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| MAG NG 5 RELATED APPLI CATIONS: This application clains the benefit of U S
Provi si onal Application No. 60/163,932 filed on Novenber 8, 1999. FIELD OF ~
THE | NVENTI ORODO35PBe present invention relates generally ®PETABIMNY circuit
board i nspection techniques, and nore particularly to a nmethod and
apparatus for inspecting interconnections on or wwthin circuit boards
utilizing vertical sli.ce imaging techni gues. BACKGROUND OF THE | NVENTI ON 15
Most el ectronic devices nmanufactured today include one or nore printed
circuit boards, which may al so be referred to as printed wiring boards.
Such printed cijgjirc THAD CALAIRE VR PICARRRICE IHAGRG .

i nt erconnecti ons anong el ectroni c devices and conmponents. conmon devi ce
found ®n printed circuit boards is an integrated circuit, which is,
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the integrated circuit sem conductor material to conductive traces on the
printed cfiledonNogeaba8, §%h advances in sem conductor technol ogy, the °
conpl exi t yfE RlOF 1 mﬁﬁ(ﬁqrcui t devices has increased along with

e per

i mprovenents I nt rformance of the devices. In association with the
i ncred®ed conplhegirespntifiventien ielates generally to printed ¢ircetid bpard inspéctiogytechniq@is,- and
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boar d ar ecicmitivomidy utiléviagekrtival siiod ieaginggedhhiqués/ O pi ns to through holes in the
printed circuit board, and increasingly, to conductive pads on the surface
of the printed circuit board. 30 Methods are known for .inspecting the

el ectri cCaBAUKRCGROUNIEOF THE INVENTIONTPONENts, integrated circuit devices
and printed circuit boards, For example, optical inspectjon techniques

have Been usedVoBsleRtromndmncenmandzpoupdiode inglnds eneosmorantintediciierent and
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formed from a semiconductor material that is encapsulated in a ceramic or plastic package.

20 The integrated circuit packagé provides input and output (I/O) pins for mechanically and
electrically connecting the integrated circuit semiconductor material to conductive traces on
the printed circuit board. With advances in semiconductor technology, the complexities of
integrated circuit devices has increased along with improvements in the performance of the
devices. In association with the increased complexity of the integrated circuit devices, larger

25 - and larger numbers of /O pins are required.

~ Electrical interconnections between the integrated circuit device's /O pins and the
: -p_finted circuit board are commonly formed by soldering the vo pins to through holes in the
printed circuit boai'd, and increasingly, to conductivé pads on the surface of the brinted circuit
board. ' _

30 Methods are known for inspecting the electrical interconnections among components,
integrated circuit devices and printed circuit boards. For example, optical inspection
techniques have been used, both manual and automated, to inspect the placement and
connections of components and integrated circuit devices to printed circuit boards. Optical

inspection techniques, however, may be incapable of adequately inspecting the
l .



Far exanpl e, such techniques are generally insufficient for inspecting the
I ncreasingly comon Ball-Gid-Array (BGA) type devices. In order to

i nspect hi gh-¢lggfisesy boards and BGA-type devices, inspecti opcisyssiens 5

usi ng penetrating radiation are believed to be superior to optical
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The theory of tomosynthesis is well documented. Using tomosynthesis, it is possible

to create the horizontal slice images through test objects at different focal planes arranged

25  along a vertical axis. Although this technique is advantageous in seeing horizontally through
the object under test and determining the quality of, for example, a solder joint, valuable
information regarding the correlation among several horizontal slice images méy be lost. In
particular, valuable defect signature information, such as the signature of voids (air pockets)
which may extend across several horizontal slices may be very diluted in a single horizontal

30  slice image, particularly where the horizontal focal plane fails to pass through the center of the
void. In case of leaded devices there may be high bridges, i.e. bridges between pins but the
bridge occurs at a level higher than the fillet. Since it may not be feasible to check each and

every slice, such defects may be missed.



It would therefore be desirable to have an inproved nethod and apparat.us
for inspecting electrical connections. SUVWARY OF THE INVENTION 5 In
accordancewmaidsest f i r st aspect of the present invention, P&T"?Sﬂg’ﬂg& i on

met hod wutilzin ertical .slige ijmaging is ovjded.. A nunber of

hori zont al sktiv&‘ﬁlg‘?%&ﬁ@?g%%s @F%havgﬁ?gwﬂv%?}b?‘gﬂd‘m’"?‘% est, are
first ageipbdting elebtrié@ dohicktionscgi on of interest is defined from the data
representing the horizontal slice inages. A vertical slice imge is
constructed based wupon the horizontal slice inage data falling within the
verti calgynMN ARy OF TRESINENTION! N accordance with a second aspect of the
present invention, a nethod i's provided to detect defects using a vertical
slicé i mge. I'psprdandeavithsa finstaspent lofithe prasent invention; an inspgctienmethiod open or
lifted 14.9 .0 . .11t ed. ' i n L Cl . 0 I . yoi ds and.
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Tornt aribka reprepentinE thegpenea shos st Y Voracat fsifbate s Sonshat Based
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DRAW NGS 20 Figure 1 shgogws a‘vertical slice inmage of a BGA joint_and a
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cart¥si an codt dicaripaeesyith asfconeaspert of bR PregFnt JIYPRYTe W@H%P‘B@flﬁ‘? fed
descr i plefapt difdchtiuding'al vaHtical dick ithase! SadiEfeficiems)MERAES bht AL na: Ritddisal sl ice
i mage plane froma series of horizontal slice imge planes at varying
Z-axi s lopemen lified LQ pins,radilisd deviee insnlicienberixaess solders vaids anddmidgesd i n Fi gure

1; 25 Figure | : ' Sl i ] ilted BGA
devi ce: “Fi i oireiihe ARG Uppcle 384 ekl i, JEOEOR BB eh |7 02
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| mage OfthémbBishred diantetdrs tolmtaxpédiddtiamdtbracenent of 8 [ocator w ndows, each
of which includes two ball edges fromthe BGA joint. Figure 7 is a
generalized flow diagramillustrating a preferred inspection nethod

utilizi Wth eRIFTIONR O IEORAWIGE1/ 35051 PCT/ USCO' 41931 Figure 8 is

a generalize ow diagramillustrating a preferred method for inspecting a.
j oi n20. Figure 1 shows a vertical slice image of a BGA joint and a cartesian coordinate system -

definition for purposes of the detailed description herein;

Figure 2 illustrates the synthesis of a vertical slice image plane from a series of
horizontal slice image planes at varying Z-axis locations with respect .to the coordinate system
defined in Figure 1; _

25 Figure 3 is an example of a vertical slice image showing a tilted BGA device;

Figure 4 illustrates two vertical slice images of a BGA joint, one image showing a
lifted ball and one image showing a void;

Figure 5 shows a tilted component having a number of I/O pins, each of which is

| located at a different location along the Z-axis; and
30 Figure 6 is a cross sectional image of a BGA joint illustrating a placement of 8 locator
windows, each of which includes two ball edges from the BGA joint.

Figure 7 is a generalized flow diagram illustrating a preferred inspection method

utilizing vertical slice imaging.



Fi.gure 9 is a flowdiagramillustrating a preferred method for inspecting a
BGA joint. 4 WO 01/35051 PCTNS00/ 41931 DETAI LED DESCRI PTI ON OF PRESENTLY
PREFERRED ENVBDYDONEBHIS | n accordance with a preferred enbodiravtsoysioithe

pr esent invent&pn g.nethod;a ﬂEwﬁg aratus for inspecting connections
utilizing vertid&fe i3 2P eTaiesH ok iljsaatingaptetemed methedfor jnspecting a

t onosynt hejsing. and the practice of tonosynthetic reconstruction is well
docunent ed. i.ng tonosynthesis, it is possible to synthesize horizontal
slices across &P & aflow dingamdHustrating-aiprefotrad msthod Gulimspepting aBGA fyimtar at i i
for generating such horizontal slice inmages are knowmn to those skilled in
the art. Reference may be nade in this regard to U. S. Patent Nos.
5,594,770, 5,097,492 and 4, 688, 241, the contents of each of which are

i ncorporated herein by 1o reference. It is inportant to note that the terns
horizontal slice imge and vertical slice inmage, as used herein, refer to
data sets containing information associated with an inmage, which may or
may not be actually displayed. Figure 1 illustrates a BGA joint with a
nunber of horizontal slice image |ocations along the Z-axis being

desi gnat ed by dashed |ines. Although the generation of horizontal is slice
i mages i s advantageous in "seeing" horizontally through the object and
determining the quality of a solder joint, valuable infornmation
correlating the information in the various horizontal slices is |ost.

Val uabl e defect signature information such as signature of voids (air
pockets) which may extend through several horizontal slices, nay be
significantly diluted in the horizontal slice, depending upon the nunber
of horizontal slice imges analyzed and the 20 spaci ng therebetween:
Generally, only a few neani ngful slices are analyzed, typically at the
pad/ conponent, ball and pad/board | evels for exanple. Voids in the space
bet ween horizontal. slice inmges my be m ssed. However, the signature of
a void, for exanple, is quite strong in the vertical slice as it captures
information fromseveral horizontal slices. Another exanple is a high

bri dge between two pins of a | eaded device. Since the 25 bridge is not at
the | evel of the pad/conponent horizontal slice, it is often nmssed as it
is-not practical to inspect each and every horizontal slice that nay be
generated. Since the vertical slice is in effect a conbination of all the
hori zontal slices generated, the high bridge nay be detected. O her

val uabl e signature information, such as non-wetting or tilted conponents
which 30 are difficult to see in 2-D or even horizontal slicing, can be
detected using the vertical slicing technique described herein. In
accordance with a preferred enbodinent, a systemthat is capable of
acquiring data to forma horizontal slice image is utilized to acquire such
data. The



horizontal. slice inmage data may then be used to generate vertical slice
| mge data, as described below. 5 Wc) 01/35051 PCT/ US00/ 41931 Because
each of thevOep¥dsPHontal slice images is constructed at di ?FE’P@?‘?{“’B& nts

al ong t = AX] ' - 31 Y-axis, it
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synt hesiWhigmay gemey gefbeactually displgvedt o i nspect the joint(s). Then, keeping

dhe Z-posi U gire s Whisirifs & BOA foltf wih'aliinbet $Fafdripbutil AiecifEe loclorks e

expected vertical slice, several horizontal slices above and bel ow t he

best sl i dengdheZianisibeingaigsiguated bydashed;lines. Althqugh thegenerationsofiherigondall slice is
synt hesi z.ed. | i .CQLLe ' ' o

ot Pon GEC npbbe MR ldiEa i tesfif ROtORAIG Mofth & 616 and SAELERES e,

ver t i calqualitysd a 36idergoint, maluable irffommation opairelatinigtthe infommafior) inithe wariois a devi ce at
a particular locati.o | fied. by. ). Dif.ferent vertical slices may
neba t o BERAmHATRedaibst Vatpbls PRl e r e R o HETTR B YR AET ant) o
at diff q&mts)?@m&i mgy exteid throngh h?evlarlil nlg_izlfntammg—; nia¥ ,rl])e d%p‘ﬂ@ditl}gdimdtihe I .
orientatjop of the.desired vertica i ce iJmge. ..The best vertic slice
Ty be. bt ByroRlSliche e Rob e S etz B it TReBP LB e
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. herein that detect defects, based upon thelrvngnature in the_ vertical

cross seRad{compenantball and-pyihoardeysls for pramnle hesperebrtwrse berzomial | j ce

| mage Ofsli%f fnﬁdée& fdy Bomidey, '}Wev&bﬁlegfg'{xﬁﬂfea&f'a%' forel@nple Vs g8t F¥nPH

automatical l'y i nspected, using an autonmated defect recognition system such

as the Nhbeggtcnlslicerasif eaptuess infopmgation fiopsseversl horizomalslicksego, Cal i fornia, by

anal yzi ng the ' [ | : ' es 30 of
yzing %?’oﬁge& )?:ﬂlllpléls aqﬁ%ﬂ %ﬁ%ﬁ%&&ﬁh g device. SXRERle

such anal yti c 00l's "are se
25  bridge is not at the level of the pad/component horizontal slice, it is often missed as it is not

practical to inspect each and every horizontal slice that may be generated. Since the vertical
slice is in effect a combination of all the horizontal slices generated, the high bridge may be
detected. |

Other valuable signature information, such as non-wetting or tilted components which

30 are difficult to see in 2-D or even horizontal slicing, can be detected using the vertical slicing

technique described herein. In accordance with a preferred embodiment, a system that is
capable of acquiring data to form a horizontal slice image is utilized to acquire such data. The
horizontal slice image data may then be used to generate vertical slice image data, as

described below.



Zf-ind: kethod to find the horizontal slice in the focal plane After a
series of slices are nmade, the question of choosing the right slice becones
i nportant as WOel3sice at the proper focal plane or Z-axis HC3BRMVEMIneeds

to be exam ned [ 1/:35051 . PCT/,US00/. 41931 ,..defects. As noted above,

not only nay Z |°§%Psﬁg“¥}g£gm 1955, plice jmages lwgfﬁq#&gia&%%?rgptgqmtg@omthe

synt hesi ziZrgxig buetitheamepointsaionpihe Xla%R add VO RIOBeldfRsipdstibledsnt i fy the

best horizontal slice fgﬁ anal yzi ng defects. The nethod of Zfind is to
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si gnat ur e refairedt® Hersin asthe Efindmethod] issrefemblynatdifoe this/firptas. BY @nédEthesear ched
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| evel s _abqve, bel ow and through the anticipated Tregion of Interest. The
desi r i hderssal sheedpr walyzing dafests in solist prnnestions, BGA wifts sleotricalvompowntsnay
then be i ggdtyeftikgd ' ' L. reln. .. desired
hori zont al slﬂiie.cﬁcle<€ _f%%éyﬁggaﬁegﬂrze eﬁgg%q'qg%#ﬂrg gggqughﬂlgtehlo-? ?%rl i ce. Thus,
t he "best mFppetmg ajeint sichiam foz gxample 9BGA joint.ghat imclwiesithe ktep af lovatingalgtesi son of

the varioys. ' t |3C0u ] t h efers.to the horizontal
ol co i mmdc PRl 4! Muerabfind HAEBR 0B 2B mBhod SLBEPEHERS, anal yoi ng
the region of Forthevetital slesrapglicatiqn, the Zfindanctinglds flseised td @nieaf with GE
interegt is of BGAjoint, .the horizontal slice passing through the center
of th Zl§ bamoswzfaégﬁ?qap?% %’W‘L%ﬁ Y@“"caﬁ glicg rmage;tp, spesh e §o1pks)s ummmat i on
val ues f ofThed) kespin the ZipoaidoR REIIAR fréth 11 2B theRALS theSRRE dfithddip¥oted NE
signature value in this case typically corresponds to the first

si gni f i caRertifal slcs, severabharizantal sliges aberyesind belew theibest slise areithanaistdiig conate t he

noi se. Thigk vetticarslic@W ¢erid&i ' | Sp -Abetter
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peak. Mthe aarr datrsabgle ool obh anfisls Bt BRI A b na the
maxi mum ofX,¥)s Diffigperit vertical Isbeea iriap needAn bt gareradd at diffepdnt YhisTocationpt i mal
(holding X constant) or at different X-axis locations (holding Y constant), depending on the
orientation of the desired vertical slice image. The best vertical slice may be determined
using the software-based technique referred to and described below as the XYfind method.
25 Several algorithms are provided herein that detect defects based upon their signature in

the vertical cross sectional image. Figure 3 illustrates an example of vertical slice image of a

tilted BGA device. The orientation of the device may be automatically inspected, using an

automated defect recognition system such as the MV-6000 from Nicolet Imaging Systems of

San Diego, California, by analyzing the vertical slice image for defect signatures. Examples
30 of such analytical tools are set forth below.

Zfind: Method to find the horizontal slice in the focal plane

After a series of slices are made, the question of choosing the right slice becomes

important as the slice at the proper focal plane or Z-axis location needs to be examined for
6
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,un 1s eflne as u'[i] A[0),. ui]0} 0][
........ . elevations. mtutlg@qqm]m aqspp{da]u[eoylﬂu ¢ s9mppling theorsm l;rp of samp. mg <=
........ [ | [
........ 2+t of: ihgeh Tt il Moo bl R4 60t s Thespiguane |

~and col walhes are timckarbloxdito ﬁnd alspesificqmtternTo detoas the "best” slice JBecayse thms?gm en be

R e NPT i —— LT

--------- images are preferably synthesized at wafiéiis [l@]elstab{)ﬁ bd:l])w tam} ﬂil'{ﬁiéh the antlclpated
................ hor i zont al | ces,

and ul [ OFgion °fl§‘f°2‘f4)0 ngeﬁﬁd%%?m% s{ice Wﬁﬁ?‘[rgl? 355?5’%% i py xel s

T { 0 ?asl Ltlel&gﬁeailalaﬂtﬁga usif ﬂngtﬁxdgﬁefthodtede&mh héreinC ;rhb aé@fmbnmtal shc:y Plt hesi zed,
yze etec erects ure gnera (6]

di agram unagenmayb@ M@TQQ to hereigras de "brsthice % E‘E?t Q{"g 15 A0h it e"‘g%dr'l"l c\évl

slices i magh g oﬁ efm@earfoheﬁoﬁjonﬁnaicxWs,tmrmrmmko ki ce

| mage, severa?cl pre?erre hods, may be_ used on a, BGA j oj nt for
exanpl e, hdrizoutel slice inghge dhnt &5 lg@j,@dat the desued Z-axis position for analyzing the region of -
interest. '

For example, in a case where the region of interest is of BGA joint, the horizontal slice
passing through the center of the ball may be identified by: revxewmg the distribution of
20  summation values for the synthesized horizontal slice i images. Speclﬁcally, the signature
value in this case typically corresponds to the first significant peak in the summation
distribution after filtering out the noise. This slice could be used to run algorithms for
analysis. Abetter quality slice could be obtained the following way. After the most
significant peak is determined, a least squares quadratic fit is used to fit this peak and to the
25  next point below and the next point above the peak. The derivati\}e of the fitted equation is set
to zero to find the maximum or most optimal elevation. Another slice, at the most optimal
elevation computed above, is generated from the same initial set of off-axis images. This is
the slice that the algorithms can process in order to analyze the signature of the joints and
find defects. Other signature values for other types of regions of interest will become apparent
30 to those skilled in the art, upon reviewing this detailed description.
Alternatively, the distribution of the summation values may be searched to find the
location in Z where the solder amount in the region of interest, as computed above, falls
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upon their signature in a vertical slice are set forth below 30 1. Open or
Lifted Ball/Lead Referring now to Figure 4, a neasurenent of the height (h)
of the ball wo@sBsf joint 8 WO 01/35051 PCT/ USOQ 41931 REFUBWHINSEd to
determ ne whether the bhall js open_or |ifted. One. preferred nethod proceeds
as fol | oRelowahe Beiselgysh 'HPS'iEFﬁWBW Zé"%ldeg%ﬁa%?‘ﬁeﬁglnﬂo%hﬁ@f@% verti cal
slice of @ gMfinerficeProfile of the joint in the region of interest is
determ ned. This data in each of the colums in a rowis averaged to give

a point in a filndcresetheichange forsuccesein idhntifying thediest sties; serh¢ unohetructeds of t he

5 profile. i.nal i:9. L I tor,
whion i o SaEppl S areficibibly BeshiRER. e koo uci R G i) ik FBRORRHRR] 0
nunber sof t6 bevestpicteti therpbyiinpreving abowrac)i dnflepeedce in positions of the maxi num
and the mnimumw || give the height in pixels. The nmeasured hei ght nay be
conpared to a threshold to nake a qualitative assessnent of the joint. The
posi tion ofer@at!Sligigt he | eads could be conputed by cal cul ating the

m d- point to between the maxi num and m ni mum positions. Conparing the
relative positions of the mdpoints will indicate defective pins. 2.

| mpropgr M b L | f e |lead
L T it PO 8 g B, L
This may be neasure y placi ng rect’angul ar W ndow across the vertical
slice of %®Q__Ider joint and neasuring its width at that location. This is
then preferably repeated at several points along the Z-axis including those
corresponding to the pads, the fillet and the mddle of the ball. The

maxi nrum and m ni mum wi dths woul d indicate whether the joint has defects,

e.g. lack ofuf0)jd]etu@y[ik heq@le .of...t.hewdt®ln] woul d yield a 20 snmaller w dth.

3. Voids The,l ti f ar.¥phd and it surenment are well coordinated.
The void is 5%@1% y L&m@at %ﬁﬁl a"'\’ié"r"f'ilgigﬂﬁgl ice and its size in amount of
pi xel s neasured: A nethod fer deteet+nrg--woids is as follows. The void area

is first seqrpsff@dw{meAIeRiAY20N....a5. uspdAerein, refers to 25 splitting a

regi on interest into segnents or areas such that each hol ds sone

f
}50 Sty 5% . . . oh i
o up AR LR il el e R AT, 1
and/ or the Ball “The vord areas need to be tdentified to be within a gray

intensity range. The segnented area is then checked for connectivity as
follows. All pixels surrounding the pixel in guestion are connected. A set

of _pi xel s i n aul@ilondod1k ai o2y ............... x1[0][~]
u2[0][0] #2[0][1] u2[0][2] ..ccoremeeee u2[0][n]
#z[0)[0] #z[OJ{1] #2[0][2] .oveoreererornns 1z[0](n}

20

Where z is the number of horizontal slices, and u1[{0][0], u[2[0]{0],u3[0](0], ...,uz{0]{0] are
corresponding pixels from all the slices.

25 Once the vertical slice information is synthesized, it may be analyzed to detect defects.
Figure 7 is a generalized flow diagram illustrating a preferred inspection method utilizing
vertical slice imaging. With respect to the step of analyzing the vertical slice image, several
preferred methods, which may be used on a BGA joint for example, to detect defects based
upon their signature in a vertical slice are set forth below.

30

1. Open or Lifted Ball/Lead

Referring now to Figure 4, a measurement of the height (h) of the ball in a BGA joint
8



30 be connected if each pixel is connected to all other pixels in that -~

region. By connected we nean that in a region S, a pixel pi xel ¢

are connectW@WAS0here exists a path fromp to g and bot H’%"%ﬁ‘g 1g:ﬂbel ong

to the sghy 6d uRl¥Giderind WELHRR the ball s Gfel®r BASE OnYprefed eflt a5 VOI S.
y 1 ! ) or é&e ‘g@nputeéhﬁﬁégrﬁgeﬁéas

Each of these voids are isolated and their siz pUut € o ysi's. The
regi on afodlows Amreetangplanwingowds plaeed verticallp acresgithevesticabslionof  jaintoAg with t he

id. Thj ' . . 4 L Qi i d
Vo be g oaleiuRoftf AR of oo H dindibdnd! ok Rl et Bbilnttl 4 1001
devi ce crw ibeveragedity give a poineih dfynal profite vegtor,P. (This iy dorteiforzdll the raves dfitlee pi ns at

it f.t ' lJ..1 nt di af. [ d ti
hoC s woRls: Thc sl Seqifinfien bed F St A e er BTG RHRY BB B CGr eosi on
A preferred ndgiffhedtor erp[i] dpi2] for 1D, N, Where Bs €R\iuGber &f rows bthe pisFile. A | ocat or

as defined .in the nunhered paragraph 2 above is used to |ocate the center
of the | bpsHifferepgednpraitions pf the maximym and the migimym will givg therheight Rixelscat ed,

the val Ugge RERuRlRipHEHaPBe dofhared1 s BrkhBIdab Riblle WighdlitdtlVe a¥sesitle ﬁfth@cat i ons.
obtai ned by the sanme | ocator as above, to a linear equation, such as bel ow

10 z[1] jeimd~Teipositiopofgach ofithe leadgiseyld be epmputed by ealenlating the midepointar e

coefflci t a@n!?!m %Il’&ilﬂhpﬁﬂﬂ r Tatd . []1,z[I] is
the'?%ca?%%eﬁtﬁ% : o%ﬂtrﬂle J oI nt. f{g %@Fﬁ%&?%&ﬂ anélo{%l%/ dy)

pr ovi desmidpobsswillinditate Qefe¢tivepinsf t he device. Figure 3 illustrates a
vertical slice image of a tilted BGA device and Figure 5 illustrates an

alternative nethod of analyzing the vertical slice image data. As shown in
Figure 5, a tl.lmmpfbpeictillete may be identified by |ocating the centers of

bal | s at opposing ends of .the BGA device and_ co ri the 7Z-axis

| ocati ons of g&%@%@%@&)ﬁé “@Fﬁﬂ%@%%@&@&éﬁ‘@g@f‘%ﬁlﬁé@"&

di ff g5 enfierbr@id if tHRFIICER TorkitA phdpeRly. STHPMaPBe Abdshfciiby Platingretafpiiafed in a
vertical slice. This type of defect nmay be missed if_ one were | ooking only
at  somewirowreronyibe yertical slies ofaselderjoirit gnd measiidag itnwidth atdhatJecatien dhia nat i on.
of (he PlGmaiierably rBR3RAGEsIEraPpohih Bfg 116 DA Rbfufitle WD Bohdsforfing ! | OWS:

A rectangul ar w ndow ‘about the size the height "of the v slice

and the iepads, the fillctiand themjsidiecef dhahallnEeemeaxigupoindimininiye widthewould segnent ed
to isol : ' . i ' f .
bach: oorisatt Silel B8 i s BUERE o lacR SPAAaPfhe BT Blfhquid JRILETE, 2

t hen2¢ hesmaiter widthit s ar e
3. Voids

The location of a void and its measurement are well coordinated. The void is easily

located in a vertical slice and its size in amount of pixels measured. A method for detecting
voids is as follows. The void area is first segmented. Segmentation, as used herein, refers to
25  splitting a region of interest into segments or areas such that each holds some property distinct
from its neighbor. In this case, the area of the void shows up much lighter in the image than
the background, which is solder and/or the ball. The void areas need to be identified to be
within a gray intensity range. The segmented area is then checked for connectivity as follows.
All pixels surrounding the pixel in question are connected. A set of pixels in a region is said to
30 be connected if each pixel is connected to all other pixels in that region. By connected we
mean that in a region S, a pixel p and a pixel q are connected if there exists a path from p to q
and both p and q belong to the set of pixels in region S. In some cases we may find several
voids. Each of these voids are isolated and their size computed for analysis. The region around

the joint sometimes may be segmented as well along with the void. This region around the
.9 '




regarded as bridged. 6. Insufficient/Excess Solder 30 An anmount of sol der
may be conputed at different levels in the lead/fillet to determne the
qual ity of tvr@ofrisdiet. This may hel p deternine insuffici eRCTUSPYAIY A
preferred method is as follows: A rectangular wi ndowis placed across the
joint at ioftadll needdta bp dhiscarded ardhishy itselfisnpiavaid- and the ball. The regi on of
interest is exfractggsdpigsedamount of solder is conputed as follows: 10 -
R - --- -- WD 01/35051 PCT/US00/ 41931 bags gray
(background - 4itidtgd devige can h¢ ¢4silyimessurad by docatieg inthevestial slige thetpinsgt xel and h

‘< the hi ) . 9 4 .
R R L S e N e
there $s thempeither by simiplegrigonoaetry of by regrebsiomt ed | nspecti on of these grid
arrays. One of,the di,sc i ng.. characterjistics of, the or FCA' s, ha
beenyists round®® @dﬁ%tﬂ?ﬂm%&gg e‘j‘%?"kﬁcsl“f%gff’lgo"fﬁﬁt(ﬁ Fas‘ﬁﬁcﬁ?%forz,
the devi ajy REOmhberdiEpaigthph2 dbbe & Gidalto dcRATHRTeMUPTTh Tink | Orick eheWehter dfend  tO

i ndicate the wellness of th gint. Figure 9.is a flow di\aﬁgram‘illustrating

a pr ef er r dlithedeints of integest Fﬁ%é?eﬁé i the valugs@pe provided asfhraz-Togatiogafong Witdhe X bes t he
f d : ' ' f 101 Dbt . The BGA
preterre P.d(;ﬂé% ﬁ@%w%%f:%@ﬁé@ﬁfﬂhg Qarﬁé‘@cat&ﬁﬁlab&% 13 alﬁiU&Q?@atiloﬂ,' ikh aslelo: The

joint.is te ny centroil d-based rough locator. This |ocation would
be godd st & Fafx[iot by[fdre,t he step 2 bel ow. The pixels representing the

BGA ball are egrrent ed or separated fromthe background scene (in this
exé‘fpp e

case for a circuit board) and clutter or noise. The x-locations of
all the segimepintdupberdlds;, are then summed and di vided by N (N being total

cegnent ed pistel 4 SrCharBR dekstihhedeirmintd G e G RN bel ng toral | number
81; segnent eq‘ﬂ%&ﬂgﬂﬂ)ié thRl 1odatidn #n XYY ZDofthé pinkY- | ocation of the joint may not
good enough, because void or other artifacts in the,
- 15 Computing (dz/dx) and (dz/dy) provides a measure of the tilt of the device.
Figure 3 illustrates a vertical slice image of a tilted BGA device and Figure 5
illustrates an alternative method of analyzing the vertical slice image data. As shown in
Figure 5, a tilted device may be identified by locating the centers of balls at opposing ends of
the BGA device and comparing the Z-axis locations of the ball centers.
20 5. Bridges
Locations of bridges at different levels between two joints can be effectively
recognized in a vertical slice. This type of defect may be missed if one were looking only at
some of the horizontal slices to try to make an effective determination of the presence or
absence of a bridge. A preferred method is as follows: A rectangular window about the size
25  ofthe height of the vertical slice and the pitch in width is placed between the joints. The area
is segmented to isolate the bridge. The number of segmented pixels in all the rows of each
column are counted. If all the columns have positive (> 0) counts then the two joints are
regarded as bridged.
6. Insufficient/Excess Solder
30 An amount of solder may be computed at different levels in the lead/fillet to determine
the quality of the fillet. This may belp determine insufficient fillets.
A preferred method is as follows: A rectangular window is placed across the joint at three
locations — the pad, the fillet and the ball. The region of interest is extracted. The amount of

solder is computed as follows:
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| mage may cause substantial deviation fromthe actual center of the object. -
A fine locator is then required to get a better Iocation quﬁ”‘“

| ocator i s WOM3I08L better the | ocation found in par agraph ocat i on
has to be 30 good in spite of noise or clutter in the inage or voids in the
ball. A preferred fine locator is set forth in BGARefine, which is set
forth belowin Software Appendix 1. As illustrated in Figure 6, |ocator

wi ndows are pd%k##oned b t akin ,.Jhﬁo account the 11 WO 01/ 35051

PCT/ US00/ 41931 élﬁﬁ %y §1E cg)n 2 The | ocator window offsets are

conput ed based upon the di arreter of the ball. The ball edges are |ocated
using re g the X- axis passing
t hrough t e cen E;At%%ﬁ;%ﬁféth%"a éﬁ%lﬂ}% &? ng?gig (&);ESEE the Y-axis passing
through the center of the bal I. At each of the 8 locations, the ball edge
i s de ectAdditioyal BGA Yeasrenaent Tetlatiquss der i vati ve edge finder on either side
of the ball as in Figure 6 and the center determ ned as the m dpoint of
the two | ocat izathshe mbneasedlpepnﬂﬁrh@mmﬁomd\mmw cﬁctﬁar?:om@ﬁﬁbn& there igwles aged

><

to give the new x location. The y |onsfrom 3, and 4 are
averagedathPth}PS'@)f{cF@ fmt%mthqesgm HEQSF\&W agga)gg fﬁﬁséléwg of the

bal | . %&télsu ifithe BEAL YAEEXS Hat b%flts%ﬂl@sﬁaﬁéehqvéll-ﬁhhed BEATbinelss in one
of the eare extracted. In the case of a window in  the

x- di nect pmwlaraTmfgrmthpﬂgmm@ qféherléﬁﬁcerAam\t éemriag eap‘rctqdm}ﬁwﬂlteldi n all

t he rows I gﬁﬂﬁf to
give a pr%ﬁﬁﬁcﬁgﬁf‘g&f&é{#%?@ea v%glﬂsuﬁ(t) en-app red n?%hpte ent| re prof| |l e
as fol | oferinspectingta BG4 joint2 The[follosting defitijes theiprefefred-@sthpd for hsspysirigthe ( 1=1,

si ze of Rr9q fi lE%!‘F Or}ce the joint is accurately focated, the dianeter of

t he BGA ﬂg 8354 or nore distinct angles. As the nunber of angles
used is increased, conputation tinme increases, but 20 the accuracy of the -

qual ifsat lW’Fh&bGﬁ@Bihﬂi@ﬂddat&d by lﬁﬁy\bémroidﬂbasaaﬁﬁgh loIJiter Imisslwaﬁdn doaldbegbsd ar e
not ed. The actual di ameter. of the bhall r.oVi % gig devi atiogn of the
measur ed S@tHgPOEH for thesien 2 °‘§'><B¥§CH"&’&F’E§P’§E£‘P€$ Aballere seemspted & ym of t he
squar es Qfpatdi& frshY HRIbasEPountddcéie TR this\bRsedSr éx'éﬂipli%\/du%hﬂt BourdfanBchitdib? 25

Where D ="expected dianeter of each ball d[i] = nmeasured di ameters for
(i =1, N) noise.

The x-locations of all the segmented pixels are then summed and divided by N (N bemg total
20 number of segmented pixels):

iX[i])/N

The y-locations of all the segmented pixels are then summed and divided by N (N bemg total
number of segmented pixels):

N
DYUD/N
i=]
25  This XY-location of the joint may not be good enough, because void or other artifacts in the
- image may cause substantial deviation from the actual center of the object. A fine locator is

then required to get a better location.

2. A fine locator is used to better the location found in paragraph 1. This location has to be
30  good in spite of noise or clutter in the image or voids in the ball. A preferred fine locator is set
forth in BGARefine, which is set forth belew in Software Appendix 1.
As illustrated in Figure 6, locator windows are positioned by taking into account the
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N = nunber of dianmeter neasurenents. The val ue obtai ned above is the sum of
the square of the errors due to deviation of the 30 fillet shape fromthe

expect ed ide@ho%ﬁgl The smaller the sum the better the jgatpUsoviafsepd” BGA
fillets will "have a value close to 0, while "bad" ones will have |arge

\d/al ues.b Thjeata@%dimkentge lae Iﬁchtﬁﬂwiiﬁgw bffscteire gcsm;mdi l&hﬁiﬁpﬁh itteadidngetér oftthe he
Istributjaq the data.in regard to "gqod" and "bad!jolLnts, Fqr purposes
of "pr ovi dPAh THabH Fige e S EoRE Friaped et o oyt Heryons slong s F3506
PCTI USOO! 449 Bdssinp k1tb@h thélc e QihaBAN and@foABRSIANE theOf -afis paifsinghgndiased
solution for this solder qualit determ nation is provide in Software

Appendi x fhe cortprf the halladt Wbéﬁ@’é B\lpaations. e belbedgsds datstrdibyaising arfive Reinpr esent
| nvent go n deﬁ\;&tjge #Hﬁg% l?i‘ﬁﬂerfoﬂreg‘tﬁg%id%rog{iﬁ b ad % S{S bid/the Eeﬁ%a%gggrdlﬁw& the

applied to da m a synthesi ze orizonta I ce
Al t er nat i wadppjnt bfitheed kzationmy be applied to an actual slice image that is

generated usi a,penetratin adi_gtj on, £ echni qu such as_| am nography.
St ndl: Vet hod Lt SO o PRy &y 821 & EF Araeied ' 8V fre g location
t onosynt hasi § 1deations droud Windéwsl 1,23, £idnf e aveEped i ivetht abw §llocation. MhgaSy acr 0ss

objects at different focal planes. Fromthese data included in the
hor i zont af-Ydf thegenter offhehall " gifferent vertical slice i mages may be

gener aghed in aTheHbeRt drivhfiVeqs 8Hne®¥s teldw Li Ng the location along the
x-axi s or al ongﬂt he y-axis. A preferred technique for finding the correct

| ocation at whABHbe pixelnineone ebthe afindows jabesieiareexirgcted dindesase ¢fia window &1 | owi ng
method. T {Tﬁ' 1)) f i ' |2 3 QTR gnment
the area (E)}flE e ﬁ%}’(r%tw andﬂ ?f(l)lbEssi{éﬂldﬁ)?a?%%‘%‘?‘ﬁé??%ﬁ’%egﬁéonplﬁ@gk%o der
anount depamiediaraeipal. Aiis is igmdfoy albthe cdlambkgtogivech profilead S-point dyrivative is

hi st ogran,gr ayl.. .Qray-Q.15 The s tion values are conmputed for each of

t he Vert%a&l*eéio%g@ggpnﬁ%as ggﬁﬁ’i ng of the slices nust be done in
accordgnce with the sanpling theorem (rate of sanpling <= 2*freq. of.

change) . Che[Is+r@{iHa]- PHI pe&’[wﬁpmg])mq,\gabuﬁgoﬁm the slices.. These

signature values are then searched to find a specific pattern to detect the

best sl i c8. Oddeahe foirkt KlacsirsiBlylocata! theBMmeledf the BOA id Ridhardd B 4r igAt i on of
the nost optimal slice, The 20 signature values of this slice and its

posi tion itigctangless s ihenumbsr of mgles apedds ingreased pomputgton time dneecasssi B8 above
and o Sy L &) ei'éﬁﬁﬂlta’rg}a!?ii'em‘fl'n LskQg gaqg%ig st
squar gg fﬁe%@%@?gg)ggﬁgiﬁgﬁ%%a{mn rr% el 1s Iq[ to'gﬁgﬁlggtﬁ}h an %t%rggﬁaxi nmum
i s det er moted. The actsaididmegertofi redell isyuovided. The deviation ofibe swayuedd diamgersf or t he
most opt %}n t?l(e éx%rectQ di'ax%egresfi's Qx%gsmbe\é by a sum of the squares of the deviations. In other

words the deviation is

> (D-d[ily

Where D = expected diameter of each ball
d[i] = measured diameters for (i=1, N)

N = number of diameter measurements.

25

The value obtained above is the sum of the square of the errors due to deviation of the
30  fillet shape from the expected ideal case. The smaller the sum, the better the joint. “Good”
BGA fillets will have a value close to 0, while “bad” ones will have large values. The actual
separation may be determined statistically from the distribution of the data in regard to “good”
and “bad” joints. For purposes of providing additional detail with respect to a presently
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lead width or ball dianeter and pitch of the device. This is the range.for
search on either side 25 of the joint or the row of joints in guestion. To
i ncrease t hwoalvaseses for success in |dent|fy| ng the best PEFUS ‘Hﬁige somne

unobstruct ed anchor, devi ces, are prefer id . The,.unoRstructed
anchor s Brefestrdembodimegtk ap pmbediment Gs?ﬁw‘?%?ﬁeﬁ gd'iﬂ%sql‘?f’ﬁﬂ B¥ accuracy

and thed&&%ﬁﬂm{bﬁ:ﬁﬂ%vid@%?%&@Ag%@diﬁz beRw. Nvent i on has been descri bed

above in connection with certain mbodi ment s, i't shoul d be understood
that the |nvehxacmrdm@emthanmﬁetr@hmbpdm%@fﬁr&msermlwn% smgthad for Rat her,

Fal 1 ng S PR e Qi e RAA GRS MpIES to Mo S3hRRR e8] ?‘Bﬁ%‘%ﬁﬁ?s

fol | osd ngnaéea%maﬁﬁelym@mt%tﬂﬁlﬁy beapplied 4ol aro@tual watl
#defi ne TEMPLATE, S|,

#defin ne NUM EDGE TYPE 2 5 ;
extern r§fng 3 PFRIR %q%ra iaion %lﬁ'@ﬁé&%gi}l‘[’? ogﬁ{b}'l p) 10 f /* Structures *(
Em t ZBxYlﬁndEMetHgld%ﬂﬂdﬂie,nghpfeaﬁdalﬂw‘e p; is profI le t delta grays .
* k% k% % % Ca Varla es *kkkkk*k %% o 1 t
X_roi, y_roi;Asfpte WW%@quﬁménayl%qmgé‘fq Y’gﬁ? h°’?6¥'§ﬁ slézieéglages | |nnt
tenpl oc Xm&m&%\ﬁt Tiffrent fockl Plares Froim thess Bata ichided i thé Bérizvhfal dlied, | ef t

_scr_y=0
10 lmages, different vertical slice images may be generated in a region of interest by shifting the

location along the x-axis or along the y-axis. A preferred technique for finding the correct
location at which to make the vertical slice is addressed by the following method.
The method of XYfind is to selectively but automatically segment the area of the joint
and to use the information to compute a solder amount defined as below:
bkgnd _gray
2 (background gray — gray)* hzstogram[gray]

15 . The summation values are computed for each of the vertical slice images. The
sampling of the slices must be done in accordance with the sampling theorem (rate of
sampling <= 2*freq. of: change). The summation values are signature values for the slices. -
These signature values are then searched to find a specific pattern to detect the best slice. The
first significant maximum is the approximate location of the most optimal ls_lice. The

20  signature values of this slice and its position in Z is taken along with values and position of
one slice above and one slice below the significant maximum. Using the method of least
squares fit, a quadratic equation model is fit to the data and its maximum is determined by
setting the derivative to zero. The search range for the most optimal X (or Y) is defined by
lead width or ball diameter and pitch of the device. This is the range for search on either side

25  of the joint or the row of joints in question. To increase the chances for success in identifying
the best slice image, some unobstructed anchor devices are preferably identified. The
unobstructed anchors allow the range of search to be restricted, which improves accuracy and
the speed of the inspection.

While the invention has been described above in connection with certain

30 embodiments, it should be understood that the 1:nvention is not limited to these particular

embodiments. Rather, it is intended to cover all alternatives, modifications and equivalents

falling within the spirit and scope of invention, as described by the following claims.
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int right scr x=0, right scr, _y=0; int i=0, orient-0; int

correction=0O,wi n_offset=0; 30 int save tenplocX, save ternplocY=0Q int
left delta, #pdissgdelta; int left index=0; 35 int |eft_gragEUso0/41931
rightindex=0; int right gray--0; 40 int ballw dth=0, bumpw dth=0; int
xcenter | MWM‘N]APPﬁnﬂlxﬂeent er[NUM WN]; int ding = READPAR(di ag_BGARefi ne);

45 int dr#) R( BGARef i needge drop_percent[JTYPEQ); int p
bunmp_di a all diameter[JTYPEQ); int p_pad_ pitch =
PARPI XEL ﬁ%ﬁ% int penunbra width =

PARPI XEL 11 EO]) 50 14 WD 01/ 35051 PCT/ US00/ 41931 i nt

W ndy = PARPI XEL BGARefl ne win dy[JTYPEQ); int win dx =
PARP| XEL SPHEER| gﬁﬁn‘ﬂa dx[JTYPEQ|); int win dw = PARPI XELS( BGARef i ne
Wi n_dw[ JTYPEO]) int win dh = PARPI XELS(BGARefine win dh[JTYPEQ)); 5
#i f def OQ‘ int x scr., =GETXSCREEN( Roi Get M | 2Pi x (1 ngroi p) ) +GETBBI NT(i | st
del ta_x, BNBRefinelitype *jip)scr
—GETYSCREEN( Roi Get M | 2Pi x(i mgr oi p) ) +GETBBI NT(| | st _deltay, JNUMO); #else 10
int x_scr ASKBAREEN() + O fset Get X(offset); int y _scr = YSCREENO +
O fset Get Yot f setrpi; #endif tenplocX = x_scr; 15 tenplocY = y_scr;

roi t  *iniproi;

profile t  p;

15 profile t  delta_grays;

{E*%%%] ocal variables *k*¥krwEd/
int gray;
int xloc=0, yloc=0;
20 int X_roi, y_roi;
int win_w=0, win_h=0;

int ball _diam = 0, total_area=0;
int templocX, templocY = 0;
25 int scr_x=0, scr_y=0;
int left scr x=0, left_scr_y=0;
int right_scr_x=0, right_scr_y=0;
int 1=0, orient=0;
int correction=0,win_offset=0;
30 int save_templocX, save templocY=0;

int left_delta, right delta;

int left_index=0;
35 mt left_gray=0;

int right_index=0;
int right_gray=0;

40 int ball width=0, bump_width=0;
int xcenter[NUM_WIN];
int yeenterfNUM_WIN];

int diag =READPAR(diag BGARefine);
45 int drop_percent = READPAR(BGARefine edge drop_percent{JTYPE()]);

int p_bump_diameter = PARPIXELS(ball_diameter[JTYPEQ]);

int p_pad_pitch = PARPIXELS(pad_spacing[JTYPEQ]);
int penumbra_width = PARPIXELS(penumbra_width[JTYPEQ]);
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/* size windows and ot her paraneters*/ dianmeter + 2 * penunbra w dth; - baII

di am=p _bunp 20 win -w = IABS(Z*p pad_pitch-3*p bunp
= (ball WD@W?SA wi n of f set bal | _di am/ NUM W N; dﬁ(g]?&oﬁ/ﬁ{g@ I\/AX( 1

5errp| ocX & enpl ocY,

= tenplocY; wn w=wn

%_ orient <= 90; orient +=

w+wi n d
e tenpl ocY;

90) {t%ﬁﬂl&: 0 .
Roi Cent ef W?—t-ﬁo g ocY, orient); for (i=0;’

I<NM\%§6€I+‘%§{ 40 R0|OenterSh|ft( 0 win of fset, &terrplocX & enpl ocY,

t (] f
7 o AR ot Bl DGl )
Roi Vi ewTéﬂ’écYu_f‘?" ok - &‘Lleg’&‘P) g ?ﬁl‘ a‘beﬂias%lw)( roi, |

i ﬁ%g_efnp%ﬁ“ st
%‘% Fib

di ag); Melkgw ndovaI I nk r0| OVER GREEN diag); 50 15 WD 01135051

PCTf lQSOOAnIIﬁQSLI.’ fﬁetG%é(OfffF%g) Prof Del t aGray(&p, &delta_grays,

STD- SLOPintESCT A, Y%EI&%I)ENO + OffsetGet Y (offset); B
#endif

templocX = x_scr;
15 templocY =y_scr;

/* size windows and other parameters*/
ball _diam =p_bump_diameter + 2 * penumbra_width;

20 win_w = IABS(Z'*p  pad_pitch-3*p_bump_diameter/2);
win_h = (ball_diam)/4;

win_offset = ball_diam/NUM_WIN;
wm_offset MAX(1, win_offset);
25
RoiCenterShift(win_dx, win_dy, &templocX, &templocY, ORIENO),
save_templocX = templocX;
save_templocY = templocY;
win_w=win_w + win_dw;
30 win h=win_h+win dh;

for (orient=0; orient <= 90; orient += 90)

{
templocX = save_templocX;
35 templocY = save_templocY;
RoiCenterShift( 0, -ball_diam/2, &templocX, &templocY, orient);

for (i=0; i< NUM_WIN; i++)

{
40 RoiCenterShift( 0, win_offset, &templocX, &templocY,
orient);

RoiCreate(imgroip,templocX,templocY,win_w,
win_h,orient,&roi);
45 _
/* Save the initial joint location in roi coordinates */
RoiViewToRoi(roi,templocX,templocY,&x rol,&y roi);
DiagDisplayRoi(roi, diag); :
DiagWindowBlink(roi, OVER_GREEN, diag);
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/* Locate the outer edge of the ball 5 ProfMn(&delta grays, 0,

delta _grays.size(2, & eft index, & eft delta, diag);

Pr of Max( &el twogiasgsi, delta grays.size/2, deltarays.size- RCTEFRY ¢

i ndex, &right delta, diag); ..if (READPAR(diags on)) { correction= STD SLOPE
DELTA/ 2; 15 /* convmcqlgvg(&?}e@ﬁ:%di nates and di.s IaK’ the |ocation*/
Roi ToVi em(roi, |eft PF%J@%YQS@@&WM%&TP_S@PBEiD&? >ei,lar§a eft scry);

Di agDi spl ayDot s(ieftscr x, left _scry, OVER GREEN, 20 diag); /* convert to
screen coordi nat es #&hBocitesthe ayter edge of theball ¥n*/ Roi ToVi ew(roi, right

i ndex+chbrrection, y ProfMin(&aBlt@grayst0, delta_grayssizeht scry);

Di agDi spl aglft sdex,ght scr_x, right scry, OVER GREEN, diag); if _
(Di agPrintText(diag)) 30 &lefipdéliasdig®s derr, "Left (G een Dot)Edge found @
x=% y=%\n", |eft PesfMax(&ddith graysydelta dgrpysisivef2( st derr,"Ri ght (G een
Dot ) Edge f gaMaderi@s.sdle-x=% y-=%\n", right scr x, right_scr_y); } } 40 if

(orientg= 90) &right_index, &right_delta, diag);
if READPAR(diags on))
{
correction = STD_SLOPE_DELTA/2;
15 F* convert to screen coordinates and display the

location*/
RoiToView(roi, left_index-tcorrection, y_roi,
&left_scr_x, &left scr_y);
DiagDisplayDots(left_scr_x, left_scr y, OVER_GREEN,
20 diag);

/* convert to screen coordinates and display the
location™®/
RoiToView(roi, right_index+correction, y_roi,
25  &right scr x, &right_scr_y);
DiagDisplayDots(right_scr_x, right_scr_y, OVER_GREEN,
diag);

if (DiagPrintText(diag))
30 {
fprintf(stderr,"Left (Green Dot)Edge found @
x=%d y=%d\n", ’
left_scr_x, left scr_y);
fprintf(stderr,"Right (Green Dot)Edge found @
35  x=%d y=%dwn",

right ser_x,
right_scr_y);
40 if (orient == 90)
xcenter[i] = left_scr_x+right scr x;
else

ycenter[i] = left_scr_y+right scr_y;
45 RoiDestroy(roi);
}/*for loop for num of window*/
}/*oop for orient*/ '

for (i=0; i<NUM_WIN; i++)
so §
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xcenter[i] = let scr x+right scr x; else ycenter[i] = left scr y+right

SCr_Yy,;

45 Roi Destroy(roi); }/*for loop for numof w ndow/ }/*loop for

orient*/ fWOQiB5@1 i <NUM WN; i++) 50 { 16 WO 01/35051 FROM/UKI0XIOF 931
xloc += xceqﬁgel th,en oc += ycenter[i]; } 5 xloc = (5 + (10*xloc)/ (2*NUM

WN))/ 10;

>(10*yl oc)/(Z*NUM WN))/10; 10 Software Appendix 2:

tenpl ocX, = scryce eétﬁlpl ocY =y scr; 15 /* size wi ndows and ot her
paramete}s*/ ball diem = p bunp dianeter + 2 * penunbra width; wn w=

| ABS(2*p

diameter/2); wn -h = (ball_diam/4; 20
nt e?‘ v€ )’a :3/(% bocX, & enplocY, ORIENO); for
(ori ent =¥0F= (g? (1 0* [0 i ent += 4r5r;) { 25 )

" Roi

Roi Cr eat e(i ngroi p, tenpl ocX, tenpl ocY, (Wi n_w+wi n dw) ; (Wi n h+wi n
dh),orient,& o i); RoiCol Avg(roi, &p, diag); 30 ProfDeltaG ay(&p,

&del ta_

drays, STD-SLOPE DELTA, diag); ProfM n(&delta_grays, O,

del tl8 grays.size/2, & eft min slope index, Meft nin slope, diag);

15

20

25

30

35

40

45

Software Appendix 2:

templocX = x_scr;
templocY =y_scr;

/* size windows and other parameters*/
ball_diam = p_bump_diameter + 2 * penumbra_width;

win_w = IABS(2*p_pad_pitch-3*p_bump_diameter/2);
win_h = (ball_diam)/4;

RoiCenterShifi(win_dx, win_dy, &templocX, &templocY, ORIENQ);

. for (orient=0,i=0; i< NUM_ORIENT; i++,orient+=45)

{

RoiCreate(imgroip,templocX templocY,(win_w+win_dw),(win_h+win_dh),orient,&ro

i)

RoiColAvg(roi, &p, diag);
ProfDeltaGray(&p, &delta_grays, STD_SLOPE_DELTA,' diag);

_ Prome(&delta _grays, 0, delta_grays.size/2, &left min slope index,

&left_min_slope, diag); _

ProfScanFirstAbove(&delta_grays, left min slope index, delta _grays.size/2, 0,
&left_bot_edge, diag);

ProfMax(&delta_grays, delta grays.size/2, delta grays.size-1,
&right max_slope_index, &right max_slope, diag);

ProfScanFlrstBelow(&delta _grays, right max_slope_index, delta_grays.size/2, 0,
&right_bot_edge, diag);

* Locate the outer edge of the ball on the left side of the window*/

ProfMin(&p, 0, p.size/2, &left min_index, &left min_gray, diag);

ProfMax(&p, 0, p.size/2, &left_max_index, &left ._max_gray, diag);

ToolDropThresh(left_max_gray, left min _gray, ball_drop _percent
&left_ball_thresh_gray, diag);

ProfScanFlrstAbove(&p, p.size/2, 0, left_ball_thresh_gray, &left ball edge loc,
diag);

/* Locate the outer edge of the ball on the right side of the window™/
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Pr.of ScanFi r st Above( &del ta_grays, let mn slope index, delta_grays.size/2,

0, 35 Meft bot edge, diag); ProfMax(&delta_grays, deltagrays.size/2, delta
grays. si ze- 1, g} max sl ope_index, & ight max_sl ope, diggyose0/41931

Pr of ScanFi rstgel OV\% delta_grays, right ma)k_slope index, delta Nays.sizel?2,
0, &right bot mdfMin(&ip,asize-Y.sizE/2| &eightemi index)Zaighe agie @iy, dlug);bal | on the
left side of t RroMBd&y,p.sizd=t,qlsiderY, &@ight) maR. indekp&AghtMaht_prayndiagpiex, &l eft
mn gray, di ag)Toolﬁfo@Th&n{(ﬁ@t Hax _@r@lﬂ?ﬁanm'_\@ﬁi vERdrep gesent Ve T max _gay,

di ag) ; To&h&ppﬁhm&hwtd@x gray, left mn_gray, ball dr op_percent, 45
& eft _bal | _t hr ey sabatirst A p,}P &2§§;§9Fl rst Above(&p, p.size/2, 0, lefft

e o Th

bal | thresh 1Oall §ir&dht 841 k@ locia@sf)); /* Locate the outer edge of
t he ball on hé‘ right SI The™w nCToW*/ 17 EE WD 01/ 35051

PCTI USOO 41931 ,*If {d @oﬁh&‘fn p sizel 2, &ight mn index, &ight
m ngray, di ag) xkgdfl g_&{)b cmm_[llpy [ ndex &ri ght
max_gr )es h_gray,
bal Ldr 2% per C !}o %’? § h! e W—?‘P&ﬂ#’ﬁ%—?’a &left ring edge loc,diag);

Pr of ScanFi r st

thresh__gray, & Ig&% EF// Iocate the left edge of the

ring*l Tool Dro r| ng drop percent, 10
&l eft rlngthre r‘?g] 0, left ring
thresh¥ gray, & eft ri ng edge Ioc di ag) ring edge of
the ball*/ TooIll’fﬁ"§9411*ﬁ’1"'§?f4{"iv @W&H@% ésrlh?ze‘ ﬂ"@ﬁ’t_nﬁﬂ_ﬁhfﬁ?baﬁfa}’srl ng drop_percent,
15 & ight ring thresh gray, di ag) Pr cright fingr edgptlordiz®p. p. si ze/ 2,

p.size-1, right ring thresh gra
inner_ball_width[i]= IABS(]eﬁ ball_edge loc-right ball_edge loc);

20 outer_ - ball _width{i] =IABS(left ring edge loc-right ring edge loc);
bump width{i] = (float)outer_ball width(i] * PIXEL2MIL());
ball_width[i] = ((float)outer_ball_width[i] * PIXEL2MIL(});
RoiDestroy(roi);

}/*for loop for diff orientations*/

25
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&ight ring edge |oc,diag); Tnner bal T Wi dt n 1] = 1ABS(left ball _edge
| oc-right balledge |oc); [1] = I ABS(I ' 2dge
| oc-ri ght WhYBE¥de | oc); ﬁmw IWEEWAI ((f | oat) out er %‘;#’?gﬂb\ﬂgig?]ﬁ[ i] *
Pl XEL2ZM; L. bal | wi dth[i] ball width[i] * PIXEL2M LQ) ;

Roi Destroy(froi); }/*for loop for diff orientations*/ 25 18 WO 01/35051 |
111111211211211211 PC. T/US00/ 41931 | claim f 1. An inspection nethod

utilizi Vet Infdthk SR gg?é ng?i;l f qgui ring

dat a cop?espon ﬁ%&tﬁg a nurr‘%{e@mgﬁgﬂugrl zonF%?1 Ice ﬁﬂ%ﬂﬁﬂe@tgﬁdl ng

t hroigh an obj easqmungdataecrree:spondum‘tpmnnglberqiépnzmsh@gmgesoextm@ est from
the data; an rtical slice image based upon data falling
wi thin the vg'rr&)%& o 'ﬁgigé}g%&o tel nterest. 10 2. An inspection nethod as
clainmed in cl aldcﬁﬁmﬂ/ivertxealrreglbeoﬁmqnesbﬂomemeduta;gnd he wvertical region of

I nterest conprise n est h ntal, slice inmage, passing through
the region of CHP%P’Q ?sg%ﬁslﬁflmgoléaf?‘f nﬁé@rﬁﬁ@“ﬁ?’%%ﬁ%@?ﬂ claim 2,
wherein the ségﬂﬁ,drfmmastructl ng the vertical slice imge conprises

synt hesi zing the vertical slice imge from horizontal slice images above
and Bel ow t he best horizontal slice image. 4. An inspection nethod as

clai med i clai A spephi6d mbfholl BEcIRnRA npélailnppa&nepanmé%t @t e @ grizontal
slice inmge conprlses conputing, for 'edst two horfzonta I ce 1mages,
an anmount of soertical mglpn pﬁlm cmpmsqsaloaatmg@d@st hmomdrsnzmasb passinge

I mges. 5. An Itﬂ@H&ﬁ 11] claimed in claim4, wherein the step of
| ocating the be or| sl'Tce imge further conprises review ng a
distri butlon of t he corrput ed 25 anmounts of solder. 6. An i nspectlon met hod

as c/ ai rre aim 2. wherei cat| he .bes zont al
1 8| gt Corbh hERSIBRESH it HATRET Br 2, Eelin i sl St
hori zont aI S | | certicaPgies imaPe comprises synthesizing the vertical slice image from honzontal

slice images above and below the best horizontal slice image.

4. An inspection method as claimed in claim 2; wherein the step of locating the best
20 horizontal slice image comprises computing, for at least two horizontal slice

images, an amount of solder within each of the at least two horizontal slice images.

5. An inspection method as claimed in claim 4, wherein the step of locating the best
horizontal slice image further comprises reviewing a distribution of the computed

25 amounts of solder.

6. An inspection method as claimed in claim 2, wherein the step of locating the best
horizontal slice image comprises identifying one or more anchor devices in the
horizontal slice images.

30
7. An inspection method as claimed in claim 1, wherein the step of defining the

vertical region of interest comprises locating a best vertical slice image.
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7. An inspection nmethod as i : liadgm 1, wherein the step of defining
the vertical region of i nHﬂleljﬂ}m#% ocating a best vertical slice

i mge. 19 11]&&;%315 1111117147211 211%1 01/ 35051 * C L p¢Tiisto/s1931

PcTl USOO 4193 . An inspection nmethod as clained in claim7, wherein

| ocati ng t he8bestAnimspéction methbd eeclaimed & cdamdi, whesirclocaing ithechestfverticat | east
two vertical slice im €S smal am)untﬁﬂ ;{ st?l dte’r#gw thLln .eseh of the att | east
two vertical slic °FW&%§§. ..§3?°9&HP‘1 et i tvﬁ% gyc%ﬂnhqgﬁséan?rﬂog aim 8,
wherein the step gfsoldecwithin @ichivg tHeasleast wes vértiadl siideitmagdsmage furt her
conprises reviewing a distribution of the conputed amounts of sol der. 10.
An inspection nethod as clainmed in claiml, wherein the step of acquiring
data 10 conpri segs japdtivh REthBE BESIiRlel RcliAE, HheRih the ste 6f BRItRAE theWest
interest; and detecting radiation passing through the object of interest.
11. An i nspect i onvertigshgige imageifnthey compriseeviewingacdistribution 9f thsepmpatedig t he
steps of. 15 acqultd corresponding to a nunber of horizontal slice

i mages ext endi ngu&{l%drﬁ%udg%&lgﬁ' obj ect of interest; defining a vertical region
of interest fromthe data; constructing a vertical slice inage based upon

vertical sivA | nABpEREmER AR o bR Rivsln | BT he B G iR ke 00 11

i nspecig on et hodcoaprisesdi ned in claim 11, wherein analyzing the vertical
slice image conprises determn ning, wheth J’loi nt islifted. 25 13. An

er a, BGA.
i nspection method agPRIYIRE REITALP %{?ﬁﬂnﬂfhﬁfﬂ%ﬁ’g‘?@ﬁ teette?™d ni ng whet her the

BGA joint is |iftedgeesigriBstionPeishipthdhfihdobjBaoeinter&t. a hei ght of the BGA
joint; and conparing thé height to a threshol’d. 30 14. An inspection

nmethod as claimed in claim 12, wherein determ ning whether the BGA joint
oints: and TEonpan aBH bR Gl el dict fhadndotiiuiriptheHepd BEOC20, B4
ot her.15 20 acquiring data corresponding to a number of horizontal slice images extending
through an object of interest;
defining a vertical region of interest from the data;
constructing a vertical slice image based upon data falling within the vertical

region of interest; and

20 - analyzing the vertical slice image to détermine whether a defect is present.

12.  Aninspection method as claimed in claim 11, wherein analyzing the vertical slice

image comprises determining whether a BGA joint is lifted.

25 13.  Aninspection method as claimed in claim 12, wherein determining whether the

BGA joint is lifted comprises:

determining a measure of a height of the BGA joint; and
comparing the height to a threshold.
30
14.  Aninspection method as claimed in claim 12, wherein determining whether the
BGA joint is lifted comprises:
calculating a midpoint for a plurality of adjacent BGA joints; and

comparing at least two of the calculated midpoints to each other.
20



WO 01/35051 | il 122212 "t el 1 PCT/UsS00/ 41931 CL MS il 15.
An inspection nethod as cuﬂllmmmumm 1, wherein analyzing the vertical
slice imY@uEMstises delld Im a sol der fill FCTESYMIHer |y
forned. 5 16. An inspection nmBthbd s Scl&imed in claim11l, wherein

anal yzing the vertical slice imnmage conprises determ ning whether a void is
present. 15, An inspeetion methodasxisimed ircélainHg wiherein smialyzihg the vetidabslice

conprising the.step of . determnin si ze .of .t he voi en the void is
resent. o 16 e solppettd e Hadthd s 3P et s propE L. e of n

anal yzing the vertical slice image conprises determ ning whether a device
is tilted., 19. An inspection nmethod as claimed in claim11l, wherein

anal yzi ng he Inspegyionmethad asiaimed srclaiphl, whereingmalyeing the verticehdicea bri dge
i's present. 20.imAgk donfppiés deRiimiBid WhetRES aGbfdl ifpRsdr. Cl @i m 11, wherein

anal yzing the vertical slice image conprises detecting whether an

i nsufficient anount of solder is present. 20 21. A nethod for inspecting a
BGA j oi nt ,y4Cc0 Fymplam \ o g | ' t he BGA j oi nt;
i nproving ltﬁe%clgﬁlg%&{}g?%g@??gﬁlgd F‘Léééﬁ"o@ ﬁﬁnglggﬁo%ﬂrﬁgﬁghgﬁ%e séeps?tligce i mage, a
plurality of didstennising asigecnfdie woikbwh@the voidtis mresen5 pr edet er mi ned angl es;
and lﬁlppl ying a rule to conpare the neasured dianeters to an expected
dianeter. 22. A nethod for inspecting a BGA. joint as clainmed in claim?21,
wher ei n t H&. pl Wmihsgegtiombettiodasdlsimed ar daifftHS whedinddnalybiig tiecatrd]l aret er  of

the BGA joint. .30 23. A nefhod.for inspecting. a BGA joint as clainmed in
claim 21, wher &PAEGIEPIE -eman%ﬁ#%&e?ﬁéwf’%{%‘mgﬁ of the BGA joi nt

conprises applying a centroid-based rough |locator to the slice inmge. 21
111111111111111111101111111 11 WO 01/35051 C L PCT/ US00/ 41931 24. A net hod
for i nsped® ng AR ipgnsction methad asqlaimed in glaimcl 1 whersin anglyging the vettical slice

ocasor conpr i $iaage RRBrkls ikt Whithérd viligd AGMsG W ndows over the BGA
joint; locating two ball edgeswthin a Foc tor -wi ndow, and

=

20.  Aninspection method as claimed in claim 11, wherei_ﬁ analyzing the vertical slice

image comprises detecting whether an insufficient amount of solder is present.

20 21. A method for inspecting a BGA joint, comprising the steps of:
finding a location of the BGA joint; |

improving the location using a fine locator;

measuring, in a slice image, a plurality of diameters through the BGA joint at
25 predetermined angles; and '

applying a rule to compare the measured diameters to an expected diameter.

22. A method for inspecting 2 BGA joint as claimed in claim 21, wherein the plurality
~ of diameters are measured at the located center of the BGA joint.
30 |
23. A method for inspecting a BGA joint as claimed in claim 21, wherein the step of
finding the location of the BGA joint comprises applying a centroid-based fough
locator to the slice image. |
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5. determning a mdpoint be m edges. 25. A nmethod for
i nspecting a BGA joint as C“mmum llﬂmnmm wherein locating two ball
edges wit hi rwaoisssostt or wi ndow cbnpri des3apbl yi ng a deri vat |QT@J 6‘3 I i nder

th de qf t { 26, A method_f t BGA
Point as cl Ao A REBRLE Reb Sl AROR 1ok B o Pol DR | edges

within the Iocat Wcatet stss repeated for each of the pl urallty of | ocator
wi ndows. 15 27. Arreth lns&ctmgaBGAJ‘%i_.t as. clainmed in claim21,
wherein the rul e é’gﬁ’ﬂ ogatorTRndoves Axer e BGA o#itm of : E(D-d[i]) 2

where D is an expeq@&qnglmh@agegqgthﬁ{dloc@{ogwa{gﬁwnﬁﬁﬁured di aneters. 20 28.

A method for inspecting a BGA joint as claimed in claim27, wherein the
rule $urther commlﬂuﬂmﬂpﬂgthemmtwcbaﬂme%hold 29. A nethod for
i nspecting a region of interest, conprising the steps of acquiring data
correspondifgg to a number. of horizontal slice im es extendj ng 25 t hrough

an obj ect of3i nt éragthod fopipspesting 3 BGAdombay claiped 1 %Wh%fé‘nl ?F&E’ég ™%m t he
nb f h
nurmber of horiz Oﬁélféedg% Wwithin a'lé@iﬁﬁﬁm}]db%ogﬁ?gﬁs agﬁy%g SReFHERE bideHhder on

conputing, for at ! two of t oriz i mages, an anount of
sol der wit hin eaecitheoside pEsheBGAgaint. two hori zontal slice 30 inmages; and

revi e%ng a distribution of the conputed anounts of solder. 22

26. A method for inspecting a BGA joint as claimed in claim 25, wherein the step of
locating two ball edges within the locator window is repeated for each of the

plurality of locator windows.

15 27. A method for inspecting a BGA joint as claimed in claim 21, wherein the rule

comprises calculating a sum in the form of:

N w2
> (D-dli])
where D is an expected diameter and dfi] are the measured diameters.

20 28. A method for inspecting a BGA joint as claimed in claim 27, wherein the rule
further comprises comparing the sum to a threshold.

29. A method for inspecting a region of interest, comprising the steps of:
acquiring data corresponding to a number of horizontal slice images extending
25 through an object of interest; and
locating a best horizontal slice image from the number of horizontal slice
images, the locating step comprising:
computing, for at least two of the horizontal slice images,
an amount of solder within each of the at least two horizontal slice
30 images; and

reviewing a distribution of the computed amounts of solder.
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