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Abstract are many electrical constraints. Davidson & Katopis[1]

suggest a technique in which pol ynom al equations are

A new approach for performance-driven routing fp . q {4 simlation results to predict interconnect de-

hi ghly congest ed hi gh speed MCM and PCBs is PT€y. In addition, the designer specifies the net topology
sented. Gl obal routing is enpl oyed to nanage dg

L&%he wirelength limts in order to manage signal in-

signal integrity and congestionsi 1m1t.aneous1¥.e Irnltteyr_constra.i nts. They point out the importance of

connect pc.erform.ince predictionmndel S aregenegs ﬁgconstrai ned net topologies (Figure 1) tocontrol re-
through simulations. The global routing resulgts and . ise. 1t is inportant to note that a Steiner tree

performance prediction nodels are used to gen¢rats .o f these allowed topologies. Asimlar approach

bounds on the net lengths which can be used bya,| ., ysedin [?]. Lee et.al. [7] describe a technique i
detailed router to satisfy constraints onintevghel% nv%icrti ng rul es are generated by conducting a smll

erfornance. . . . . .
p nunber of simulations around a nom nal design point,

during design. An equationis fitted to these simulations
and used to generate bounds for acceptable electrical be-
havior. Such ‘on-line’ simulation techni ques require the

. . use of the sinplest driver models and lossless lines to
In this paper, we address the problem oflnterconnecz‘hieve manageabl ¢ simlation times. With mre com

routing on a P“nted,CIICI%l t, Board (PCB) or‘ Mlﬂtl%lueg( models, on-line simml ation becomes prohibitive.
Mbdul e (MCM under tight tim ng and noise (‘signal Iy i t echni R tel
tegrity’) constraints. The delay and noise characteri stics PAPCT, wepresent anewtechnique toaccuratel y

. . . ransformtim ng and noise constraints into physical con-
of the interconnect are very sensitive to the 1nter%onne Coe , . . . .
. pitraints (‘wiringrules’). Asimulationbasedcircuit char
topol ogy and length of interconnect segnents. ence,. . . . .
. .. . . ,actefization technique is used to obtain easy to eval uate
in order to neet the tim ng and noise constraints - .
. . .nbdels of interconnect performance. Such models are
curate constraints on topology and wire length ( W IIng . . .
enerdted a priori for each uni que net topology in the

rules’) must be produced for each net. Good anal y}1 cal ) ) ) )
. . . s gn Aglobal routing strategyis enployedtoidentify
predictors, relating interconnect topol ogy and net l'e h™, .
. . ood Touting trees for each net such that wiring conges-

to delay and noise paraneters, are, in general notPavail- . . .

. tionis manageable andthe electrical constraints arelikel;
able (Some progress has been nade for point to pai ntb

€

. . . i
t model 4]). Hence the int ¢ %b . ) :
net mdeling in [4]) nee the rnperconnect mis ese routing trees to meet the electrical constraints

eval uated using circuit simul ation to accuratel Orre}l}l
8 yiﬁl %ounds may be used by a detailed router evenif

the signal del dnoise. This inplies that the §ask ol :
¢ signal delayandmnoise 1S 1apiies tha € etailed router can not follow the paths suggested

ps
t1 traint tt 1 d wi 1 dh . . . .
generating consiraints on net topology anc mre l%? the gl obal route. W begin with a discussion on the
is quite difficul t.

%lp%lézil routing techni que.

1 Introduction

e satisfied. Wrelength bounds are then generated

Mst current commercial tools require users to
ify the physical constraints up-front for each branch of
each net and then use a post-routing siml ator to agjust :
the constraints as necessary. This iterative approachcl;lebal Rout1i ng

too time consuning and diffeult in designs where thﬁlree gl obal routing problemis that of finding approx-

!supported by NSF under MIP-901704andaYoungInvestigatori mate paths for each net in the design, such that the
award and by ARPAunder contract DAAHO4- 94- G- 003. paths are non-intersecting and satisfy the electrical con-
straints. The routing is perforned on a channel inter-
section graph. 'The edges in the graph correspond to
wiring channels, and the nodes correspond to intersec-
tion of channels and electrical pins. Since in PCBs and
MM, the chipsizes and pinlocations are fixed, sucha




D—{> point-to-point The gl obal routing probl emi s optimallysol ved by find-

ing aset of routing trees for each net in the design with

D v dals{;am hi gh probability of neeting the electrical constraints, anc
then maxim zing the routi ng objective functionwhile sat-
1sfying the edge capacity constraints.

farend cluster 2.1 Integer Programming Formulation

The routing graph definition, the nets, routing trees for
eachnet, and the associated benefit functionfullyspecify
a gl obal routing problem The routing problemcan be
formul ated as an integer program by associating an in-
teger variabli;\yithtreeijT y; is the nunber of wires
insupernet jrouted withtree . Then the gl obal routing
problemis given by the foll owing integer program

near end cluster

Figure 1: Net Topol ogies

graph can al ways be constructed. The edges inthe grapli uize EN Eiz, b(i, i)
.. . . . . 1= = !
have awiring capacityassociatedw ththem whlchdetgﬁB.ect tozz"l ]—1d ! i =1 N
m nes the maxi mmnunber of wires that can be routed J 7=t y”i_ t Ty
. .. . . Sie i abys<ep k=1,..., M
through the corresponding wiring channel in the given i=1 Luj=1 Tij ] = ! !
technol ogy. Edge lengths in the routing graph are defdpeger iy> 0
m ned by Minhattan or Euclidean distances. e Nis to total b ¢ tss th
Once the routing graphis determ ned, the gl obal r(;r%tr—e 18 bo total number ol Super-ngies N

ing probl emcan be formlized as follows [8]: Anindtance of wires in net §,ié the number of routing

of the gl obal routing probl emconsists of arou‘ningtrg%?ihhf_or net i, Mis the nunber of edges in the graph,

G = (V,E), vithvertices V and edges E, and a set of %1#_1 ajj is a (0, 1) matrix that specifies whether or not
pernets N, where each super-net is a subset of ytreq Tuses the edge k.
supernet is a collection of identical nets (same termi-

nal nodes) that are treated as asingle net with md ¢ 2pl Solution Methods

wires. Hachedge is labeled w1t¥1 a capac1t¥ ¢ :-_I—E_I)n@)eger programm ngis, in general, NP- Hard. There are
and edge length [ : E_ﬁR Net ¢ has a nultlpllCItIYunerous ways of sol ving integer programs, e.g. cutting
d?' > 1. For each supernet Z’ €N ther‘e is aset of a(%)lflasn_e al gori thms and branch and bound [ 8] . One nethod
51b1‘e routes, or ‘trfe,esT. il AS_OI 1%t10nto the globgly .4 has been shown to be very effecti ve for sol ving the
routing problemis aset of admissible trees, one Y 8BAF routing problemis a random zed roundi ng applied

for cachnet, such that the capacity c(e) oneache §% 1€ linear rel axation of the integer program[12]. The

not exce‘eded by the traffic (?n that edge. The traﬁcl())z{lsic ideais torelax the integer constraint in the formn-
an edge 1s defined by the weighted sumof all the rofes

. on, whichmkes it alinear program and to sol ve the
that contain edge e:

linear programm ng problem If the solution of the 1in-
Ule) = Z y(i, 1) (1) ear programis integral, then we have an optimal global
routing. If not, then we need totransformit intoaninte-
ger solution by roundi ng the non-integral values. In our
The weights y(i,t) denote the nunber of WiregxhBrience, almst all solutions turned out to be integer
super-net ¢ that are routed using tree ¢. The objsatdrvg§ol ving the linear relaxation. This is primarily due
functionmnimzed over all suchfeasible sol utiongovpké 48,gh mul tiplicity of the nets. Hence there was usu-
depending on the design problem Sone formlatigmsy no need to round to aninteger solution. Inthe few
trytomnimze wirelength, or the maxi mimratio ofcfbes with non-integer solutions, a simple rounding led
traffc on an edge toits capacity. The global routing,ohry fewconstraint violations, although the objective
Jectiveinthis paperis tosatisfyas manyof the ekgatti6alm ght be sub-optimal.
constraints as possible, subject to the wiring capacity
constraints. To do this, a benefit functionb: T —,Ris
associated witheachtree. b(%, j) reflects the 1ikeYihoo

satisfying the electrical constraints associated,yth net 7 . .
when routed using tred.THence the objective of t]ﬁ’ﬂlle glnof)aﬁ routing nethodol ogy depends critically on

e . .
. . .. . aving accurate neasures of the interconnect perfor-
global routing is to muximize B(T): mance that can be quickly eval uated at design tinme. A
B(T) = Zienjei b(%, J) (2) novel simul ation basedcircuit characterization technique

1€EN,t€ig,ecT}

ircuit Characterization



is enpl oyed for this purpose. Aseparate characteriza- ;
tionis performed for each unique circuit topol ogy. The
objective of the characterizationis to obtain a predicto
functionthat can be used to accuratel y and qui ckl y ob-

taincircuit responses of interest (e.g. delayandreflection

{ Sampling Space ]

noise) of a generalizedinterconnect circuit topol ogy, ove=— New
a range of certain design variables, such as net length. [Latln Hypercube ] Sampling
’ Sampling Space

To obtain a characterization, we conduct a conputer
experiment in which samples are taken at di fferent points
inthe ‘designspace’, the dinensions of whichare the de- (Error Evaluation
sign variables. Thking a sanple is akin to perform ng
acircuit simlation. The sanpling nethod is a heuris- ‘
tic, mil tistage experiment (see Figure 2) that uses Latin
Hypercube Sanpling [9] in each iteration. Resampling Figure 2: Steps insequential sanpling.
after the first iteration depends on the eval uati on of the
prediction error, neasured by cross-validation. PO

The predictor functionis a datainterpolant. Interpo-
lationis performed using Mving Least Square Interpol a-
tion [6], on the simml ated points. The predictor function (b) ()
is givenin the foll owing form

1.0

0.5

¢(=) :2;'1:1‘1]',31'( z), (3) @ (@

where zis the vector of design variablkds,. 8 .(#)

are nlinearly i ndependent pol ynomals in # supplied by
the user and the;as are constants to be determined.
Wienever ¢(z) is eval uated, Mving Least Squares are
used to determine thg. aThe ¢’s are chosen so that

a weighted sumof the error of prediction at all sar;ﬁlle

erformance can be predicted using Mbving Least
points is mnimzed, and the predictor function eg(actf[‘e)lr) . P g 8
Cnt lates th ) ot quare Interpolation (MSI) on the set of simulated
interpolates the sanple points.

. points. Wth MSI, there is no estimtion of the pre-

The flowof the mltistage experinent is gi venlnd],gfion error. The resanpling threshold can be used as a

ure 2. Simlations are first performed for a Spemzﬁseure of the uncertainty in the characterization. The

initial nunber of sanples. For each of the initial Yo5am . . . .
. SNt ] ~expression for the benefit functionis given as:

pled points, predictive error is calculated using cross-

validation. The cross-validation error is the difference

between the actual response at a sanple pgi minde

the response predicted byinterpol ating all the otherﬂ%n})( ) functi on can be defined as shovnin Fi gure 3

ples at ;#(assuming the response afi #not known). If ; .
the error is large, it inplies that the sanple porphetspiig functionlabeled (a) is:

not predict at;.z Therefore, it is desirable to sanple

u X

Figure 3: Benefit Functions

more points near;x These errors can be aggregated to Pz, w, 1) = e“’%(ﬁﬁ) a(z) </
identify regions where more sanples are to be drawn. In = eﬁp(%;(z)) G(z) > u (5)
the subsequent steps of the al gorithm Latin Hypercube =1 li<gi(e) <u
sanplingis carried out for all the regi ons where the error
is larger than a specified threshol d. where g is the error threshold in charactezi Zheg p

P( ) functionlabeled (b) is:
3.1 Benefit Function

1.0 1.0

. . . . P; l) =
The benefit function describes the likelihood of thel(sai’gy’ ) 1. 0—|—ea:p£"_¢"( 2)) X 1. 0—|—ea:p€"( ) %)
nal integrity constraints being met by a certain routing & & (6)
tree of a gt vennet. Since the‘re is uncertaintyin hpth thethe benefit function represented in Equation 6
lengthestimtes for the routing trees, as well as fhe) Befsyl ¢ i nmore conservati ve managenent of del ay and

formance estirmte‘s, ‘the benefit function should ac§f)gﬂ‘1ﬂ integrity than the use of the benefit functionin
for these uncertainties. Equation 5.



4 Tree Generation straint on each branchin the routing tree. If the elec-
trical performance can be capturedina piece-wise linear

The first step in sol ving the gl obal routing probfemxitdi on, then the wiring rule can be generated directly
to find a set of routing trees for each net that sad]sfyowever, such a global rule tends to be fairly con-
the electrical constraints. There has been consisdamaliliere and does not lead to routing conpletion [14].
research on tree generation algorithms in the pasThepgliebal routing sol ution gives a good starting point
marily focussed on the Steiner tree generation probbenyiring rule generation as it gives a mini mumlength
vith the objective of mnimzing total wirel engthhatRés highly likely to produce a feasible route. If the
cently, timng driven Steiner tree generation al gglrolbdinsroute is feasible, then a wiring rule can be gen-
have started to emerge [15]. These al gorithms nodedrthed by expandi ng the design space around the gl obal
delay of the tree using a distri buted RCmodel or thediled sol ution.
more del ay nmodel. Again, these models are inadequatlee et.al. [7] have proposed a novel nethod for gen-
for predicting the delay for MCMand PCB intercograti ng bounds on net lengths to meet electrical con-
nect, which display significant inductive or transsissaiabs. Their approach can be summrized as follows:
line effects. It is quite difftult to have anal ytiFtabtexfor all electrical constraints, a feasible solutic
pressions relating delay and noise to the tree tdpaubhdgysing sem-enpirical formlas. Then a simula-
and wirelength, since free formrouting trees havetinprd-echni que based on AVE [11] is used to calculate
dictable characteristic impedance and discrete dihewdnsitivities of the electrical performance to the ne
nuities. Evenfor the sinple wirelength mini mi zatilemgbhs. Thenthe el ectrical performnce is approxi mted
jective, the optimnl Steiner tree construction prbplefhiyl or series expansion where initial val ues and the
very hard. These twofactors make the optimal tree pamtial derivatives were obtained fromsimul ation. The
struction problemtotally intractable. Fortunatthygetsheval ue of the net lengths is sol ved for bylinear pro-
nature of the problemallows us to do quite well gmdrhm ng for each performance separately, and then the
heuristic solutions. Firstly, conmpared to on-chspl néten spaces areintersected todetermne the intervals
nets on a PCB or MCMhave a smaller fanout. Sec-of consistency.
ondly, the routing resource use does not have to be dhe manin drawback of this technique is that the sim
solutely mininmized. Hence the wirelength can be lphgerjuati ons cannot account for conpl ex driver /recei ver
than optimal without resulting ina dramatic incremsdeln, and thus the initial sol ution may not be feasible.
resource requirenent. Thirdly, the noise and del ayTheohet length bounds are generated disregarding the
lens are well controlled if nets are routed in resdnsttadnts i nduced by the board placenent. Neverthe-
topologies. It turns out that generating routingedspedshe approachis quite attracti ve and can be extended
inthese restricted topologies is considerabl y easd evefitrame t hese shortcom ngs, using the gl obal routing
a conputational standpoint. Hence the freedomalldeedri bed earlier to arrive at the initial sol ution.
byrelaxing the wirelength mi nim zati on objective, mdbesng Least Square Interpol ant gi ves us a local esti-
the tree generation task conputationally tractablmatfld the electrical performance. Recall that the form
key to constructing feasible routing trees is thewfdgednterpolant is:
erate routing trees in controlled topologies with small
wirelength. These trees should then be checked against
the chargacterizations of noise and delay to ensufe that ¢(z) _Zai(m),@(m) (7)
they neet the electrical constraints.

For point-to-point nets, there is only one topovhgieal( =) is the predicted val ue for some electrical per-
way of constructing routing trees. Hence the shéptammce for net length vector z gmdgte pol ynomi al
paths fromthe driver to the receiver need to be flamik functions. If the basis functions are chosen to be
For mul ti- point nets, several topol ogies have beerldhean in @, then the formof ¢(2) is that of alocal linear
to have good del ay and noise characteristics [1] asaphbooesni mation. By choosing # as the global routed net
in Figure 1. Several optimal and heuristic al goletlth, we have a linear approximntion of the intercon-
for generating short wirelength trees for point-tecpgiertf ormance near the likel y design point. Note that
and mul ti- point net topologies have been investigayedectrical performance can be approximated in this
The details of these are not included because of npaead. So the minimmlength constraints obtained

linmitations. For details, refer to[10]. fromthe gl obal routed length and the constraints speci-
fied by equating the 1inear approxi mations of the perfor-
5 Rul e Generation mance to the electrical constraints, describe a pol ytope

over the space of net lengths. To obtain absol ute bounds
Wiring Rules are explicit constraints on the geosmttrle net lengths a largest hyperrectangle has to be
of the net, for exanpl e, a maxi mumand m ni rumcon{itted in this pol ytope. This can be achieved by linear



progranm ng as presented in the next section. —_——— — — =

5.1 Formulation

Suppose that the net is described by a vector of physical
design variables (2) =@ . . 4)¢ There are melectri-

cal performances of intergst.p,,,pwith upper and

lower bounds, given by,u . .,,wmnd b, . . .,5.1 The

global routed solution is the poinbza, . . . k-

The electrical performmngeiss jmpproxi mted by the ===~ @— — — — —
predictor functign:(bzgzoaija:i where @ =1. The

wiringrule generation problemis to fit a maxi nal hyper- Figure 4: Placenent for Ml
cube in the pol ytope defined by the linear inequalities:

RN
.
L]

;> %y i=1,...,d wiring rule generation nmethodol ogy. The netlist for two

Eioa’iﬂ’i <wj j=1,...,m of the design exanples‘ were obtained fromm a‘nd

S eaE> b j=1,...,m one fromIntel Corporation. Eachof these designs is done
1= patiy

withonlytwosignal wiringlayers. Hence the gl obal rout-

The c?nstral nts bounding the pol ytope (‘1eﬁne hy enrg_ procedure is quite applicable to these designs. The
planes in ®® The hyperplane corresponding to t

T traint is denoted & e the h design exanpl es are for MCM and the Intel exam
Juvconstraint 1s denotpd #or cxafiple Lhe AYPEI-hle is for a PCB. The Intel design has tim ng constraints

and also wiring rules givenin [5]. There are no avail-
— d : .. . .

;=) 1 Qij® =uj—ao; Nowthe problemof fitting aable timing constraints for the MIXC design exanples.
naxi mal hypercube in the pol ytope defined by the cqnce these constraints were generated using statistical
straints 1s given as: argunents. The only informmtion avail able about these
designs is the placenent and a netlist. Hence the inter-

pl ane correspondi ng to the cons tEaldi__gtzija:i <ujis

ng,}umze T connect and driver/receiver models had to be assuned.
LT . Since the timng constraints were generated based on
subject to the constralnt.s these sanme nodels, there is a fair basis for eval uating
do(#, ) > 7, j=1,...,d+2m

howwell the gl obal routing procedure is able handl e per-
There are d + 2m hyperpl anes corresponding to tHermmnce constraints.

lower bound constraints fromgl obal routing and m up-

per bound performance constraints and m lower bogndf N CC Design Example 1

performance constraints.

This routing exanple has 37 gate arrays chips and 18

hi gh density connectors ona 6 x 6 inch substrate. The
net list contains 7114 signal nets and 14659 pins. There
are two available signal layers. The placenent for this

mximze r
20, »

subject to the constraints

“’?d— > T, J i=1,...,d exanple is shownin Figure 4. Two graph nodels were
i aijm'?‘i"" 10 <u;— @y j=1,...,m enerated for this design. The first mapped each chip
i=1 i=1 g g
¢ auzd— 1 e > l— j=1, ..., m andedge connector to one vertex in the channel graph,
i=1 "] %4 i=1 %y = ki J ’ ) g g

. . . .and had 64 vertices, 112 edges and 307 supernets. The
. If this pr(?gramhas asol ll‘tIOIl, the‘ nmax1 @mnd Mk cond mpdel maps each chip edge to a separate vertex,
immconstraints onthe variablare sinply givenas:;;4 each edge connector to one vertex in the channel

graph. The resul ting graph has 332 vertices, 378 edges

— 0
a:]u B m%—l—r and 1200 super nets.
o= 0T Alnmost all nets inthis exanpl es have onl y two or three
This problemhas a similar flavor as the design tenminals. No informmtion about the driver/receiver
tering problems considered in [2]. Hence a lot nfdths, package parasitics or the interconnect models
extensions therein, e.g. variable scaling, are app iacableble for this design, and hence had to be as-
to our forml ation. suned. The i nterconnect model was a buried mcrostrip
with 50 ohns characteristic inpedance. Settling delay
6 Results [3] to withing 8% of the supply vol tage was chosen as the

performance neasure. Two different sets of tim ng con-
Inthis section, several designexanples are gi vendbrahaws were generated. Settling delay for the two and
the effecti veness of the gl obal routing procedure did éheterm nal nets was characterized using 75 and 150



sanpl es respectively. Several routing experiments were
run by varyi ng t he graph nodel routing topol ogies, num
ber of routing trees, benefit function (ABSis the function cas cug
shownin figure 3(a) and PROBis the one in figure 3(b)),
channel capacities, and the timing constraints (Loose or

c272

T ght).
Table 1 gives adescriptionandresults of several stud- cess cass
ies perforned for this design. The second last col umm carz

gives the value of the objective function. The global
routedlengths for each of the nets was simml ated and t he
siml ated delay was conpared against the constraints.
The 1ast col unm shows the nunber of nets for which the
simil ated del ay met the constraints. The total nunber

Figure 5: Placenent for MOC2

of nets is 7114. Table 2: Routing Experinents for MOC2
. . No. | Slacks | Trees | Objective | Good Nets
Table 1: Routing Experiments for MICL 1 Tight | chain 767. 25 734

No. | Model | Slacks | Benefit | Objective | Good Nets 2 I,i‘(-)olsle chall)n :86' 32 :60
1 small | Loose ABS 7108 7102 3 T 1ght s:ubs 76956 609 722
2 | small | Tight | ABS | 7104.1 7102 4 | Loose | stubs '
3 small | Tight | PROB 4808. 3 7104
4 large Tight | PROB 4665. 3 7085
5 large | Tight ABS 7093.5 7086 ably, as each stub introduces an extra characterization

variable. The inportant fact is that the characteriza-

tions are done a priori, and do not prolong the design
The routing results indicate that the conbinatjep.of

the gl obal routing and characterization gives a very good
indication of successful design conpletion under signal
integrity and congestion constraints. In the wor®t3caskntel Pentium Board Design

98.5% of th t full ted.
%o ¢ mebs vere stccessiuily route The last design exanple is of the Intel PentiumBoard

Design. Figure 6 shows the component placement for
6.2 MCC Design Example 2 the PCIset ISAReference Design PCB Layout, and fig-
ure 7, the corresponding channel graph. Only the Pen-
1umch1p, the Local Bus Accelerator chips(LBXs) , the
E}licfle SRAM and the PCMC are shownin this place-
'Ihls is the only part of the layout that has the

The second design exanple is another MCMdesign fro
MXC. It consists of 6 chips, 765 I/Opins and cont
799 signal nets, two power and one ground net. TheTr €
are 2496 pins total, 2043 of which are signal pins. mﬁll 4(66 M 1 ¢
are nunmerous 3to 7pinnets. There are t wosignal la}} bslpee3 (h }2 s:igna s oni ¢ b of th

and separate power and ground layers. Figure 5 shows € 3 shows the design space for each of the net
the placenent for this exanple. The channel graphcflasses and the maxi mimsettling delay in this design
atotal of 69 vertices and 78 edges. The number of sSBEG® fromsiml ation. Design rules were generated for

nets is 119. The routing problemis particularly (ﬁqﬁ:uﬂet using the rule generation nethodology. 3 of

because of the multi-pin nets in the design. The inter-
connect, package and driver/receiver models used were
the sane as those for the first exanple. Several routing
experinments were undertaken, as summarized in table 2
Fromthe routing results, it is seen that the design
constraints were quite well satisfied with the gl obal rout- 2 Lext
ing procedure. Inthe worst case, 92.2% of the nets were o
successfully routed. Also notice, that the routing results
inprove considerabl y when stubs are introduced in the
routing trees ina controlled manner. There is, however,
adirect tradeoff present here. Stubs do i mprove routing
congestion, and create shorter routing trees. However,
the time taken for characterization increases considbirgure 6: Placenent for Intel PentiumBoard

LBX2

IIHII
II%III

PCMC




T X i speed PCBs.
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