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Via Design Rule Consideration in Multilayer Maze
Routing Algorithms

Jason Cong, Jie Fang, and Kei-Yong Khoo

Abstract—Maze routing algorithms are widely used for finding TABLE |
an optimal path in detailed routing for very large scale integra- DESIGN RULES FOR A 0.5uum CMOS
tion, printed circuit board and multichip modules In this paper, PROCESS
we show that finding an optimal route of a two-pin net in a mul-
tilayer routing environment under practical via design rules can Rules Dimension (zm)
be surprisingly difficult. A straightforward extension to the maze
routing algorithm that disallows via-rule incorrect routes may ei- wl Minimum MET1 and MET2 width 0.6
ther cause a suboptimal route to be found, or more seriously, cause . MET3 width 19
the failure to find any route even if one exists. We present a refined w2 Minimum widt :
heuristic to this problem by embedding the distance to the most re- w3 CONTACT, VIAT and VIA2 size 0.8 x 0.8
cently placed via in an extended connection graph so that the maze — -
routing algorithm has a higher chance of finding a via-rule cor- ¢l Minimum metal enclosure of
rect optimum path in the extended connection graph. We further CONTACT, VIAL and VIA2 0.2
present efficient data-structures to implement the maze routing al- — -
gorithm without the need to preconstruct the extended connection s1  Minimum METI to MET2 spacing 0.8
graph. Experimental results confirmed the usefulness of our algo- 2 Minimum MET3 spacing 1.2
rithm and its applicability to a wide range of CMOS technologies.
. . ) s3  Minimum CONTACT to
Index Terms—Routing, via design rule.
CONTACT spacing 0.6
s4 Minimum CONTACT to
I. INTRODUCTION ) 03
INDING an optimal point-to-point path is the fundamental VIAL spacing _ '
operation in the area-based detailed routing for very larg:  s5 Minimum VIAL to VIAI spacing 0.6
scale integration, printed circuit board (PCB) and multichip s6 Minimum VIA1 to VIA2 spacing 0.3
modules (MCM’s). The most common approach is to represer 7 Minimum VIA2 to VIA2 spacing 06

the routing area with a routing grid and perform routing over
the grid. The grid-points in the routing grid represent the

permissible locations that the center-line of a path can paggctrical performance of the manufactured design. For instance,
through, and the edges between the grid-points determine fi@imum wire spacings and widths primarily prevent electrical
permissible routing patterns. In general, the grid-points a”florts and opens, respectively. Minimum spacings in vias ensure
grid-edges can be represented as a set of nodes and edggsd yields as well as good connections between the connecting
respectively, in an undirected gragh = (V. £) called the metallayers. Table | shows some design rules, (alsoillustrated in
connection graphThe edges are usually weighted to reflegtig. 1), related to the metal and cut layers for a three-level-metal
the routing cost, such as the actual length of the grid-edge; and.,m CMOS process. While a cut is clearly defined as the
the cost of a pattt'(p) is the sum of edge-weights along the:onnection between two adjacent conducting layers, a “via” is
path p. In this paper, we will assume that the edge weightgss well defined and commonly meant as the connecting object
are uniform in each direction for each layer. For example, 3btweemmetallayers. In this paper, this distinction is immaterial
horizontal paths on the first routing layer have the same cegid we will use “cut” and “via” interchangeably when referring
per unit length. We also definB(p.) = oc if p. is aninvalid to the connection between two routing layers.

path due to design rule violations. There are three properties regarding the design rules that are
generally true in practice:
A. Practical Via Design Rules Property 1: The minimum spacing for a cut affects only the

The layout design rules specify a set of spacing and wid@&me or adjacent cut layer. For example, there is no minimum
constraints on layout geometries to ensure both the yield and 8R&cing requirement between the CONTACT and VIAZ layers
since they are not adjacent cut layers.
. . . _ Property 2: The minimum spacing for cuts on adjacent
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supported in part by DARPA/ETO under Contract DAAL01-96-K-3600 man@Yers IS smaller than or equal to the minimum spacing for cuts
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Fig. 1. lllustration of the 0.5¢m CMOS design rules.
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(b) strategy of the algorithm. For example, using the actual costs

, . to the nodes i as the priorities will result in a breadth-first
Fig. 2.  Examples where no path can be found frota, as shown in (), of, gearch. Using the actual costs plus the estimated costs to the des-
a suboptimal paths —c—b— f —g—h — ¢ —t, is found in a slightly different ~ . . . . B .
scenario, as shown in (b), by a traditional maze router due to the via spacing fif¢ation will result in anA* search. At each iteration, the highest
that requires a minimum via-to-via grid-spacing of two. The optimal via-rulgriority nodep is retrieved from@) andexpandednto each of
correct path in both casesds—a —b — ¢ —d — . its feasible neighborg. ExPAND(p, ¢, Q) updates nodg (and
addsq to @ if necessary) if the path — p — ¢ is better than
Property 3: The minimum spacing for two cuts, on either thehe path tog (if there is one).
same or adjacent cut layers, is smaller than the minimum wireThe optimality of the maze algorithm is predicated on a cost
width plus two times the wire spacing (W 2S) of either of its  function F(p) that is monotoneand satisfies therinciple of
connecting metal layers. optimality[3] in dynamic programming defined as follows.
For example, the minimum spacing between VIAZ and VIAZ' A monotone cost functiod'(p) implies thatF'(p) > F(p')
is 0.64um, butthe W+ 2S for MET2is(0.6+2x0.8) = 1.4um,  for all subpathg’ C p, for all paths inG. This is easily satisfied
and the W+ 2S for MET3i€1.2 + 2 x 1.2) = 3.6pm. by having only positive weights for the edgesGn Intuitively,
) ) ) .. . . amonotone cost function allows the path searching process to
B. The Classical Maze Routing Algorithm and its L|m|tat|onsa|v\h,;wS progresawayfrom the scource. Therefore, each node
Given a connection grapfl = (V, F), a source nodeand a in G is expandedit most onceén the maze routing algorithm.
destinatiort (wheres, t € V'), the minimum-cost path problem The principle of optimality in dynamic programming [3] states
is to find a pathp* in G such thatF'(p*) is minimal among all that:
feasible paths from to ¢ in G. It is clear that the patp* corre- Principle of Optimality An optimal policy has the property
sponds to a detailed routing solution in the routing region retitat whatever the initial state and initial decision are, the re-
resented by7. The minimum-cost path problem can be solvedhaining decisions must constitute an optimal policy with regard
using the maze routing algorithm [1], [2] [Fig. 3] which finds thdo the state resulting from the first decision.
minimum-cost path using a point-by-point expansion strategyIn the maze algorithm, the best paths found to all visited nodes
based on the dynamic programming principle. It maintainss® far constitute a state, and how to update the best path to a
priority queue® of candidate nodes for expansion, ordered awisited node constitute a decision. The principle of optimality
cording to their priority. The priority determines the expansioimplies that at any given point in the maze expansion (line 6 in
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Fig. 3) process, a partial routing towards the destinatidn-is
dependenbf the partial routings that have been already been
found. However, this is usually not true in practical layout de-
sign since a partial routing that has been completed immediately
imposes possible design rule restrictions around its vicinity. A
solution to this problem is to ensure that the grid spacing is
greater than or equal to the largest applicable spacing rule. How-
ever, in “gridless” routing, the routing grid is smaller than the
worst-case via-to-via spacing and can be as fine as the “magi4: 4. Iiustration of a3 node: the pattp® , is a subpath of optimal
facturing” grid (The actual grid size is determined by the resoluia-rule-corrects to ¢ pathp; ,. However, there exists a minimum-cost path
tion of the technology and/or the design database). In this ca’$§e¢ from s to «, that is via-rule correct and has a smaller cost than.

the placement of a viavill restrict where the next via can be

placed. Property 4: If there is an optimal via-rule-correct pagj ,
The problem of via-rules on the maze routing algorithm cafom s to ¢ which has a3-node along the path, then the path
now be illustrated with the following simplified examples forjill not be found by the maze routing algorithm.
clarity. Let us suppose that the routing grid has uniform spacing proof: The maze routing algorithm will always expand
and uniform edge cost, and the minimum via spacing is tWRe 3-node along thed-path because it is the smallest cost path
grid-spacings. Fig. 2(a) shows an example with a cross-s@gnong all the paths fromto 3. Since a node can only be ex-
tional (i.e., a vertical two-dimensional (2-D) plane) routing répanded once in the maze routing algorithm, the optimal piagh
gion. With the maze routing algorithm, the source nedeill  that passes throughwill not be found.
be expanded first into nodesandc. If nodecis expanded next  Followed by Property 4, we can show that if all the optimal
(since the paths — a ands — ¢ have the same cost), thewill  paths have #-node along their paths, the maze algorithm might
be expanded into nodésandd. Now noded can be expanded not find the optimal via-rule-correct path. Notice that this does
to ¢ but the solutionss — ¢ — d — ¢ will be design rule incor- notprevent the maze routing algorithm from returning a subop-
rect! Ifinvalid paths are disallowed during maze expansion, th@fal path, as shown in Fig. 2(b). Howevereiferyvia-rule-cor-
noded will be discarded and nodewill be expanded into node rect path froms to ¢ has a3-node, then the maze routing algo-

b. But since a node can be expanded at most once in the mg#em will not find a via-rule-correct path frors to ¢ even if
routing algorithm, nodé cannot be expanded into nodée- such a path exists, as shown in Fig. 2(a).

cause node has been expanded before. Therefore, the feaSile/\/e want to stress that in practice' the via-rules are not a se-

paths —a —b—c—d —t will not be found. Notice that even if rious problem in the early phases of routing where rip-up-and-

nodeq is expanded before(say by weighing the via edges withreroutes, and local modifications can effectively handle many

higher cost), the feasible path still cannot be found since noggthe issues with via-rules. It is in the later phases of routing

c will always be expandeteforenodeb. In a slightly different when the routing region is extremely congested or compacted,

example, as shown in Fig. 2(b), the maze routing algorithm wilhd the free spaces are narrow and irregular, that careful consid-

be able to find a via-rule correct path-c—b— f —g—h—i—% eration of the via rules becomes critical. The proposed routing
because of the removal of layer-3 obstacle in Fig. 2(a). Howevgfgorithm is meant to function as an auxiliary but more accurate
this path is a suboptimal solution since the optimad ¢ pathis  router that seekszartial pathwhen the traditional maze routing

s —a—b—c—d—t. Sowith the presence of via-rules, tradialgorithm fails or being suboptimal. This will be described in

tional maze routing algorithm may fail to find a solution or findnore details in Section IIl.

a suboptimal solution. Previous works in detailed routing have considered the
interaction of vias with other objects [4], [5] but not between vias
within the same route. The problem of design rule interactions

C. Problem Formulation within the same route has been acknowledged in [4] but not
solved except for some easily identifiable special cases. Notice

In the previous example, the failure to find a path is due to thieat the routers in [4], [5] are actually gridless routers using area
existence of node which is on the optimal path fromto ¢ but expansion. This is so because early gridded routers have used a
the subpath is not an optimalto ¢ path. Such a node is calledlarge enough grid spacing and evaded the via-spacing problems.
a/3-node and is defined formally as follows: It is also interesting to note that Property 3 implies that the via
Definition 1: A nodew in GG is af-node if 1) there exists an spacing is not a problem for two-layer routing as illustrated in
optimal via-rule-correct patp; , from s to « (3—path) that is Fig. 5. Therefore, the via spacing problem is limited to three or
via-rule correct up ta, and2) p; , has a smaller cost than themore layer routings which does not apply to many early works in
subpath froms to « in p; ,. detailed routing. In industrial routers, heuristics are often used
The #-node is illustrated in Fig. 4. For the example shown itb make the maze routing algorithm more robust so that it is

Fig. 2, nodec is a/3-node since 1) there is an optimal via-ruleunlikely to fail to find a route but the route may be suboptimal.

correct paths — ¢ and 2) whose cost of one is smaller than th&he general optimality of path searching in a graph that does not

cost of three of the subpath- a — b — cin the via-rule-correct satisfy the principle of optimality of dynamic programming is
path tot The existence of &-node prevents an optimal pathalso discussed in [6]. However, the scheme proposed in [6] is too
from being discovered by the maze routing algorithm: general and cannot exploit many properties in a practical design.
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Fig. 5. Via spacing violations in a two-layer routing problem can be easily corrected because Property 3 implies that there cannot be any abstactee bet
two vias. Therefore, the vias (either one or both depending on other connections to the vias) can be replaced with a wire segment at the metal layer.
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Fig. 6. The extended connection gragh, example in (a), is shown in (b).

In this paper, we will present a heuristic to solve this probleadded toGG’ without being transformed. Each extended node
in Section Il by using an extended connection graph thatembedg|:| < K) captures the best path that|i$ grid-spacings
the distance to the most recently placed via in a path. Whileavay from the most recently placed via that is to the left (if
straightforward implementation of the maze routing algorith® > < > 0) or to the right (ifi < 0) of the current node.
on the extended connection graph can solve the problem, Wee extended nodey captures the best path thathsor more
present in Section Il efficient data-structures to implement thggid-spacings away from the most recently placed via. The
maze routing algorithm without the need to preconstruct the eedges inGG’ are added as follows: 1) if can traverse to its
tended connection graph. Section IV shows our experimentaighbory in G, thenvy can traverse tax , andv; ;< x can
results. We first show an actual routing example where our &taverse tou; 4 if « is to right of v or u;_; if « is to the left
gorithm can find a solution, whereas a traditional maze routired v, and 2) the extended nodes that can be conneftbeal
algorithm cannot. Next, we show the applicability of our algoa via are those with subscript 0 and the extended nodes that
rithm to a variety of CMOS technologies. Finally, to validate thean be connectetb a via are those with subscrigf. Based
advantages of our approach, an experiment is set up to comparethe two rules, we can construct the extended connection
our algorithm with traditional maze routing algorithm in rangraph for the example in Fig. 2 as shown in Fig. 6. Notice
domly generated examples. We conclude our paper in Sectiorihat the optimal via-rule-correct path is embeddedhas
An extended abstract of this work was published earlier in the- a — by — ¢; — d2 — t. Also notice that the minimum-cost but
Proceedings of the 1999 International Symposium on Physiaah-rule-incorrect path is not ii’; i.e., there exists no indexes
Design|[8]. i,jsuchthats —¢; —d; —tisin G,

The extended connection graph shown in Fig. 6 is valid only
for a cross-sectional (2-D) routing region. For multilayer gen-
eral area routing, the extended nodes must encode the distance

There are two basic problems caused by the via rules. Ondriam the most recently placed via in both thedirection and
that a grid position may need to be expanded more than oncéhtey-direction. Therefore, each noden G, that is not in the
find the path. The other is that we need to maintain the distartop or bottom layers, is tranformed (8K — 1)? + 1 extended
to the most recently placed via along the path to determine wheodesvx x andw; ; fori,j = 0,£1,£2,... ,£(K — 1). The
the next via can be placed. Our solution to this problem is fiost and second indexes (subscripts) represent the (either posi-
conceptually create an extended connection graph that embiigs or negative) distance in thedirection and they-direction
the via distance as well as to provide multiple nodessabgrid- from the most recently palced via, respectively. For each edge
position so that each grid position can effectively be expanded= (u, v) in the original graph= that represents a wire seg-
more than once during the maze routing. ment (i.e.,u andwv represent grid-points in the same routing

We let K be the minimum number of unit grid-spacingslayer) in thez-direction, we add the following edges &':
defined by the maximum common divisor of all minimuml) an undirected edg@:x «, vk, i ); 2) directed edges in the
length in the design rule, between the viasamfjacent layers positive z-direction: (u; ;,v;+1 ;) for all possiblej, andi =
(e.9.,K = 2in Fig. 2). Our idea is to transform each node 0, ..., K —2and the directed edgés  _1 ;, vk « ) for all pos-
in the original connection grapti into 2K extended nodes siblej; and 3) directed edges edges in the negatidérection:
V_(k=1) -1 VU=1,%0,V1,---, VK 1,k N an extended di- (v;;,u;_1 ;) for all possiblej, andi = 0,-1,..., —(K — 2),
rected connection grap&¥’ = (£’,V’). The nodes inG at and(v_(x_1),;, vk, ) for all possiblej. Similarly, edges in the
the top and bottom layers are the exceptions, and they areirection are added. Therefore, an extended ngdeaptures

Il. EXTENDED CONNECTION GRAPH
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Fig. 7. Example showing the failure of finding the minimum-cost via-rule-correct paff in

the best path that isand; grid-points away from the most re- sponding extended gragh (similar to Fig. 6) that contains the
cently placed via in the andy direction, respectively. For eachvia-rule-correct paths—p —qgo —r_1 — ds —co — b — ¢. If the
edgee = (u,v) € E representing a via, (i.ey andv rep- edges are uniformed weighted, then nadgewill be visited by
resent grid-points on adjacent routing layers), we add the edgles equal cost paths-a—by—c; —ds ands—p—qo—r_1 —ds.
(uo.0,vr i) and(vg o, uk k) 1o G'. If w is on the bottom or top If the paths —a— by — 1 — d2 is chosen, then no solution will be
layers, then the edges addeddbare (v, vo,0) and(vk x,u). foundinG’. Therefore, nodé; is a3-node and the via-rule-cor-
Finally, notice thatK can be different for different adjacentrect pathmay notbe found inG. In fact, the via-rule-correct
layers. For example, in a four-level routing regidfy, and K>  pathwill not be found if the viao— ¢ is more thar2 K grid-spac-
can correspond to the spacing of VIAL to VIA2 and VIA2 tdngs away from the via— b. On the other hand, if the vig— ¢ is
VIA3, and applied to the transformation of graph nodes on layesithin 2K grid-points from the via: — b, then the via-rule-cor-
2 and layer 3, respectively. rect pathwill be found. Therefore, our algorithm is effective in
The number of nodes and edgesihare|V’| = O(K?|V|) resolving the problem of via-design-rule interactions for vias
and|E’'| = O(K?|E|), respectively. However, the via-spacinghat are close by but it does not solve the problem of via-de-
K need not be very large in practice. For example, thepy0.5sign-rule interactiorat a distance
CMOS technology shown in Table | has a VIAL to VIA2
minimum spacing of 0.3:m. Therefore, using a manufacturing
grid-spacing of 0.1#m gives us a reasonably sm&ll value of
only 3. Furthermore, we will present efficient data-structures to A straightforward approach to find the optimal via-rule-cor-
implement the maze routing algorithm 6# without the need rect path is to construag?’ and apply the maze routing algo-

I1l. SEARCHING ON THE EXTENDED CONNECTION GRAPH

to construct?’ before routing begins in the next section. rithm onG’. This is inefficient because of the overhead in con-
The extended connection gragH alone does noprevent structingG’, and many extended nodes will never be visited.
finding a via-rule incorrect path. For example, the patha —  Furthermore, searching a#’ is only useful around congested

bo —c1 —ds —c2 — by — g in Fig. 6 is a feasible path i’ areas. The application of the proposed router is to take over the
butnota via-rule-correct path since the via- by is notat least task of finding short partial paths (i.e., to squeeze through con-
two grid-points away from the vid, — q. Therefore, we need gested areas) when a traditional maze router fails to find a path.
to apply the following restriction when expanding a node to itBherefore, it is not desirable to constriét ahead of time. We
neighbors inG’. now show a maze expansion algorithm that does not regtiire
Restriction 1: Given the nodesx x,ux i, andgo o in G'  to be constructed ahead of time. That is, we shall represent
where L)y ; anduy i are adjacent nodes, andg@), is atthe implicitly, and constructy’ on-the-fly during the maze expan-
position of the most recently placed via along the search pathsion. A similar idea of implicit routing graph representation was
vk, Kk, thenvg x can only be expanded intoy r if ux - isat also used in a very recent work in [9] for gridless ECO routing.

leastK grids away fromyg . The algorithm is outlined in Fig. 8 and we will explain the
For example, this restriction will prevent exploring the pathisnplementation details in the rest of this section.
s—a—bg—c1—da—co—- - - in Fig. 6 sinced, will not be allowed The maze expansion process traverset find the optimal

to expand intaz; due to the presence &f. This restriction can path. The data needed at each nedeV’ (we have dropped the

be easily implemented when the search path is stored explic#lybscripts here for brevity) during the expansion are: 1) the cost
as a path (described in the next section) rather as “back links"dfthe best path found ta and 2) the trace back code to generate
atraditional maze router. We can now apply the maze routing #tat path. Realizing that only a very small subset of the nodes
gorithm in Fig. 3 to& to find the corresponding minimum-costin the expanding wavefront are actively involved in the maze
via-rule-correct path if7. With the restrictionG’ will always expansion operation, Soukup proposed in [7] to usearate
return a via-rule-correct path if one is found. However, the relata-structure to maintain the maze expansion information. This
striction places a conditional rule @# and in effect violates the way, the size of connection graph nodes can be significantly re-
Principle of Optimality. This will prevent a valid via-rule-cor-duced. This is particularly useful because the extended connec-
rect path to be found i€¥’ even if one exists. For example,tion graph nodes can be computed on-the-fly based on the orig-
Fig. 7 shows a cross-sectional connection gr&mnd its corre- inal connection graph and need not be realized at all. Only the



220 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 19, NO. 2, FEBRUARY 2000

Algorithm: EFFICIENT MULTI-PATH ROUTING ALGORITHM (G, s,t) — —
Step Ex-  Priority queue @ Hash Dictionary M

Q + s

; M o (5, 5 pands (cost, node) (pos, path)
3 whileQ # o Start (0.5) {s)
4 » « Por(Q); 1 5 (1, ¢0){1, a) {co, sc){a, sa)
5 if (p = t) then path found; 2 e {La)(2,b-1)(2,d1)  {co,5c){a, sa)
6 On-the-fly compute neighboring nodes of p in G'; (b_1, scb)(dy, scd)
7 for-each ¢ € NEIGHBORS(p) do 3 a  (2,6-0)(2,d1){2,b0) (b_1, sch){dy, scd)
8 EXPAND(p, ¢, Q, M); (bo, sab)
9 M.insert({g, g¢.path)); 4 boi {2,d1){(2,bp) (d1, sed){bo, sab)
10 end for-each 5 di (2,b) (bo, sab)
1 M.remove(p); 6 bo  (3,¢1) {¢1, sabe)
12 end while 7 a (4, da) (dy, sabed)
end 8 d (58 (t, sabedt)

Done

Fig. 8. By computing the expanded routing graphon-the-fly, the algorithm

searches for a via-rule-correct patlo ¢ in the original routing grapli= using

efficient data structure for priority quedg and dictionary)M. Fig. 9. On-the-fly expansion off’ for the example in Fig. 2. We show the
positions for entries i{ symbolically with the node names, and have omitted
the cost and visitation information for brevity. Notice that the extended nodes

information needed durmg expanS|on needs to be created gﬁad:reated only they are visited. For instance, at Step 2, the extended,node
Is created when is expanded. Obviously, only a small subset of nodes'iis

stored in temporary nodes called tm@zenodes. created.

The data-structures for implementing the maze expansion in-
formation are as follows. We leh be amazenode for an ex-
tended node andm consists of a costf.cos}, the position of wavefront nodes are fairly constant due to the very limited
v (M.po3, flags to mark visitations by neighbors(visi) and Se€arch space.
the best pathng.path) from s to m.pos The path is a sequence
of segments and each segment is represented using a two-tuple
(d, 1) whered is the direction andthe length, respectively. The
overall path is constructed by tracing franusing the direction ~ We have successfully implemented our maze routing algo-
and length in each segment. L&t be the set of maze nodesrithms in comparison with two other routers. One is Iroute [4]
organized as a hash dictionary usimgposas the search key. in the Magic IC layout editor and the other is a traditional maze
An entry in the priority queué) for a maze nodern consists router that performs on-the-fly via-rule check and discards all
of m.posand the computed priority based mmcost During the incorrect paths. In Fig. 10, we show a three-layer example sim-
maze expansion, an entry is popped fr@hthat provides the ilarto the cross-sectional diagram in Fig. 2. The traditional maze
position of the maze-nodethat is being expanded socan be router failed to find any path because it expanddidst. Iroute
retrieved fromA/. The positionpos of a feasible neighbor in returned via-rule-incorrect path— ¢ — d — ¢ while our algo-
G’ that has not been visited, found usingisit, is computed rithm found the optimal via-rule-correct path- b — ¢ — d — ¢.
on-the-flybased on the original connection graghlf pos is Fig. 11 shows a four layer example using MOSIS SCMOS de-
not a search key id/, then a new maze node with m.pos sign rule. The patkh — a« — b — ¢ — ¢ found by Iroute is via-rule
— pos is added tal/; otherwisem wherem.pos= pos is re- incorrect because the via-to-via spacing betwieandc is too
trieved fromM. If the path tom throughn is better, them.cost small. By detecting this incorrect path, traditional maze router
andm.path and the priority queue are updated accordingly. THeund a detoured path— a — b; — ¢; — ¢. With the ability to
visitation flag inm is also marked appropriately. Finally, wherexpand nodé more than once, our algorithm found the optimal
n is fully expanded by visiting all its feasible neighbors, it ipaths — a; — by — ¢ — ¢.
deleted froma/. This is illustrated in Fig. 9 for the example The validity of our algorithm depends on Properties 1, 2, and
shown in Fig. 2. Our scheme differs from that described in [B (described in Section I) being true. A survey of a few IC tech-
in that A/ is not organized in [7] and that we store the optimalologies show that they are in fact true as shown in Table II. The
path directly at each maze node instead of generating back-traize of K is also given in the table. It is very likely that in ad-
code for every visited node. vanced technology, the minimum spacing rule between adjacent

Our algorithm effectively allocates memory only for thecut layers will remain small, so that the size of the extended con-
wavefront nodes in the maze expansion. Therefore, the memagction remains reasonable. Notice that with the on-the-fly ex-
requirement is dependent on the maximum number of waygansion scheme described in Section IlI, it is the numbeisef
front nodes and the size of each path in these nodes. Titesl extended nodes that impacts the memory and runtime per-
number of wavefront nodes is influenced by both the mafermance of our algorithm. As a result, the impacttofis less
expansion strategy and the presence of obstacles in the routhmn quadratic in practice. We implemented our algorithm and
region. The size of a path in the maze node is the numberteéted it with three examples on a Sun Ultra 1 workstation, as
segments. In practice, in a congested layout, the numbersbbwn in Table Ill. The:/y dimension for each example ranges

IV. EXPERIMENTAL RESULTS
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Fig. 10. A case using the 0/om CMOS technology shown in Table Il where our proposed routing algorithm found the via-rule correct optimal path. The starting
points is a polysilcon-to-MET1 contact and the target is somewhere to the right of the figure. The layouts are drawn to scale. (a) Routing problemoiia) Traditi
maze algorithm result. (c) Iroute result. (d) Our result.

from 200 x 200 to 200x500. Our experimental result shows TABLE I
that the run time increase is subquadratic with respeét.to ExAMPLE OF CMOS DESIGN RULES

Our proposed algorithm, although optimized in searching e»
tended grapld+’, is not intended to replace the traditional maze Feature Micron rule (zm) A rule
routing algorithm in current detailed routers. The obvious appli 0.5-pm  0.8-um  soMOs
1ol 10 ind a route n & Iocal congeated regon. I addion . N METLwh - 0e 1z
it fai i ute i ion. iti e
since our router may be able to find a better route, it can be use w2 an MEL2 W?dth 00 b4 ]
during the “optimized mode” of a routing session, to reroute i~ *°  Min MET3 width 1.2 21 6
path in a region where the traditional router has used too lor __¥* _Min MET4 width N/A  N/A 6
a detour due to via-rules. Finally, in applications where the re el Min encl. of V1Al 0.2 0.5 1
gion is small and the routing density is high, such as routint  e2  Min encl. of VIA2 0.2 0.6 1
within a cell, this router can actually be used for finding all the 3  Min encl. of VIA3 N/A N/A 1
routes. To determine how much we can improve over the trad ~; 59 Min MET1, MET2 sp. 0.8 1.2 3
tional maze algorithm and how often our algorithm can find the . .\ iora spacing 1.2 16 4
best via-rule-correct path, we have designed a set of experime 4 Min MET4 spacing N/A N/A 6

to compare our algorithm with the traditional maze algorithm

In this experiment, the test cases are examples which conte s5  Min CONTACT to

shortest paths, generated by adding random obstacles in a VIA1 spacing 0.6 0.8 3
stricted routing region. By applying real SCMOS design rule 86 Min VIAL to VIAlsp. 0.6 1.2 3
as shown in Table I, the routing results of our multipath algo-  s7  Min VIAL to VIA2sp. 0.3 1.2 2
rithm are compared with two other algorithms: traditional mazt  s8  Min VIA2 to VIA2 sp. 0.6 1.5 3
algorithm without considering via-rules and traditional maze al 59 Min VIA2 to VIA3sp.  N/A N/A 3
gorithm with consujeranon of via-rules, as shovyn in TabIe_ V. 0 Min VIA3 to VIA3 s N/A N/A 4
Although our algorithm does not guarantee to find an optime . :

. . - . . Unit grid spacing 0.1 0.1 1
via-rule-correct path, comparing with maze algorithm with con K ; 0 03

sideration of via-rules gives us a rough estimation of how ofte
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Fig. 11. A case using the four layer SCMOS technology shown in Table Il where our proposed routing algorithm found the via-rule correct optimal path. Th
starting points is a polysilcon-to-MET1 contact and the target pdiris on MET4. The layouts are drawn to scale. (a) Routing problem. (b) Traditional maze
algorithm result. (c) Iroute result. (d) Our result.

TABLE I TABLE IV
RUN TIMES ON DIFFERENT K'S ROUTING RESULTS ONRANDOMLY GENERATED EXAMPLES
Ex. Search Window # Nets Run Time (sec) Ex. Num. Layers Search Windown # nets Improved Examples
(X/Y grids) K=3 K=5 K=12 x/y grids (A) Total # Optimal #
testl 3 96 x 30 907 142 / 156.7% 94 / 66.2%
T1 210x560 2 045 043  3.25 il * [15.7% 94/ 66.2%
test2 3 96 x 96 807 144 / 17.8% 81 / 56.3%
T2 210x210 4 149 242 41.7
test3 4 96 x 30 507 201/ 39.6% 160 / 79.6%
T3 210x560 4 1039 178.1 3445 test4 4 96 x 96 596 214 / 35.9% 109 / 50.9%

without regards to via-rules. Our experiment shows that mul-
and how much we can improve in arandom scenario. Also, cotiple path algorithm finds better solutions than traditional maze
paring with the maze algorithm without considering via-ruleouting algorithm in 15%-40% of the random examples. What
tells us how often we can get the optimal solution since sughmore, among these improved cases, there are 50%—-80% op-
a maze algorithm returns the shortesb ¢ path inG, with or timal via-rule-correct paths.
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V. CONCLUSION

We have shown that solutions of the traditional maze routir
algorithm can violate practical via-rules in a multilayer routin
environment. Furthermore, a straightforward extension to t
maze routing algorithm that disallows via-rule incorrect route
may either cause a suboptimal route to be found, or more !
riously, cause the failure to find any route even if one exis
We present a heuristic to this problem by embedding the d
tance to the most recently placed via in an extended connection
graph so that the maze routing algorithm has a higher chance
of finding a via-rule correct optimum path in the extended con-
nection graph. We further present efficient data-structures to im-
plement the maze routing algorithm without the need to precc
struct the extended connection graph.
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