intel 50,642K 224,y 89,824K 105,027.8 # # 5,707K 203.9
Table 3Memory and run time comparison.
cells nets pins memory (bytes)  wire length viag run time (sec)
Intell 3 7,28% 17,578 37,728K 42,299,146 49,806 1,430.6
Intel2 189 9,497 31,647 104,607TK 24,290,738 58/612 63,930.4

Table 4Results on two industrial circuits.



available for both circuits. The lowest horizontal and verti-

Tree Problem,” North-Holland, 1992.

cal layer are blocked by the cells and the other two, one fo[7] S. M. Wang, “A Multiple Source Algorithm for Suboptimum

horizontal and one for vertical, are available over the cells.
Because Intel2 has so many cells, the 4-layer routing
graph consists of more than 38,000 nodes. Yet, the job was

Steiner Trees in Graphs,” H. Noltemeier (Ed.) Proceedings
of International Workshop on Graph-Theoretic Concepts in
Computer Science, pp. 387-396, 1985.

completed with reasonable run time. The results demonqg] J. Heisterman and T. Lengauer, “The Efficient Solution of

strate that our global router can handle modern large
industrial circuits, whereas previous Steiner tree algo-
rithms could not be successfully applied to these large cir-
cuits.

7 Conclusion

Integer Programs for Hierarchical Global Routing,” IEEE
Transactions on Computer-Aided Design, Vol. 10, No. 6, pp.
748-753, June 1991.

[9] Y.-L.Lin, Y.-C. Hsu, and F.-S. Tsai, “Hybrid Routing,” IEEE

Transactions on Computer-Aided Design, Vol. 9, No. 2, pp.
151-157, Feb. 1990.

[10]M. Hayashi and S. Tsukiyama, “A Hybrid Hierarchical Glo-

We presented a chip-level global router based on a new,
more accurate global routing model for the multi-layer
macro-cell technology. The routing model uses a 3-dimen-

bal Router for Multi-Layer VLSI's,” IEICE Transactions on
Fundamentals of Electronics, Communications and Com-
puter Sciences, Vol. E78-A, No. 3, pp. 337-344, Mar. 1995.

sional mixed directed/undirected routing graph, which [11]J. G. Xiong, “Algorithms for Global Routing,” 23rd Design

provides not only the topological information but also the

Automation Conference, pp.824-830, June 1986.

layer information. The irregular routing graph accurately [12]w. K. Luk, D. T. Tang, and C. K. Wong, “Hierarchical Glo-

models the multi-layer routing problem, so the global
router can give a good estimate of the routing resources

bal Wiring for Custom Chip Design,” 23rd Design Automa-
tion Conference, pp.481-489, June 1986.

needed. However, the complexity of the routing graphi3jy. Nishizaki, M. Igusa, and A. Sangiovanni-Vincentelli,

challenges previous route-generating algorithms. Generat-
ing the routes is to search for the Steiner minimum trees
for the nets. Since the Steiner problem in networks is an
NP-hard problem, we developed an improved Steiner tre
heuristic algorithm which is suitable for large routing
graphs and able to generate high quality Steiner tree rout-
ing. Tested on industrial circuits, our algorithm yields
comparable results while having dramatically lower time
and space complexities than the leading heuristics. This
advantage makes our global router applicable to large
industrial circuits, easily handling multi-layer problems
consisting of 200 macro cells and 10,000 nets. While min-
imizing the wire length, our global router can also mini-
mize the number of vias, or solve the routing resource
congestion problems.
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