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T«&T o wiring is not allowed, and gray boxes to represent macro blocks where
—F |:> —;— 2 {>_ ;j> ocb_—L éfwr% buffering is not allowed. Fig. 2(a) gives the routing area where each unit
I L I ° has a length of 0.2 mm. We also set driver resistanceatd load ca-
’ pacitance aB to bel40 €2 and 2 fF, and unit length capacitance and re-
Fig. 1. Models of a wire and a buffer. sistance to be 0.21 fffm and0.29 Q/um, respectively. Furthermore,
we assume there is only one type of buffer with= 2 fF, r;, = 140 €,
) L . . andd, = 40 ps.
actually put into that block. However, itis impossible to insert a buffer 1, itional approach ignores macro blocks during routing. Thus, it
Into a macro bIocI:;f Itklls an l: (In'Fel,leCtlé?l Pkroperr:y) where 'ntemr?,"nds a shortest path first and then inserts buffers outside macro blocks.
struc_ture can not be change o Itis a block such as memory whj H optimal solution by this approach is shown in Fig. 2(b) and its
requires regular layout. _Even in th? case when that_ IS theoretlc_atuglay is 621.81 ps. As we can see, this shortest path has a very long
possible, since a redesign of the.lnfluenced block is needed, it I3rt running over a macro block. Since the long over-block path can
usually not allowed due to the design flow. Ther.efore, macro bloc ?t be buffered and its delay is quadratic to the length, it produces
EL?fzergt themselves as routing resources for wires but ObStaCIeSa?ertrge delay. Taking this concern into consideration, the second ap-
Curréntl these buffer location restrictions are taken care of or{i’roaCh treats macro blocks as obstacles and avoids wiring over them.
., . . . yis also composed of two stages: find a shortest path without running
after routing stages. Work in post-layout buffer insertion [2]-[4] Canver macro blocks, then insert buffers to minimize delay. An optimal
be easily modified to avoid buffer insertion over macro blocks. B ' Y- P
y lution by this approach is given in Fig. 2(c) and its delay is 680.62
without considering macro blocks, a router may produce a route whigh The drawback of this aporoach is th.e waste of routin resour.ces
runs so long over a block that later buffer insertion can not effective .th ithouah b ffpp be i ted E t.
reduce the delay. In maze routing, current approaches first find yrthermore, altnough buflers can now be inserted anywnere, a route
ay be too long to have short delay. On the contrary, wiring over macro

shortest path and then insert buffers on it. If there is no macro blo’ﬁ, ks while wisel dering buffer s . lut
it can be proved that this two-stage “routing and buffer insertio OCks while wisely considering butier insertion can give us a solution
sgown in Fig. 2(d). Its delay is 521.73 ps.

approach gives an optimal solution. However, with macro blocks, - ¢ ‘ : )
shortest path no longer guarantees minimum delay. Therefore, buffel Ma2€ routing, the entire routing area is represented as a grid graph.

location restrictions make it necessary to combine buffer insertion aR@Ch €dge in the graph represents part of a routing track that can ac-
routing. Although [5][7] did combine buffer insertion and routing"°Mmodate exactly one wire segment. Edges occupied by other nets
tree construction, since they ignored macro blocks, they always usedd Wiring obstacles are deleted from the graph. Given such a graph
shortest path to connect two points. G = (V. E), for each edgeu, v) € E, we usel(u, v), c(u, v),

In this paper, we take the buffer location restrictions into consi@ndr(u, v) to representits length, capacitance, and resistance, respec-
eration and solve the simultaneous maze routing and buffer inserti!y, and assume thatu, v) = col(u, v) andr(u, v) = rol(u, v).
problem with these restrictions. Given two pins (a source and a sirfR) €achnode € V, there is alabel(v) € {0, 1} indicating whether
and a macro block placement which defines buffer location restripuffer insertion is allowed on that node. The problem we need to solve
tions, we give a polynomial time exact algorithm to find a buffere§an be defined as follows.
route from source to sink such that the delay is minimized. Since theProblem 1 (Buffered Maze Routing)Given a routing graplé: =
algorithm works on general graphs, we can extend it to global routify £), a buffer library3, and two nodes, ¢ € V' with driver resis-
which also considers congestion minimization. Furthermore, it can akedcelz and load capacitane, find a buffered path fromtot, thatis,
be extended to consider layer assignment in multilayer designs.  asequencés = vy, va, ..., vx = t) and a labeling(v;) € B U {0}

The rest of the paper is organized as follows. In Section II, we d&r 1 < i < k, such that the Elmore delay is minimized and the buffer
scribe the delay model and problem formulation. In Section Ill, we giviesertion is feasible, that i8(v;) € B = p(v;) = 1,forl <i < k.
an algorithm to find a buffered path with minimum delay. In Section IV,
we discuss how that algorithm can be used in global routing. Section vV ll. EAST PATH ALGORITHM

combines layer assignment with the buffered path construction. Exper- ) o )
imental results and conclusions are given in Section V. In this section, we will give an exact algorithm to solve the buffered

maze routing problem. It extends Dijkstra’s shortest path algorithm [9]
to do a general labeling based on the Elmore delays. Since it finds a
path with minimum delay instead of minimum length, we call it “fast
As in most previous work, we use the resistance-capacitd®Ce ( path algorithm.”
models shown in Fig. 1 for wires and buffers, and adopt the ElmoreA key property required by Dijkstra’s algorithm is that any subpath
delay model [8] for their delays. of a shortest path is also a shortest one. If we substitute path length
For a wiree, letl., ¢., andr.denote its length, capacitance, andy Elmore delay, the property no longer holds, because a path with
resistance, respectively. Using andr, to represent the unit length minimum delay may have a subpath near the sink with a longer delay
capacitance and resistance, we can wtite- col. andr. = rol.. but a much smaller capacitance. Therefore, during the labeling process,
In traditional maze routing, we are given a routing area where thdvesides delays, our algorithm needs also to remember capacitances if
are regions occupied by other nets and need to find a path of minimitratarts from the sink or resistances if it starts from the source.
length to connect two pins. As fabrication gets into the deep submi-To simplify the presentation, we consider only starting from the
crometer era, buffering becomes an inseparable part of wiring. Maaiok. Each node is labeled with a set of capacitance-delay pairs, each
blocks introduce a new type of regions which does not exist in treepresents a partial solution with that capacitance and delay. A ca-
ditional maze routing: these regions are transparent to wires but patcitance-delay paifci, d;) is said to beinferior to another pair
feasible for buffer insertion. Given such a routing area and the pin p@=, d2) if ¢1 > ¢2 andd; > d», since(c1, dq1) in any solution can
sitions of a net, our objective is to find a buffered route with minimurbe substituted byc., d-») without increasing delay. A set of capaci-
delay. tance-delay pairs is said to Ibenredundantf no one pair is inferior
We illustrate the importance of the problem by an example in Fig. &y any other. The pseudocode of the fast path algorithm is given in
where dark boxes are used to represent the occupied regions wiiége 3. Here, we use a quadrugile d, b, v) to represent each partial

Il. DELAY MODEL FORMULATION
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(a) (b)

Fig. 2. (a) Routing area. (b) Shortest pattbuffer insertion, delay= 621.81 ps. (c) Avoiding blockst buffer insertion, delay= 680.62 ps. (d) Buffered maze
routing, delay= 521.73 ps.

Algorithm Fast Path The following theorem shows the correctness and running time of
Q « {(C,0,0,1)}; the fast path algorithm.
while ( @ not empty) do Theorem 1: The fast path algorithm computes a buffered path of
(¢,d,b,u) + extract-min(Q); minimum delay inO(|B||V|(|E| + | B||V|) log |B||V]) time.
if c =0 then Proof: We expand the grap& = (V. E) to a new grapl?’ =
return the solution; (V', E") such that
if u=3s th
! g eS(O de:: Re,b,u); V' = {(v, ¢)lv € V andc is any capacitance seen frarh
Add S to @ and prune;
else , )
for each (u,v) € E do E' ={((u, c1), (v, c2))|(u, v) € E, c2 = ¢1 + col(u, v)
S (c+c(u,v),d+7(u,v)(c+ c(u,v)/2),0,v); or db€ Bstez=c}.
Add S to Q and prune; S , . :
i p(u) =1 and b=0 then For each((u, ¢1), (v, ¢2)) € E', we give a weight
for each ¥ € B do r(u, v)(§ e(u, v) +cr)
fd(d_ :ng‘/c’od 5 Tslfd—i—pc%;;i;w; w(((u, e1), (v, e2))) = § +ro(e(uw, v) + 1)+ dp, Fe2=cp
r(u, U)(% c(u, v)+c1), otherwise.

From the construction, it is easy to see that each buffered path in
corresponds to a path @@ and the Elmore delay of the buffered path
is equal to the sum of weights on its corresponding path. Therefore,

solution. Besides the capacitancend delayd, we also record the & Shortest path 6" gives a buffered path i6v with minimum delay.
nodev and the buffer insertion on it. The algorithm uses a priorit?'nce all the weights i"" are nonnegative, Dijkstra’s algorithm finds
queue [10]Q to sort the partial solutions and it is initialized with the@ Shortest path.

first partial solution on sink with capacitance”, delay 0, and no The fast path algorithm can be viewed as dynamically constructing
buffer. Each time, a partial solution with minimum delay is extracte’ in Dijkstra’s algorithm. But it does not build afl, ¢)'s for each
from . If the solution includes the driver resistance, it is a complefeodev. Node(v, c1) with delayd, is pruned if there is another node
solution with minimum delay and will be returned. Otherwise, it i$v. c2) with delayd, suchthat; > c, andd; > d». Since the subpath
used to update partial solutions of its neighbor nodes if it is not tHedm (v, ¢1) to ¢ in any path can be substituted by another subpath
source node. If the current node allows buffer but there is no buffem (v, c2) to ¢ without increasing the delay, the fast path algorithm
in the solution, partial solutions of the current node will be updategbrrectly computes a buffered path with minimum delay.

by inserting buffers from the library. When updating partial solutions To bound the running time of the algorithm, we show that, for each
for a node, we need to check the redundancy and drop the inferioe V', the number ofv, ¢)’s not pruned is upper bounded p§||V
ones and delete them frod. Consider all the paths from to the sink¢. If the first buffer is onv,

Fig. 3. Pseudocode of the fast path algorithm.
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the number of different capacitances seen fronis at most|B|. If Algorithm Congestion Minimization

the first buffer is on another node the number of different capaci- Q « (C,0,0,t,0);

tances seen from can become exponential since there can be expo- | while ( ¢ not empty) do

nential number of paths from to ». But the number of capacitances (¢,d,b,u,g) + extract-min(Q);

not pruned is also bounded b®|. This is because, without buffers on if u = s then

it, a path fromu to v with minimum capacitance also has the minimum if d4+ Rc < D then

delay, thus makes all other paths pruned. Therefore, we can bh&lnd return the solution;

by |B||V'|?. In the fast path algorithm, the numberBXTRACT-MIN else

operations on the priority queue is upper boundeg8y. But the dom- for each (u,v) € E do

inant parts are the edge connection and the buffer insertion (thi@two if d + r(u,v)(c+ c¢(u,v)/2) < D then
loops in the pseudocode). The number of edge connecting operations ig S (c+ c(w,v),d + r{u,v)(c+ c(u,v)/2),
upper bounded b (| B||V'|| E|). Since the number of partial solutions 0,v,9+ g(u,v));

kept at any time is upper bounded py||V|?, each of theDELETE Add S to () and prune;
andDECREASE-KE¥peration in() takesO( log | B||V|). Therefore, if p(u) =1 and =0 then

the amortized time for each edge connection (including pruning) can for each ¥ € B do

be bounded by)(log | B||V|). Thus, the total time for edge connec- ifd+ryc+dy <D then

tions is O(|B||V||E|log | B||V|). On the other hand, the number of S ey, d+ryc+dy, b, u, g);
buffer insertion operations is upper bounded BY*|V |?, and the time Add S to @ and prune;

for each operation can also be boundediyog | B||V'|). Therefore,
the total running time of the fast path algorithm@%|B[|V[(|E| +  Fig. 4. Pseudocode of the congestion minimization algorithm.
|BIIV|) log [BI[V]). n

Since the running time is in terms of only actual input size (no capac-

itance or resistance sizes), the fast path algorithm is truly a polynomrig\iJtlng graph. Another way is to segment every long edge into a se-
ence of short segments [11].

time algorithm. Furthermore, the theorem only gives an upper bourgtlj’J'In global routing, after a net is routed, the used edges are not deleted.

In reality, since many partial solutions will have the same capacitanqﬁ tead, the capacities of them are decreased and nets routed later are
and thus be _pruned, the running time is much less. This is conﬂrmg couraged to use edges with smaller capacities. That is, for each
by the exper.lmental results. ) o ) (u, v) € EinG = (V, E), another labey(u, v) € R is given to

Note that in the fast path algorithm, it is restricted that at most 0Rgresent congestion cost. Given a delay constraint for a net, we want
buffer can be inserted on a given node. Therefore, cascaded buffersPRng 4 puffered path with minimum congestion cost such that the
one node is notallowed. But the algorithm can be generalized to inclyggay constraint is satisfied. Formally, this can be defined as the fol-
cascaded buffers as follows. First, we can show that cascaded buffgising problem.

in a minimum delay path will be monotonically connected. Problem 2 (Minimizing Congestion Under Delay Con-
Lemma 1: If two buffersb, andb, are inserted on one node in astraint): Given a routing graphG = (V, E), a buffer library

minimum delay path and, drivesb:, then we must have,, < ¢, B, two nodess, t € V with driver resistance®? and load capacitance
andry, > rp,. C, and a constanD, find a buffered path ir&, that is, a sequence

Proof: If o, > cv,, we cansimply delete . Let R representthe (s = v, vs, ..., vy = t) and a labeling(v;) € B U {0}, such
driver resistant seen by, the original delayRRc,, + dy, + 5, ¢, IS  that the congestion coitjf’:_f g(vi, vig1) is minimized, the EImore
greater thafic,, which is the later delay. This is a contradiction. Ordelay is bounded byD, and the buffer insertion is feasible, that is,
the other hand, it,, < ¢, butr,, < 74,, we can deletéy. LetC' b(v;) € B = p(v;) = 1,forl < i < k.

represent the load capacitance seéhythe original delay-s, ¢y, + Similar to the problem of minimizing congestion under length con-
dy, + 7, C is greater than,, C' which is the later delay. Another straint! the above problem is intractable, as stated by the following
contradiction. m theorem.

To allow cascaded buffers, there is no need to test 0 before Theorem 2: The problem of minimizing congestion under delay
the buffer insertion loop in the fast path algorithm. Based on the abogenstraint is NP-hard.
property, there is also no need to consider all types of buffers if there are Proof Sketch:Given a graphG = (V, E) with length I(e)
already buffers on the node. Instead, we only need to consider bufd congestion cosf(e) for eache € E and a length bound as
types satisfying Lemma 1 thanks to the pruning, the maximum numtseproblem of minimizing congestion under length constraint, we can
of partial solutions on each node is stit||V|. Cascading buffers only define a problem of minimizing congestion under delay constraint by
increases the number of buffer insertion operations on each node friiricting no buffer inserted anywhere, both driver resistance and load

|B|?|V| to | B|*(|V| +1). Therefore, it has the same asymptotic worsgapacitance being zero and the unit length cape}citance and resistance
case running time as the original algorithm. being one. Solving the problem with delay bouht)/2 is then equal
to solving the original problem. [ ]
However, the fast path algorithm can still be extended to solve the
IV. APPLICATION TO GLOBAL ROUTING problem. Here, we need to extend a partial solution to include a con-

As shown by Theorem 1, the running time of the fast path algorith@Stion parameter. A solution(ci. di. g1) isinferior to (e, d», g2)
does not depend on edge lengths or capacitance ranges. Thereforef 88d only if c1 > ¢z, d1 > d2, andgs > g2. The priority queue uses
sides maze routing, it can also be used on global routing, where edg@ its key. The pseudocode of the algorithm is given in Fig. 4 where
lengths in the routing graph may be different. each partial solution is represented as (capacitance, delay, buffer, node,
However, since we only consider buffer insertions on vertices, eddggestion). In practice, we can choose a minimum length such that,
of long lengths introduce limitations on the solutions. One way to deallThe problem of minimizing congestion under length constraint is the same

with this is to first compute the minimum wire length between consegs the SHORTEST WEIGHT-CONSTRAINED PATH problem given in Garey
utive buffers and then use that length to direct the construction of thed Johnson [12], thus is NP-hard.
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with sufficient precision, all edge lengths can be represented as integ]
multiples of the minimum length. Similarly, congestion can also be ap
proximated by integers. We udeto represent the summation of edge
lengths in units of the minimum length, add to represent the same
thing for congestion. The running time of the congestion minimizatior|
algorithm can be bounded as follows.

Theorem 3: The running time of the congestion minimization algo-
rithm is bounded bY) (K L|B|(|E| + |B||V|)log K L|B||V]).

Proof: Similarly as the fast path algorithm, the algorithm expand
anodev € V to a set of nodesv, ¢, g). The number of nodes not
pruned is upper bounded by the number of noninferior tripted, ¢).

For any capacitance-congestion fair g), there can be only one delay
valued. Since capacitance is upper bounded 3| and congestion is
bounded by, the number of nodes derived from a nede V is then
bounded byX' L| B|. By a similar analysis as that on the fast path algo-
rithm, the running time i©) (K L|B|(|E|+ |B||V|)log KL|B||V|).m

V. MULTILAYER CONSIDERATION

Algorithm Buffered Path with Layer Assignment
Q <« (C,0,0,£,1);
while ( @ not empty) do
(c,d,b.u,y) « extract-min(Q);
ifu=3s and ¢ =0 then
return the solution;
if u = s then
S« (0,d+ Rc,0,u,y);
Add S to Q and prune;
else
for each (u,v) € E and each y <:<m do
S e (c+cil(u,v),
d + ril(u, v){c+ ¢l(u,v)/2),0,v,1);
Add S to @ and prune;
if p(u) =1 and b =0 then
for each ¥ € B do
S« (be,d"i-Tb/C-de/,b/,u,l);
Add S to @ and prune;

In practice, routings are usually done on multiple layers and it is
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possible that unit length resistances and capacitances are differenfi§n>. Pseudocode of the buffered path with layer assignment algorithm.

different layers. In this case, the fast path algorithm given in Section Ill
still works. But its running time becomes pseudopolynomial now.

Similarly, reassignindv;, v;41) from layery(e;) = b to layera

If we can assume that each edge uses the same set of layers ircthéd not decrease the delay, either. Therefore, we have

routing graph (which is usually true in global routing, since top layers

are generally reserved for global nets), layer assignment can be done

with buffered routing in polynomial time. We first consider the fol-
lowing layer assignment problem.

Problem 3 (Layer Assignment)Given a path (s = v1, vs,

,ue =1t) in G = (V, E), and a set ofm layers each with
a unit length capacitance; and a unit length resistance for
1 < ¢ < m, find a layer assignmeny(v;, vi+1) for each edge
(vi, viy1) With 1 <4 < k — 1 such that the Elmore delay from
s to t is minimized.

First, we observe that for two layerandy, if ¢; < ¢; andr; < rj,
then there is no need to consider layesince we can always reassign
edges from layef to: without increasing the delay. Here, without loss
of generality, we can assume < ¢; andr; > rjforalll <i < j <
m. It can be shown that an optimal layer assignment has the following
monotone property.

Lemma 2: For any two edge$v;, vi+1) and(v;, v;+1) such that
1<i< j<Ek-—1,if yisan optimal layer assignment, then

y(vi, vig1) > y(vj, vig1).

Proof: To simplify the presentation, we will denote;, v;+1)
bye;, forl < i < k — 1. Suppose for the seek of contradiction that
y(ei) = a, y(e;) = banda < b, which meang, < ¢, andr, > 4.
Becausey is an optimal layer assignment, reassignindgrom layer
y(e;) = a to layerb could not decrease the delay. Hence, we have the
following inequality:

J—1

AD; = (R + Z l(eh)r!/(f’lb)) I{ej)(co — ca)

h=1
1. )
+5 1(e;)?(cory = cara) + 1(e;)(ry — 7a)

k—1
'<O+ Z l(e’h)cy(ﬁh)>

h=j3+1
<.

Therefore, we must hav@\ D+ /1(e;)) + (ADy/l(e;)) < 0. But

AD, | AD,
I(ei)  1(ey)

J—1
= (o = ca) Y Uen)ry(e,y + $(Uer) = U(e;))
h=1
J
“(cara — cprp) + (rq — 7p) Z len)ey(en)
h=1+1
> (e — ca)l(ei)ra + 2 1(ei)(cara — coTp)
+ 21(e;)cors — cara) + (ra — ro)l(ej)ch
> (¢ — ca)l(ei)ra + 5 1(ei)(Cara — CuTa)
+ 5 Uej)(cory — cora) + (ra —ro)l(ej)ch
= 2(cb — ca)l(ei)ra+ 5(ra — 13)l(e))h
> 0.

This is a contradiction. [ |
Based on the above property, a candidate configuration can be gen-

AD, = <R + i en)ryc, )> I(ei)(ca — cb) erated by separating thie— 1 edges inton groups, and this can be
— ) done by selectingn — 1 positions for the separators. Therefore, the
1 ) total number of candidate configurations &f&t* 7). This also gives
3 I(ei)(cara = cpry) +1(ei)(ra — 1) an algorithm to find the optimal layer assignment. In practice, we have
k—1 only a small constant number of layers. Therefore, the number of con-
- <C’ + Z l(Eh,)Cy(eh)> figurations is a low degree polynomial in terms of the number of edges.
h=i+1 Now we can combine layer assignment with buffered path construc-
<0 tion in the fast path algorithm to solve the following problem.
Problem 4 (Buffered Path with Layer Assignmen@iven a routing
whereR andC are the driver resistance and load capacitance, respgecaphG = (V, E), a set ofm layers with different parasitic char-

tively.

acteristics, a buffer libranyB, and two nodes, t € V with driver
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TABLE |
EXPERIMENTAL RESULTS

Tech: C=1fF,R=1KO,¢co =021fF/wm,ro = 0.29Q/um c, = 1fF,7, = 1K, dy = 57ps

Data Shortest+Buffer Fast Path Improvements
name | size(mm) | #blk | delay(ps) | len{mm) || delay(ps) | len(mm) delay len
ranl | 15.0x15.5 | 6 7414.47 26.0 3946.88 27.2 | 87.86% -4.0%
ran2 | 16.2x11.5 |8 4632.86 24.6 3564.04 246 || 29.99% 0%
ran3 | 14.0x11.9 | 9 5221.35 23.2 3946.88 272 || 32.29% | -17.0%
rand | 11.7x13.8 | 6 8885.30 37.0 6057.30 39.8 46.69% -7.0%
rand | 12.5x12.3 | 5 5820.45 33.4 4880.73 33.4 19.25% 0%
ran6 | 12.8x13.3 | 6 11662.15 36.6 5473.80 37.4 1 113.05% -2.0%
ran7 | 11.9x11.9 | 3 6388.17 33.0 4800.30 33.0 || 33.08% 0%
ran8 | 10.3x12.5 | 8 9660.66 36.6 5356.80 36.6 | 80.34% 0%
ran9 | 13.9x12.2 | 7 14038.36 37.0 5435.40 37.0 || 158.28% 0%
ranl0 | 10.8x10.6 | 10 9023.52 31.8 4908.38 32.6 | 83.84% -2.0%

resistanceR and load capacitand€, find a buffered path with layer methods are reported. To make the comparison clear, we also give the
assignment froms to ¢, that is, a sequende = v1, v2, ..., v = t), percentage improvements by fast path algorithm over the traditional
a labelingb(v;) € B U {0} for1 < ¢ < k, and another labeling approach.

1 < y(vi, viz1) < mforl < i < k— 1, such that the EImore delay From these experiments, we can see that, with only a minor increase
is minimized and the buffer insertion is feasible, thabis,) € B = on wire length, the fast path algorithm can dramatically reduce the
p(vi) = 1,forl < i < k. delay.

In order to include layer assignment in the fast path algorithm, we Since connecting two points is a basic operation in tree construc-
add another parametgrto represent the layer assigned to the edd#n, our algorithm can also be used in any routing tree construction
driven by the current node. When adding a new edge, we only assigfoit multiterminal nets, especially those using dynamic programming
to the layers which observe the property in Lemma 2. The pseudocaggproach. For example, we can easily embed the fast path algorithm
is given as follows, where each partial solution is represented as (o#@e [7] to construct a buffered routing tree with buffer location restric-
pacitance, delay, buffer, node, layer). The pseudocode is given in Figtidns.

The running time of the buffered path with layer assignment algorithm
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