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¥ia Minimization in VLST Routing with Movahle
Terminals

JTTENIER 5. DEDGUMN axi
BHARGAE H. BEHATITACHARY A

Abstrugt—In this paper we develop a unlfied approach for solving
the peneral problem of mlnimieiog the mmober of *sio hodes® in o iwo-
layer W18 chanmel and swilch-box routing covironment with mavable
Ierminuls. Al horizontal sepments of the nels are pssamed 10 e ji one
layver, wnd the vertical segments in the nther layer. Each net can have
multiple terminnls, Three difecent medels are considered: (i) teo-row
channel routing, (10 three-sided switel-Toy eouoting, gogl (i} Fowr-sicled
switch-Twes routing.

To solve Lhe via minimization proablem, we integduce the coneept of
a maxireim pavalfel set of edpes in a blpartite praph. Thiz leads o a
unificd graph-thenretic approach for salving the vin minimization
prolilem for all three models considered. The complexity of the pro-
posed algorithn is €4 % [og & 1, in all three cases, where & s the ium-
er of pairs of termilnals i be comneciel,

Keywards—Ihesipn sutomativo, Y151 channel and awitch-bix moul-
ing, vis-minimizatkon. permutation graptes.

1. INTRODUCTION

The channel routing problem is an imponant issue in the layout
design of LSLVLEL carcwits 11, [5). In particulur, the problem of
local clanned reulmg, commaonly known a8 pesmataiion chansel
routing, has received considerable attenton in recenl years, The
channel routing problem has been investigated wnder difforent
edels und assurmpiions |11, [31, 131-[8]. The diferent crilenia af
minirality considercd include the aumber of horzontal recks, the
numiber of vertical tracks, and the number of ~*vias.”” The problem
at minimiziag the muomber of borleontal trucks when the terminals
have fixed positions on two sides of a chanoel has besn shown Lo
e WP-complete both with and withoot doglegs 16], |T]. Hawever,
a numhber of cfficient heuristic algorithms are known 1 exi=l [1],
|51, Similady. the problem of minimum-via topological routing 15
also knawn o be §P-complete [2]. Under the assumption of moyv-
able tzrminals the peollem of minimicng the number of honzontal
tracks und that of minimizing the mumber of vias can be selved
oty nonually for the vase of permutation channel routing [3].

in rhis paper wo develop a unified approach fer solving the gee
eral problem of mindmizing the number of vig hales na twao-laver
¥ L3I channg! and switch-box routing with movable weominals. In
two-layer routing, the honzontal segments of the ners are Assumed
toe he in one laver, and the vertical seaments in the other. It may
be noted thee if & ne: hay all s rerminals on just one side ol the
channel ot switch box. ten the number of vias for this net s Axed.
Muceuver, such 3 not docs nat aftect the via minimization of other
nets. and thus can be mserted after the solucion for remaining nets

Manuseript received Apnl X1, 1987 mevised February LU, 1988, June
T, 1WEE. ond Janoziy 26, 1980, An eafier version of this paper appeared
inthe Proccedings of the IEEE 20l Interngtiomg | Conlemenme on Computens
wnd Agplications, Beijing, Ching. Jume 24-26, 1987, The review of this
paper wus arranged by Associate Ediner R H. T M. Dnew

The aothers afe with the Depareenl ol Computer Sciemee, Upiversily
ol Mebraskil at Lincoln, Lincoln, NE GHS8H.

IEEE Log Number 8027534,

has been fvund withoul eTecting the selution. We. therefore, ex-
clude such nets from the discussion that Totlows, We consider the
prithlem of via minimization with mudripte-terminal nety, Mmom thnee
hitferent pemspectives:

[} Two.row chonne! routing: This medsl asswncs two horizen-
tal rows of terminals which can be moved freely, keeping their mel-
alive onder unchanged.

ity Theee-sided switch-Bor rowting: In this madel, two hon-
conlal rows ol grovable terminals are considered. but 1n additicen,
a vortical onlumn of fixed terminals is also assumed to be present,
s forming & theee-sided switch bax.

(iii) Four-sided switch-bor rouring! A four-sided switch b
comprises fwn harizontal Tows of mavahle werminals as wel us Lwo
vertical columng of smovabde tersmimats. The tentinals are assumed
to be movahle on respective sides without changing their relative
urider.

An algorithm suitable only for the simple case whers euch nel
has exactly two (eonioals wvader model (10 and has complexity
2047 was presentad in 13|, In contrast, in this paper we present
an algorithme thas is gpplicable to all throe models and 15 of com-
plexity A log ANy, where & denates the number of pairs of ter-
minals t0 he connected. A discussion of the concepts used in s
paper and the details of the model for movable rerminals can he
fommd 1m0 | 3.

II. Tne MrosLEs ForMuLaTion
Let ws first cunsider the simple problem ol via mininization in
permutation chapnel mouting, i which every et connects exactly
twn terminals, onc ar the fop row and the ather at the boettom row
of the channel. In such a routing problem, if we label the terminals
of the wp mow a), qa, - * -, @ and those of the bttom &, b,
¢+ =, by, then the lavout problem cleardy corresponds to a per-

I ation

W, 2, == W)=+ {1.2, - N]
wheore the net  impans a coancetion between weominals @ and
'f"lli”l-

It has beon shown that the problem of minimizing the nurnber of
via holes in two-layer routing with moveble temminaly 15 equivalent
te the prohlem of maximizing the number of abutrmenes [31, Clearty,
il two mets {a;, brpoand { ey, b, ;o are intersecting, thes buth
canon be wired simulianeously using sbutments. Therelore, min-
imizing the via-haoles is equivalent to finding & maximom indepen-
dent sel of vertives in & {I1). where (7 {11 ) 15 the permuetation graph
assnwcigted with the permutation 11 14], [12]. 1t is known that the
prablem of finding the maximum independent et ina penanutation
graph s cquivalent fo the prabletn of Hoding the longest up-sg-
yuence in the corresponding TT "' [4]. Thus the viu minimization
prablem <an be solved by fnding the leagest up-scquence in 1577,
The longest up-scquence probhlem can he solved in SN log &)
timne [2]. Varouws improvermnenls of these slzorithims have also beeo
Sugrested 1141

In this paper we consider the general two-row channel ronting
problem where a net might consist of multiple terminals as shown
in Fig. 1. We will also comsider three-sided aod four-sided switch-
hox routing prablems,

1. A

To solve the general probicm af via minimization, we introduce
the concepl of & maximam paralled set (MPS) of edges i bipartite
eraph. Let (7 = (X, X, &) denote a bipartie graph. Consider o
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Tag. b.ofa) A bwo s mwlilerrmgaal souimy peohlens by N5 hipanine
rraph.

peormnetneal embedding of & such that all veriices of X, and X; lie
o0 two straight lines, respectively, and an edge (e, 2, & e X, »
& Xy 16 dmwn us o ostraight lime between the vertices w and o, Two
edges ¢, and ¢« in £ are said to be parallel it ¢ and £; do ot
intersect geomerrically in the given embedding and 1iF ¢, and ¢; do
i shame 4 eommom verex either in X orin X, A sohsel D=
of edges Is called a parallel ser Jf cvery pair (e, &) &, & €00 05
parallel. A pamallel set is refermed weas non-cross matching in [11].
A paratlel set 2 is sawd o be a arecoimaerr paraddel vet i there is no
other parallel e D' such thar £ = | 0],

It is shown that the problem of mimmizing vis hoeles under the
three models described van be tansleemed into ane of fnding max-

imum parallc] sety in bipartite graphs deseribing the net connectiv- -

iy,
A Twi-Row Chornel Bonecerg

Comzider o two-row multiterminal roming problem as shown in
Fig. I{al, in which the numher af vias is oo e minimeed. The
connectivity can e represented by a bipartite graph & as shown in
Fig. 1¢b). It may b notcd thar for 2 soubritermingl nee (i.e., having
thres or moere terminals), oone of the connechions of whach is an
abutment, selectiog one verleal abetmant redeces the aumber of
via hules by one. However, realization of a two-terminad net by an
ahutmant lowers the eount by 2, To incorporate this, wo consider
a weighted Mpariire graph (G such that all the edges in Goroceive
4 weight syual weeither 1 or 2. 1o 67 an edge Cw, 2), o € and @
€ X, i3 said 1o be isofared 1F degree, fo] = 1o and degroeg { )

i, The graph {7, w constructed by pssociating a weight 2 o all the
molared edges and the weight o alb other edpges.

A maximunt weighted parattel ger of gdges in 65, is defined o
b @ paralle] set of edges swech that their cumitiative weight is max-
immzed. We can nowe state the tollowing impertant resull

Fheorem 10 The sot of ghutments which minimizes the nnmber
of via holes in a two-rnw meltieerminal channel rowting with mase-
able terminals s given by the maximom weighted parallel ser of
cilges in the bipartice graph 7, describing the net conmectivity .

Fraof: Imresdiste from the above discussion.

The problem of finding the maxinum weighted perallel set ina
hipartfite graph can b transiormed fo che problem of finding @ max-
i independent ser of an eyuivalent pemmutation graph as de-
seribed below, Given a weighted biparitc graph, constrect 4 por-
mutation dagram as Toblvaes:

(I
N L = oMy L T 1
% R
| — -~
! o
d e e
4 u e, 1, 4 uwyon o9
el

Fig. 2. Construction of pernustion dingram Tiom scighted biparie grph.

(i) For eich isolated edge i (7, creste Dwo conscoative par-
allel sdpes ws shown m Fig. 20a). :

{1i} For cach moloiterminal nel, say . Creale a cansecuiive st
of sutually imtersecting edges a,, @», = -+, gy a8 shown in
Fig, Z{by and ich,

The transtormation is stowiphtforward and ¢an he affected in
Q1N ime, where & is s oumber of pairs of wrminals 1o be con-
nected. It should be noted that in the abave transformation when a
verlen, 5ay @, 15 splil mto several veriuces oy, g, 0t 0, . ¥
shown in Fig, 20b) and (), all the split vertices itersect with each
otheer and appear comsecutively m equivalenl permitation disgram.

femme 1 The maxinmm weighted parallel ser of edges in G,
can be compured by finding the maximom independent ser of ver-
Lices in the permutstion ruph G I1) defined by the permutation
disgrrum constivcted from O,

Progf* From the construction of pernutation diagram il fol-
lerws that i two edges in O imerscet geometrically or have o com-
W verex, thoen the enrresponding lines in permitation diagrams
intersect peometrcally. Morcover, an edge thar has weight 2 ia G,
contributes two consecutive parullel lines in the permmtation dia-
gram. Henee the lemna.

Example: Conzider the via-mimimication prablem for the mul-
tilerminal two-rew roting problem shown an Fig, L), whose
graph b5 showa in Fig. 1) The equivalent permutation disgram
after trunsfonnativn s shown il Fig. 3. The final solmion, shoewn
in Fig. 4, containg 11 vias, which is indeed the minimm.

Theorem 2: The worse-case complexity of the via-minimization
algurithme in o meediieerming Dwerow fouting peohlcm is G4 log
N3, where A i the number of peirs of werminals o be conneesed.

Prowfs The teansfarmation of the weighted ipariite graph o
a permutation diagram ean be afected in (PO Y time. becanse the
nuriber of vertices In the equivalent pormutation graph can be a
most 2%, Sines the maximum independent sct problem ean be
salved in N loe &) tme ina permutation graph 4], (2], e
proaf follows
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B, Three-Sided amd Four-Sided Switch-Bex Ropring Probicin

The prublem of vie minimizalion in a switch-Box environmemn
with movable tcrminals can be managed by solving at most twio
indepemlent MPS problems (one mm the horizonta]l direction, and
the other in the vertical direction) and then properly merging the
results of these twa MPS problems. It may be noted that the in-
dependant solution of rwo MPS problems may not always lead o
the optimal solution in the switch-box envirmonment. We will illus-
trate the method for a four-sided switch-boex problem. The ' thres-
sided’ problem is similar.

Fowr-Sided Swirch-Box Routing: Comsider the reuting problem
shown in Fig., 3 (terminals wich same labeis should he mutually
connected). We pantition the problem into twa equivalent weighted
MP5S problems for the two biparite geaphs corresponding to the
vertical and honzonial connectivities {see Fig. 6a) und (k1) Note
that the pwmber of vias pecessacy 1o exlablish cross-connectivity
among harizontal (venmical) and vemical (horizontald tcrminals is
independent of their placement. The sguivalent permutation dia-
grams after transtfarmation are shown in Fig. 7ia) and (b).

Fig. 7. Permutiticen diggrnos aller transfermation. (al Herizootal perine
tation disagram. ¢h} Verticnl pernuotaton diagram.
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Fig. 9. Dpinal solution of four-way switch-box routing problam.

Onee the maximum independent sers in these two graphs are
found, we can delermipe the maximuem sct of abutmenls in both
dircetions. In developing the luyouts [or horizontal (vertical) con-
nectivities, the vestical (horizantal) tracks should be aligned with
veriical fhorizontal} tracks reguinsd fur vestical (horizontsl) con-
nectivities. The layouts for horizontal and vertical conneclivities
arg shown in Fig. 8{a) and (b} respectively. The horizomal and
vertical layouls are thenl superimposed, and in arder wr connet
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identical wormir
mracks and vias
finul routing is

5 in horizontal and wertical dircctions noceRsany
o inszned and the final solotion is ohiained. The
wran in Fig. 9. which minimizes the number of

viws f = 18],
Cordlary The complexity of the via-minimization alao-
mthens 0w ! rwey swlch-bes roating probleny 1z G008 bug & ).

Prools ollows ammediately frorn Theerem 2.
1Y . ComcLusion
We d o cribe a woified graph-theoreie approach Tor smioimang

the nur - zrof via holes forg geneealized ten-Sayer ronting, peablom
wher xrminals are freely movable without changing the relative
ord The slgorithm is squally gpplicable two two-row channel
routing und to three- and four-sided switch-box ronting models.
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On the Design and Implementation of 3 ¥Wafer Yield
Editur

JOSE PINEDA TR (Y YES awkn 10 A O, JESS

Abstract— An interactive enviconment for the noulysis oF yield infer-
myglinn required on modern integrated elreuit manufactoring lines is
presented. The ayatem estimates wefer vields and wafer yield vurin-
Liovas, quaniifies regional yield variations within walers, identifles clus-
ters in wafers and or in lots, and s ulse uble o peedicl waler ylelds vla
simple simulation toesls, An wnelysis apprioach based on site yields
makes the system giso independent of Lhe prodoct and of the technol-
oy, The anulysis technigue invesiigates the effect of both corrclated
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and mncorrelated sources of yield loss, The statisdeal information ob-
talwed can be wsed bo study the changes in the leclwalogical process.
Graphbcal displays In the form of waler maps ave used to represent the
spatial distribotion of dice o the wafer. Facilitics such as radial and
gngrulyr distribution analyses, among others, are provided (o exaomine
dntw, wnd hypothetical wafer maps are created to viswalize pnd predicl
simulnterd water yiclds,

[. [ eonue i

The yield assecialed with wlividual proeess steps like etching,
metallization, ¢1¢., as well as the spacial discribution of random and
systematic gources of vield loss TI]-[3], [19] have & diffecent im-
pact on cach of the K2's of @ water, sech that yield varations amd
oven snmetimes sovers product yield Losses arise.

Such ¥icld variations can he investigated by examiniog bulches
of waters in order w0 comelate non-bunctionel circunts wod e find
their contributiens to yiedd loss. Inlecaction with these yield vari-
ativns can be wided by analyeing the waler maps where functional,
oonlunciiona] amwd paclially Tuoctional eegions ¢an casily he oh-
served . Considening this, a wol i5 neocssany to manage the data
creming from the manufaciuring lines and o condense it in usslul
information tor whom vield prediction and estimation ame vers im
portant issues far the 0 design and process developmant.

Soch a CAD taol should be able w0 analyze the vield variutions.
o quantify them, and to allow the interpretution of data in sevenl
forms as to draw conclusions sbout the problems. Fecthemorne, it
should not only wpaly st Gata bul alse sicoulate the effects of densiry
variulivns 1n o smgle waler and between walers, as o he able e
predict vield. For such a system, rechaolagy independency and
product iedependency arc o mandatory propertics. The former
une congems the analysis of data comiag from Gaas. MOS, BL-
POLAR, ¢12,, techaolagics, and, tor any given water dismeter wod
dice eantigoration. The later property means that the syslem should
interpret date such w2y distribution of delecis. process parLimeiens,
test stmgturcs, memorics, cio.

This paper deseribes the Wafer Field Ediror ALWAYS {Ana-
Lyzer of Wafer YieldS), ALWAYS is a wser fricndly interactive
envitonment created e be ased as an infegral and systematic tool
for wafer vield analysis, The sysem provides means for cstimation
wind predicion of vield, I uses graphical representations in the fonm
of wafer maps, eurves, and charts for user intertace. Vacilities such
as o create wator frames and dice of different dimensions, ws well
as several misecllancous onls such as hardcopy. veecluppiog of
cxiracted wafor maps, otc., are alse provided.

1. Darasask AN Warks CHARACTLRIZTICS DESCRIPTION

The starting dule are s set of waler niaps of working and non-
working dice of mdividwal wafers produced from the process of
InlEresL . :

A ser of wafers is defined a5 a Iof and 2 set of Jots as a project,
This classitication allows o have the infommation in a hierarchical
style, Hence, the datahase description follows s tree stmclute where
the pasent is the product itself. the childnen represent each ane of
the lots of the product, and the grondchildren represent the indi-
vidual walers for each lon. Esch isdividual wafar contains the input
data of the yield editor, uod it comsists of a1l the dic positions and
their stutus, OM, or OFF,

Sinve product independency is ane propery of the editor, the
data supplied may coneern linewidihs, resistivitiss, oxide thick
nesses, ele,, of, defect distributions, distribution of opeos aemd
shos in different layers, distribution of good end bad chips, e,
This Acxibility allows to set the status of such die aceording, re the
convenience of the analyss to be performed. For instange, considar
that a project cunsists of a memory chip where the stams of each
die can be sel as on for fuactional ¢hips and as ore for defective
ones. In this cose any analysis performed will reveal the visld of
the memory chip. On the other hand, it the project represents 2
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